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PREFACE

Electrical and power electronic apparatus (EEA) have a significant place
in various industries. They are important components of power supply
systems, electric drives, and technological plants, etc., which causes high
requirements for their functional characteristics and quality in general. It
should be emphasized that this, to a large degree, is determined by the correct
organization of research and testing of apparatus in the process of their
development until to develop serial production, and then by regular testing in
the process of their industrial production and operation. By this why, research
and testing are an integral part of the process of creating new EEA and, in
general, new equipment and new technologies.

Engineering practice shows that the material and labor costs for carrying
out research and testing of the EEA consists significant part of total expenses
for their engineering process. Complex, and in some cases, unique equipment
is frequently used in the process of EEA research and testing. A large number
of engineers in scientific research institutions, in production, as well as
organizations involved in operation of electrical equipment are engaged in
research and testing EEA. By this why, a present day electrical engineer must
have not only, in full degree, knowledge of theory, design methods of EEA,
but the questions associated with their theoretical and experimental
researches as well as tests being performed during research and development
works, industrial production and operation.

In this regard, the curriculum of the second (master's) level of higher
education according to the educational program "Electrical and electronic
apparatus" of specialty 141 - Electric power, electrical and electromechanical
engineering " includes the educational discipline "Research and testing of
electrical and electronic apparatus", in which relevant issues are considered.
In 2006, a study guide entitled "Research and Testing of Electrical
Apparatus” was published for this discipline. The experience of its use in the
educational process has shown that the educational manual has a high
scientific and methodological level, contains material that is quite useful for
the future practical activities of specialists. In 2013, the 2nd edition of this
manual was published, which was revised and supplemented. However,
nowadays there is a need to significantly update the textbook, as well as
supplement it with an English-language version. This is due to:



INEPEIAMOBA

Enexrpuuni Ta enektponHi anapati (EEA) 3afiMaroTh 9iibHE MiCIIE B pi3-
HUX TaITy3sIX IIPOMHCIOBOCTi. BOHUM € Ba)KJIMBUMHU €IeMEHTaMU CHCTEM EJIEKT-
POTIOCTa4aHHs, €IEKTPOIIPUBOY, TEXHOJOTIYHIX YCTAaHOBOK 1 T.JI., III0 0OyMO-
BITIO€ BHCOKI BUMOTH 0 1X (DYHKIIOHAIFHUX XapaKTEPHUCTHK Ta AKOCTI Y IIi-
nomy. CIiz miaKpecIuTH, O e, 3HAYHOI0 MipOI0, BU3HAYAETHCS TPABUITHHOIO
OpraHizalfi€ro ToCIiPKeHb Ta BUIIPOOYBaHb arapariB y MPOIIeci iX po3poOKu J10
OCBOEHHSI CEPIHHOTO BUPOOHMIITBA, & MOTIM 1 PETYISIPHUM TPOBEICHHSM BH-
npoOyBaHb y MpolLiec iX MPOMHUCIOBOrO BUPOOHHUIITBA Ta eKciutyaTanii. OTxke,
JIOCITIJPKSHHS Ta BUIIPOOYBAHHSI € HEBIJI' €EMHOIO CKJIaJIOBOFO YACTHHOKO TPOIIECY
cTBopeHHs HoBUX EEA Ta, B3arati, HOBOI TEXHIKH Ta HOBUX TEXHOJIOTIH.

Sk mokasye imKeHepHa MpaKTHKa, MaTepialibHi i TPYIOBI BUTPATH Ha TPO-
BEJICHHS HAyKOBO-IOCIHUX po0iT Ta BunpoOyBaHb EEA ckianaroTh 3HauHY
YaCTHHY 3araJIbHAX BUTPAT Ha X CTBOPEHHSI, BUPOOHUIITBO Ta eKCILTyaralliro. B
Tporieci AocTiKkeHb Ta BunpoOyBaHb EEA TOCHTh 9acTO BHKOPHUCTOBYETHCS
CKJIJIHE, a B JISIKAX BHIIQ[IKaX, YHIKaJIbHE yCTaTKyBaHHA. J{OCITiHKEHHAMH Ta
BunpoOyBanHsMu EEA 3aiimMaroThcst BeKa KUTBKICTh (paxiBIliB y HAYKOBO-I0-
CIITHUX THCTUTYIIISX, HA BUPOOHMIITBI, & TAKOXK OPraHi3allisx, MO eKCILTyarTy-
I0Th eJleKkTpudHe oOnamHaHHA. OTKe, CydacHHH MOJIOAWI iHKeHep-eIeKTPUK
TIOBMHEH TTOBHOKO MiPOFO BOJIOJIITH HE TUIBKHA MIUTAHHSAMHY TEOPil, PO3paxyHKY 1
koHcTpytoBaHHs EEA, ane it nuraHHsIMu, TIOB’SI3aHUMU 3 TX TEOPETHUYHUMH Ta
eKCIIepIMEHTAITLHIMH JIOCITIJDKEHHSIM Ta BUIIPOOYBaHHAMH, IO TIPOBOJISITHCSI B
npoIieci HAyKOBO-IOCIITHAX POOIT, JOCHIHO-KOHCTPYKTOPCHKUX POOiT, TpOo-
MHCJIOBOT'O BUPOOHHMIITBA 1 EKCILTyaTaIlii.

VY 3B’s13Ky 3 IMM, HABYAJIBHUM TUIAHOM TiJITOTOBKH (axiBIIiB HA IPYrOMY
(MaricTepchbKoMY) piBHI BHIIIOT OCBITH 33 OCBITHBOIO Iporpamoro Enextpuuni
Ta eJICKTPOHHI armaparuy cnemiaibHocTi 141 — EnekrpoeHepreTrka, eeKkTpo-
TEXHIKa Ta eJIEKTPOMEXaHiKa» IepeadaucHa HaBYabHa JUCIMILTIHA «J{ocoi-
JOKEHHS Ta BUMPOOYBaHHS €JIEKTPUYHHX Ta €IIEKTPOHHUX arapariBy, B sKil
PO3TIIAIAOTHCS BiAMIOBIHI TUTaHHSA. 3a mieto auciuutiHoo y 2006 pori OyB
BUIaHUI HABYAITLHUIA TOCIOHUK TTi/T Ha3BOIO «/loCImiKeHHs Ta BUTIPOOYBaHHS
CJIEKTPUYHMX amnapartiBy». JlocBiJ BUKOPUCTaHHS y HABYaJIbHOMY MPOLECi Ho-
Ka3aB, 1110 HABYAJIbHUI MOCIOHUK Ma€ TOCUTHh BUCOKHMI HAYKOBO-METOANYHUI
PiBEeHB, MICTUTB MaTepiall, SIKUH € TOCUTh KOPUCHUM JJIsl MaHOyTHBOT IIPAKTH-
yHOi AismbHOCTI (haxiBuiB. Y 2013 poui BUHILIO 2-€ BUOaHHS LBOTO MOCi0O-
HIKa, sike OyJIo repepoOIieHe Ta JOTOBHEHE. AJle y Halll Yac MocTana Heooxi-
HICTh 3HAYHOTO OHOBJICHHS HABYAILHOTO MOCIOHHKA, a TAKOXK JIOMOBHEHHS
Horo aHrimoMoBHOIO Bepcieto. e 06ymoBieHo:
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- the emergence of new technical and organizational means of research
and testing of electrical and power electronic apparatus, which was reflected
in scientific and technical (including English-language) publications; it
enable us to improve the scientific and methodological level of the manual
by using this material,

- the need to consider the specifics of testing power electronic
apparatus: rectifiers, inverters, frequency converters, etc.;

- teaching students in English, which requires the study and wide use
of special English terminology.

1"



— MOSIBOO HOBUX TEXHIUYHUX Ta OpraHi3amiitHIX 3ac00iB JOCIIHKCHHS
Ta BUMPOOYBAHHSA €IEKTPHYHUX Ta EIEKTPOHHUX arapaTiB, SKe 3HANIILIO Bi-
JI00pakeHHs Y HAYKOBO-TEXHIYHHX (Y TOMY YHCITi aHTJIOMOBHHUX ) BUAAHHSX,
IO Ja€ MOXKJIUBICTD MOKpAlleHHS HayKOBO-METOAWYHOTO PiBHS HaByallb-
HOTO ITOCIOHMKA MIITXOM BUKOPHUCTaHHS IbOTO MaTepiaiy;
— HEOOXI/IHICTIO PO3TIISTHYTH OCOOJTMBOCTI BUIPOOYBaHb CHUIIOBHX EIIEK-
TPOHHHX araparTiB: BUNPSMIISYIB, IHBEPTOPIiB, IEPETBOPIOBAYIB YaCTOTH Ta iH.;
— HaBYAaHHS CTYACHTIB aHTIIHCHKOI0 MOBOIO, IO MOTpeOye BUBUCHHS
Ta MUPOKOT'O0 BUKOPHUCTAHHS CIEIiaTbHOI aHTJIOMOBHOT TEPMIiHOJIOTII.

12



1. GENERAL ISSUES OF RESEARCH
AND TESTING OF ELECTRICAL AND POWER
ELECTRONIC APPARATUS

Modern electric and power electronic apparatus (E&PEA) are quite
complex devices. Along with the power component, they usually contain a
variety of auxiliary components, such as control systems, mechanisms and
devices for measuring and monitoring electric and non-electric quantities,
control and interlocking devices. It should also be noted that functioning
process of electric and power electronic equipment is frequently
accompanied by very complex and variety of phenomena that now still
remain to be understood. Therefore, at the present-day there is no real
possibility to construct a complex of interrelated mathematic equations that
would enable us to design E&PEA without preliminary research and
experimental verification of their reliable operation in different conditions,
correspondence of their parameters to required (claimed) ones, i.e. without
performing all-round (comprehensive) tests.

Thus, the initial stage of the creative process aimed to designing new
apparatus is scientific research work and development work, which are
constituent parts of R&D-works.

1.1 R&D Works: Notion, Classification, and Content

Research work (R-work) is the one aimed to comprehensive study of
phenomena, processes, objects, etc. for the purpose to gain new scientific
information (new knowledge) that has convincing proved with the help of
scientific methods or methods of scientific cognition. Research work, in
general case, supposes to solve the following basic tasks:

- definition of a specific object under study;

- an all-round study of its structure, characteristics, communications based
on the principles and methods of scientific cognition developed in science;

- derivation of useful results for human activity;

- implementation of the results into production and obtaining a positive
effect.

13



1. 3ATAJIBHI IMTAHHA JOCJIII’KEHDb TA
BUITPOBYBAHD EJIEKTPUYHUX TA
EJIEKTPOHHUX AITAPATIB

CyuacHi enekTpuuHi Ta enekrponHi amapatu (EEA) € mocuts ckian-
HAMH TIPUACTPOSMHE. [1opsia 3 CHITOBOIO YaCTHHOIO BOHU MICTATH Pi3HOMaHi-
THI TOTTOMDKHI €JIEMCHTH: MEXaHI3MH, PUCTPOT BUMIPIOBAHHS Ta KOHTPOJIO
CJIIEKTPUYHHX Ta HESJIEKTPUUHUX MapaMeTpiB, MPUCTPOi KepyBaHHs Ta 0J10-
kyBaHHs. CIiJi TaKOX 3a3HAYUTH, 0 Tpouec ¢yHkuionyBanHs EEA dacto
CYTIPOBOKYETHCS BEIBMH CKJIATHUMHU 1 PiI3HOMaHITHIMH SBUIIAMU; JIESKi 3
HMX Ha CbOTOJHIIIHIN IeHb 3aIMIIAI0THCI HEBUBYEHUMU. OTXKe CHOrOH] Bi-
JICYTHS peajbHa MOXKIIMBICTh CKJIACTH KOMILJIEKC B3a€MOIIOB’SI3aHUX MaTe-
MaTHYHUX PiBHSHB, SIKi O JO3BOJIMIIN 31MCHIOBATH MTPOSKTYBAHHS allapaTiB
0e3 IpoBeIeHHS TIOTIEPETHIX TOCTIHKEHb Ta eKCIIEPUMEHTAILHOI IIEPEBIPKU
ix HaziliHOTO QYHKI[IOHYBaHHSI, 3a0€3MeYeHHS] HEOOXITHUX (3asBJIICHHUX) Ta-
pameTpiB, TOOTO pOBeNeHHS BCEOIYHIX BUTIPOOYBaHb.

TakuM YUHOM, TIOYATKOBUM €TaIrlOM TBOPYOTO MPOLECy CTBOPEHHS HO-
BUX alapariB € Haykogo-docriona poboma (HIP) ta docriono-koncmpyk-
mopcoka pooboma (JIKP).

1.1 HAP ta AKP: nousarrs, kaacudikauis, 3mict

Haykoeso-docnionorw € podoTa, sika HampaBjieHa Ha BCeOiUHE BUBYCHHS
SIBHILI, TIPOIIECiB, 00 €KTIB 1 T. TI. 32 JJOTIOMOT'OI0 HAYKOBUX METOIIB (Memo0ie
HAYK0B020 Ni3HAHH) 3 METOI0 OTPUMAaHHS HOBOI HayKOBoi iH(opmaii (Tre-
PEKOHJIMBO JIOKAa3aHOI 3a JIOTIOMOIOK0 HAYKOBHUX MeTOJiB). OCHOBHHMH 3a-
nagamu HJIP y 3aranbHOMy BUNIAAKY €:

— BU3HAYECHHS KOHKPETHOrO 00’ €KTa JOCIiHKEHHS,

— BceOiuHe BUBYCHHS HOTO CTPYKTYPH, XapaKTEePUCTHUK, 3B’ SI3KiB Ha OC-
HOBI pO3pO0JICHUX Y HAYIll IPUHIMIIIB 1 METOIB Mi3HAHHS;

— OTPUMAaHHS KOPUCHUX JJIS JiSUTBHOCTI JIIOAWHU PE3yJIbTaTiB;

— BIIpoBapKeHHs pe3ynbTariB HIIP y BUpoOHUIITBO i OTpUMaHHS NO3H-
THBHOTO €(PeKTy.

14



The basic scientific methods are observation and experiment.
Observation or observational study is a scientific method consisting in
studying a process or object with no external interference, i.e. influence on
it; sometimes observation is called a passive experiment. Experiment or
experimental study is a scientific method, at which the process or investigate
object is studied under certain influence on it.

The so-called logical method plays an equally important role in the
process of R-work. This method enables us, using deductive interpretations,
to explain phenomena and processes, set up supposes and ideas, and outline
ways to solve the problems under study. It is naturally that the logical method
is based upon the findings of observations and experiments.

R-works are usually classified according to various criteria; the most
important one is the classification by purpose: in this regard, two main types
of R-works are distinguished:

- basic or pure researches: their main tasks are to expand knowledge
about the laws of nature; to create radically new principles;

- applied or goal-oriented research: their main task is to study and use
new methods, principles in order to create new equipment, machines,
apparatus, materials, production methods and work organization, etc.
Applied research is aimed, as a rule, to develop a specific field of industry.

Basic research is usually state-budgetary research, i.e. ones financed
from means of the state budget. Applied researches may be state-budgetary
or economic-contractive, i.e. ones financed according to contract agreed
between the customer (the institution using the research findings) and the
contractor (the institution performing the R-work).

Depending on the duration, there are long-term R-works (performed
over a period of several years) and short-term R-works (the duration is
usually one year).

R-work is performed in a certain logical sequence. The process of
implementing applied R-works generally includes six stages.

The first stage usually consists in statement of subject-matter of the
research. The content of this stage is as follows: general consideration of the
problem supposed to perform the R-work; preliminary acquaintance with the
literature and classification of the most important directions; formulation of
the subject matter of the R-work; drawing up an annotation (shorthand
schedule) of the R-work; development of request for proposal; short-cut
estimation of cost effect expectancy.
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OCHOBHUMH METOJJaMH HayKOBOTO ITi3HAHHS € CIIOCTEPEKEHHS Ta eKCIIe-
pumenT. CnocmepedicenHs 1ie METOJ] HayKOBOTO Ti3HAHHS, KO 00 €KT BH-
BYAETHCS O€3 BTPY4YaHHs y HHOTO; 1HO/I CIIOCTEPEKEHHsI HA3UBAIOTh MACHB-
HUM EKCIIEPUMEHTOM. Excnepumenm — y 3araibHOMY BHIIQJIKY MpoIec ado
00’ €KT, IO AOCIIKY€ETHCS, BUBUAETHCS MTPH NMIEBHUX YTPYUAHHAX y HBOTO.

He MenHmI BayxnuBy poib B IPOIIECi HAYKOBOTO MMI3HAHHS BiIirpac 102i-
YyHUL Memoo, SIKA| JO3BOJISIE HA OCHOBI YMOTJIATHUX TPAaKTyBaHb MOSICHIO-
BaTH SBUINA 1 MPOLECH, BUCYBATH NPHITYyIICHHS Ta ifei, HaKpecIroBaTH
IUISXY BUPIMIEHHS MPOOIeM, 10 BUBYArOThCS. Jloriuanii MeTos 6a3yeThes,
3BUYalHO, Ha PE3yJIbTaTax CIOCTEPEKEHb Ta EKCIIEPUMEHTIB.

HJIP 3a 3Bu4aem knacuikyroTh 3a pi3sHIMHU O3HAKAMM; HAHO1IBIIT BaX-
JTUBOIO € KIAacU(iKaIlis 3a MiTbOBUM NMPU3HAYCHHSAM. Y IIbOMY BiJTHOIICHHI
PO3PI3HIOIOTH JIBi OCHOBHI pizHOBUIM H/IP:

— pyHoamenmanvri 00CAONHCeHH. TX OCHOBHUMHU 3a/1adyaMH € PO3IIH-
PEHHsI 3HaHb PO 3aKOHH MPUPOIH; CTBOPEHHS 30BCIM HOBHUX NPHUHIIHIIIB;

— NPUKIAOHI 00CTIOJHCEeHHA: TX OCHOBHUM 3aB/IaHHSIM € BUBUCHHS Ta BH-
KOPUCTaHHSI HOBUX METOJIIB, MPUHIUIIB 3 METOIO CTBOPEHHS HOBOTO 00Ja-
JTHAHHSI, MaIlIMH, allapaTiB, MaTepialiB, CIIoco0iB BUPOOHHUIITBA Ta OpTaHiza-
1ii poOiT i T. 1. [IpukiamHi JOCTIHKEHHS CIPSMOBaHI, SK MPaBUIIO, Ha PO3-
BUTOK KOHKPETHOT rany3i BUpOOHHUIITBA.

dyHIaMEeHTaIbHI JTOCTIDKEHHS €, K MPaBHIIO, 0epHCO0NCEMHUMU,
TOOTO TakUMH, O PIHAHCYIOTHCS 3a KOIITU JiepKaBHOTro Oromkery. [Ipuk-
JIJIHI JOCIIDKCHHS MOXYTh OYTH OeporcOrodxcemuumu abo 20cndo2osip-
HuMu, TOOTO TAKUMH, 110 (HIHAHCYIOTHCS Y BIJIOBIIHOCTI JI0 JIOTOBOPIB, 110
yKJIaJIeHi Mi>K 3aMOBHUKOM (TIiIIIPHEMCTBOM, 1110 BUKOPHUCTOBYE PE3YIIbTATH
H/IP) Ta BukoHaBIeM (opraHizaii€to, sika 3aificaroe HIP).

B 3anexHOCTI BiJf TPUBAJIOCTI ICHYIOTh dogeomepminosi HJIP (1110 31iii-
CHIOIOTBCSI BIPOJIOBXK JAEKUTBKOX POKIB) Ta xopomxomepminogi HIP (s
MIPaBWIIO, OJIUH PIK).

HJIP npoBoasTk y meBHiii toriuHii nociigoBHocTi. [Ipoiiec BUKoHaHHS
npuknangaux H/IP y 3araneHOMy BUTIAJIKy MICTHTh Y COO1 IIICTh €TaITiB.

1-ii eran — popmy.nroBanns Temu. Ha npomy erami 34iiCHIOETBCS: 3a-
rajpHe 03HalOMJIEHHS 3 IPOOJIEMOI0, TI0 SIKii nepeadavyaeTbes MPOBEICHHS
HJIP; nonepenHe o3HaiOMIICHHS 3 JITEpaTyporo; Kiacu(ikallis BaKIHBi-
HIMX HaPAMKiB; popmymtoBannsa Temu HJIP; cknaganns anoranii (ctucioro
iany) H/IP; po3poOka TexHiuHOTrO 3aBJaHHs; ONepeIHE BU3HAYCHHS OYi-
KyBaHOT'O €KOHOMIYHOTO €EeKTY.
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The second stage usually consists in statement of the purpose and
problems of the R-work. The content of this stage is as follows: selection and
listing of bibliography (monographs, textbooks, articles, etc.) according to
the R-work subject-matter; the abstracts on the R-work subject-matter are
drawn up; critical analysis and generalization of the available files on the
subject; formulation of methodical deductions as for the information
overview, as well as purpose and problems of the R-work.

The third stage is theoretical research or theoretic study. This is the
most creative part of the R-work. In the process of theoretical research, the
methods of deduction and induction are of vital importance. Deduction is a
mean of research, at which particular provisions are derived from general
ones. For example, using the general laws of electricity, equations for
electrical circuits are derived and so forth. Induction, by contrast, in this case
basing upon individual facts and phenomena, general principles and laws are
established. Methods of analysis and synthesis play a special role in
theoretical research. Analysis is a method of scientific research when the
phenomenon (object) being investigated is separated into its constituent
components. Synthesis is a method reverse to analysis that consists in the
study of the phenomenon or object as a whole with consideration of the
interaction between its constituent components.

It should be noted, however, that the main method, extensively used in
applied research, is the hypothetical method based upon the development of
a hypothesis, i.e. scientific supposition containing elements of newness and
originality. There is also a so-called axiomatic method based upon evident
postulations (axioms) accepted without proof. However, it is more common
in theoretical sciences, such as mathematic, mathematical statistics etc. The
foundation of applied researches is hypothetical method including the
following elements:

- studying the physical essence of the phenomena or object being
researched with the help of the foregoing methods: deduction, induction,
analysis, synthesis;

- formulation of a hypothesis and construction of a physical model
(simulation) of the process or object being researched; this element is key
one in the methodology of hypothetical method,;
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2-ii eran — oopmy.nroBanust MeTH i 3a1ay HJIP: Ha ipomy erarmi 31iid-
CHIOETHCS: TTiAOIp 1 ckIamanHs 6i6miorpadigHUX CIIMCKIB JTiTEpaTypu (MOHO-
rpa¢ii, miapy4HuKiB, ctaTel Ta iH.) o TeMi H/IP; cknananus pedepaTtis mo
temi H/IP; BuBuenns 3BiTiB 3 HJIP pi3Hux opranizaiiii BiiloBiTHOTO MPO-
¢bir0; CKIIamaHHS aHOTAIlIN Keperr, KpUTHIHUHN aHali3, y3araJbHeHHS Hasl-
BHOTO Marepialy 3a TeMOI HayKOBO-IOCTITHOI poOoTH; (OopMyITIOBaHHS
METOJIUYHUX BHCHOBKIB 3 OTJIsiAy 1H(OpMAIlil, METH 1 3aJ1a4l JOCIiIPKESHHS.

3-if eTanm — TeOPeTHYHI JOCTIIZKeHH: 1[¢ HAHOIbII TBOpYA YaCTHHA
H/IP. BaxximBe micrie B mpoIieci TCOPETUIHUX TOCIIKEHb 3aiiMaloOTh CII0-
cobu nmeaykuii 1 iHayKii. /Jedyxyis — sBisie COOOO CIOCIO TOCTIIKESHHS, TIPU
SIKOMY OKPEMi TIOJIOKEHHSI BUBOJISATHCS 3 3arajbHuX. Harpukiaa, Ha OCHOBI
3arajilbHUX 3aKOHIB EIEKTPUKH OTPUMYIOTh PIBHSIHHS €NEKTPUIHUX KiJl 1 T. I
InOyKkyis — y TaHOMY BUIAJIKY, HAaBIaKH, 110 OKpeMUM (aKTaM Ta SBHILAM
BCTAHOBJIIOIOTh 3araJibHi PUHIUIHN 1 3aKOHU. JaHuii criocid mupoKo BUKO-
PHCTOBYETHCS B TEOPETUUHUX JOCHTIDKEHHSIX. OCOOIMBY POJIb B TEOPETHY-
HUX JIOCIIDKEHHSX BiJITparoTh CIOCOOW aHANI3y ¥ CHHTE3Y. AHAi3 — CTIOCci0
HAYKOBOT'O JOCIIPKEHHS, TIPU SIKOMY siBUIIE (00’€KT), M0 JAOCIiIKY€EThCS
PO3AUTIOETHCS Ha OKpeMi enemeHTH. Cunmes — IPOTHUIICIKHUHN aHAII3y CIO-
Ci0, SIKWH MmoIIsATae y JOCTiKEHH] sBUIa (00’ €KTa) y MITOMY 3 YpaxyBaHHIM
B3a€MOJIIl OKPEMHX HOT0O eIEMEHTIB.

OCHOBHUM METOJIOM, SIKUU IUPOKO BUKOPHCTOBYETHCS y TPUKIIATHUX
JOCITIDKEHHSIX, € 2INOmemuyHull Memoo, siIkuii 0a3yeTbes Ha po3pooili 2ino-
mes3u, TOOTO HAYKOBOT'O YSIBIICHHS, IKUH MICTUTh €JICMECHTH HOBU3HU Ta OpH-
TiHaJBHOCTI. [CHY€E TaKoX T.3. akciomamuyHuii Memoo, OCHOBAaHHI Ha oye-
BUJTHHX TTOJIOXKEHHSX (aKciomax), o mpuiMaroThes 0e3 noBeaeHHs. [Ipore,
BiH OLJbIIE PO3MOBCIO/PKEHUI B TEOPETUYHUX HayKax (MaTeMaTHKa, MaTe-
MaTH4HA JIorika i T.1.). OCHOBOIO * MPUKJIAJIHUX JOCIIHKCHD € TNOTeTHY-
HUH METOJI, 1110 MICTUTH Y COOI:

— BUBYEHHA (PI3MYHOI CYTHOCTI SIBHIIIa 200 00’ €KTa, 10 JOCIiIKYEThCS, 32
JIOTIOMOT'OFO PO3IVISIHYTUX BHIIE METOIIB: ICAYKIIis, IHAYKIIis, aHAI3, CHHTE3;

— GopmMymmoBaHHs TirmoTe3n 1 moOyzoBa (iznmuHOT Mojeni (Mojento-
BaHHsI) IOCIIIKYBaHOTO TIpotiecy (00’ €KTa); JaHUH EIEMEHT € KIIIOYOBUM B
METOJIOJIOTI1 TIMIOTETUYHOTO METO/Ia;
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- selection of a mathematical method for the simulation
(mathematization of the model) and comprehensive study of the model
constructed; in the process, the so-called analytical methods are used; they
enable to clear up the mathematical dependencies between the parameters of
the model being investigated; the basic form of mathematical dependencies
are various types of equations (more frequent case, it is sets of equations):
algebraic, differential, integration and so forth;

- derivation of analytical expressions, their theoretical analysis and
development of theoretical postulations.

Forth stage is experimental study. It is the most important constituent part
of R-work, but it is also the most labor-intensive stage of R-work. Experimental
study in general case require of high degree punctuality, attention, patience
during a long time span. The main purpose of experimental study is to verify
theoretical statements, i.e. confirmation of the working hypothesis, as well as
more wide and detailed study of the R-work subject-matter. There are two
varieties of experimental study, laboratory and industrial.

Laboratory study, i.e. ones performed in lab conditions, is executed with
application of standard instrumentation and specific simulating installations,
stands, equipment etc. Under condition of sufficiently full scientific
substantiation of the experiment (mathematical design), lab study enables to
derive good scientific findings at minimal expenses. However, such
experiments do not always fully simulate the real conditions that necessitates
performing an industrial experiment.

Industrial experimental study is aimed to investigate the process or
object in real conditions with consideration of the exposure of random factors
of the industrial medium. Such experiments are performed at industrial
works where electrical equipment is operated.

The key element of experimental study is the so-called methodology of
an experiment. It is developed for the purpose to minimize the amount of
works and costs to perform experimental study. It represents the general
structure or project of the experiment, i.e. the statement and sequence of
executing the experimental study. The methodology of experiment usually
includes the following basic stages: development of the experimental design
diagram; choice of facilities to perform the experiment; performing the
experiment and evaluation of the measurements executed; processing and
analysis of the experimental findings. Let us consider these in more detail.

19



— BHOIp MaTEMaTUIHOT'O METOa JOCIIHKEHHI Moaeli (MaTeMaTH3amis
Mozedni) 1 11 BceGiuHe TOCIiKEHHS; IPH IIbOMY ITHPOKO BUKOPUCTOBYIOTHCS
T.3. AHANIMUYHI MemoOuU, sIK1 TO3BOJISIIOTh BCTAHOBUTH MaTeMaTHYHI 3aJIekK-
HOCTI MiX MapaMeTpaMH AOCIiIKYBaHOI MOZIETIi; OCHOBHOIO ()OPMOIO MaTe-
MAaTUIHUX 3aJICKHOCTEH € Pi3HOMAaHITHI PIBHSHHS (JacTillle CUCTEMH DiB-
HSIHB): anreOpaidHi, qudepeHIIialbHi, IHTerPaIbHi 1 T. 1I.;

— OTPUMaHHS aHATITUYHUX BUPA3iB, IX TEOPETUUHMIA aHali3 i po3pobka
TEOPETUYHHUX HOJI0XKEHb.

4-ii eTan — eKCMEePUMEHTAJIBHI JOCTiAKeHHs: € HaltO1IBIIT BaYKITMBOTO
ckiagoBoto yactuHoo HJIP, me Takoxk ¥ Hal0inplml TpyAOMICTKHMI eTam
HJIP. ExcnepuMeHTalbHI JOCIIPKEHHS y 3araJilbHOMY BHITaJKy MOTPeOy-
I0Th BEJIMKOI aKypaTHOCTI, YBard, TEPIiHHS YIIPOIOBXK TPHUBAJIOTO MEPioLy
yacy. OCHOBHOIO METOIO0 €KCIIEPUMEHTAIBHUX JIOCHTI/DKEHB € TIepeBipKa Te-
OPETHYHHX TIOJOXKEHB (TATBEPAKEHHS poO0YOi TMOTE3H), 8 TAKOK OLTBII
mupoke i rmuboke BuB4YeHHS TeMu HJIP. ExciepumMeHTanbHI JOCTIKEHHS
MOTITISTFOTHCS Ha J1a00paTOPHI Ta BUPOOHHYI.

Jlabopamopni 0ocniddcernHss IPOBOJATHCS, SIK TPABUIIO, 3 BUKOPUCTAH-
HSIM TUTIOBUX TIPWIIAIB, CIIETIaTEHUX MOJETIOI0YHX YCTaHOBOK, CTEH/IIB, 00-
namHaHHA 1 T. 1. [Ipu mocTaTHRO0 MTOBHOMY HAyKOBOMY OOTPYHTYBaHHI €KCIIe-
pUMEHTY (MaTeMaTHYHOMY IUIaHYBaHHi) BOHH JIO3BOJISIIOTH OTPHMATH XO-
POl HAYKOBY iH(pOpMAIIifo 3 MiHIMAILHUMH 3aTpaTtami. [Ipote, Taki excrie-
PUMEHTH HE 3aBKAY MOBHICTIO MOJEIIOIOTh peajbHUM XiJ MpoLecy, M0 BU-
BYAETHLCSI, TOMY BUHUKAE MOTpeda y MpoBeieHHI BUPOOHHYOT0 eKCIIEPHMEHTY.

Bupobnuui oocnioscenns MaroTh 32 METy BUBUUTH IPOIIEC B peaTbHUX
YMOBax 3 ypaxyBaHHSAM [ii BUMaAKOBHUX (PaKTOPiB BUPOOHHUYOTO cepeno-
Bua. Taki eKcriepuMEeHTH NPOBOASTH Ha MiAMPUEMCTBAX, SIKI 31iHCHIOIOThH
EKCILTyaTalli0 eJICKTPUYHHUX alapaTiB Ta IHIIOTO eJICKTPOOOIaHAHHS.

Kiro4oBrM e1eMeHTOM eKCIIEpUMEHTATIBHUX JOCHTIKEHb € Memo00.10-
2isl ekcnepumenmy, ika po3poOIsSE€ThCS 3 METOKO MiHIMi3allil 06’ eMy poOirt i
KOIITIB, IO BUTPAyYalOThCs Ha MPOBENEHHS EKCIEPUMEHTAIBHUX JIOCHi-
JUKeHb. BoHa siBiisie coboro 3araibHy CTPYKTYpY (TIPOEKT) eKCIIEpUMEHTY,
TOOTO IMMOCTAHOBKY 1 MOCIIIIOBHICTh BUKOHAHHS €KCIIEPUMEHTAIBHHX JIOCITi-
JDKeHb. MeTomooris eKCepiMeHTY BKJIo4ae B ceOe HAacTyNHI OCHOBHI
eTarnu: po3poOKy IUTaHy-TIPOTrPaMHu €KCIIEPUMEHTY; BUOIp 3ac00iB st TIPO-
BEJCHHS EKCIIEPUMEHTY; MPOBEIEHHS EKCIIEPUMEHTY 1 OLliHKA BUKOHAHUX
BUMIpIOBaHb; 0OPOOKY Ta aHaNli3 eKCIepUMEHTAIBHUX JaHuX. Po3risHemMo
ix OLIBII JETaNbHO.
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The experimental design diagram includes the name of the research topic,
the working hypothesis, the experiment procedure, the list of necessary
materials, instruments, installations, the list of experiment executors, the
schedule of works, the estimate for carrying out the experiment, etc. The basis
of the diagram is the experiment procedure. It is a system of techniques or
methods for the most efficient implementation of an experimental study, and in
the general case includes the purpose and main problems of the experiment;
choice of variables (factors); justification of the means and the required number
of measurements; description of the experiment procedure; substantiation of
methods for processing and analyzing the experimental findings.

Definition of the main problems of the experiment is one of the most
important stages of the experiment procedure. It is carried out by the way of
analysis of available scientific information, hypotheses and theoretical
developments allowing, in this or that degree, to judge about the expected
behavior of the object (process) under study, and, consequently, to determine
the tasks of the experiment.

The choice of variables (factors) consists in determining the main and
secondary factors that affect the object (process) under study. At first, the
calculated (theoretical) schemes of the process are analyzed. Basing upon
this, all factors are classified and are listed in series according to decreasing
importance for this experiment. The correct choice of primary and secondary
factors plays an important role in the effectiveness of the experiment, since
the experiment is reduced to finding the dependencies between these factors.

To identify immediately the role of the primary and secondary factors is
frequently difficult; in such cases, a small preliminary searching trial should
be performed. The main principle in determining the degree of importance of
a variable is its role in the object (process) under study. It is determined, as a
rule, by varying this variable with constant values of the others. If their number
is sufficiently large, the principle of multivariable analysis is appropriate.

Substantiation of measuring instruments is the choice of instruments,
equipment, machines, devices, etc. necessary for observations and
measurements. The experimenter must be well acquainted with the
measuring technique. There are catalogs for measuring instruments,
according to which one or another instrument can be ordered. In the first
place, of course, it should be used standard, mass-produced certified
machines and devices.
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Inan-npocpama excnepumenmy MICTUTh HalMEHYBaHHS TEMH JIOCTi-
JOKEeHHS, poOouy TiloTe3y, METOIMKY €KCIEPUMEHTY, MEepeTiK HeOOXiTHUX
MaTepiajiiB, MPUIAiB, YCTAHOBOK, CITMCOK BHKOHABIIIB €KCIIEPUMEHTY, Ka-
JICHJAPHUH IJ1aH poOiT, KOIITOPUC BUKOHAHHS €KCIIEpUMEHTY Ta iHmuX. Oc-
HOBY IIaHY-IIPOIPaMH CTaHOBHUThH Memoouxa excnepumenmy. BoHa sBisie
c000F0 cHCTEMY MPUIOMIB 200 CIIOCOOIB JUIsl MTOCIIIJOBHOTO HalOimbII ede-
KTUBHOT'O 3A1HCHEHHS €KCIIEPUMEHTAIBHOTO JOCHIHKEHHS 1 B 3arajJbHOMY
BUTIAJIKy MICTHTh Y COO1 METy Ta OCHOBHI 3aBIaHHS E€KCIEPUMEHTY, BUOIp
BapiiioBaHnx (hakTOpiB, OOIPYHTYBaHHS 3acO0IB Ta HEOOXiTHOI KUTBKOCTI
BUMIpIOBaHb; OMHUC MPOBEJICHHS €KCIIEPUMEHTY, OOTpYHTYBaHHs crioco0iB
00poOKH Ta aHaNi3y Pe3yIbTATIB EKCIIEPUMEHTY.

BusHaueHHs OCHOBHUX 3aBJJaHb €KCIIEPUMEHTY € OJIHUM 3 HaHO1IIbII Ba-
JKJTMBHX €JIIEMEHTIB METOAMKH €KCTIEpUMEHTY. BiH 3/iiICHIOETHCS. HAa OCHOBI
aHaJizy HasBHOI HayKoOBOi iH(OpMallii, TiMOTe3 Ta TEOPETUIHUX PO3POOOK,
sIKa JO3BOJISIE TI€I0 YX 1HIIOKO MipOIO CYUTH PO OYiKyBaHi 3aKOHOMIPHOCTI
MOBEIIHKH JIOCIII/PKYBAHOTO 00'€KTa Y TPOIIECY, OTXKE, 1 BUBHAYUTH OCHO-
BHI 3aB/IaHHS €KCIICPUMEHTY.

Bubip eapitioganux wunnuxié — e BCTAHOBJICHHS! OCHOBHUX 1 APYTrops-
JTHUX YNHHUKIB, Ki BIUTMBAIOTH JOCHTIKyBaHUH 00'eKT (Tiporiec). CrioyaTky
aHaTI3YIOTh PO3PaxyHKOBI (TEOpeTU4HI) cxeMu mpolecy. Ha ocHOBI 11b0r0
KIACU(IKYIOTh BCI YNHHUKH 1 CKIIAAAIOTh PAJl Y TIOPAAKY X 3MEHIIIEHHS 3a
BXKITUBICTIO JJISL TAHOTO eKcliepuMeHTy. [IpaBuiibHMiA BUOIp OCHOBHUX Ta
JIPYTOPSITHUX YMHHUKIB Bilirpae BaXKIIMBY POJIb B €()eKTUBHOCTI E€KCIIEPH-
MEHTY, OCKIIBKH €KCIIEPUMEHT 1 3BOJMTHCS J0 3HAXO/KCHHS 3aJIKHOCTEH
MK HUMH YHHHUKAMU.

B okpeMux BHIaIkax BaKKO Bijipa3y BUSBUTH POJb OCHOBHHX Ta JIPY-
TOPSITHUX YMHHUKIB; y TAKHX BUIIA/IKax HEOOX1HO BUKOHATH HEBEIHUKUH 3a
00CsAroM ToTepeIHIH MoiryKoBuit qociia. OCHOBHUM MPUHIMIIOM BCTaHOB-
JICHHS CTYIEHS BXXJIMBOCTI YUHHUKA € HOTO POJIb Y HOCIiIKyBaHOMY 00'e-
KTi (mporuieci). BoHa BU3HAa4YaeThCs, 3a3BHYAM, NUISIXOM BapilOBaHHS 1M
YUHHHUKOM (3MIHHOIO) ITPH MIOCTIHUX 3HAYEHHX 1HIUX. SKII0 3MiHHHX Be-
JIMYUH JIOCUTH 0ararto, AOIUTEHUM € npunyun 6a2amopaxmoprozo auanizy.

Obrpynmyeanns 3acobie 6umipiogans — 11e BUOip HEOOX1THUX AT CIIO-
CTepeXXeHb Ta BUMIPIOBAaHb NPUJIaiB, 00JaIHAHHS, MAIIIMH, allapaTiB Ta iH.
ExcniepumenTarop Mae Oyt 100pe 03HaHOMIICHUH 3 BUMipIOBAaJIbHOIO TEX-
HiKOW. ICHYIOTh KaTajoru Ha 3acoO0M BUMIPIOBaHHS, SKMMH MOXHA 3aMO-
BUTH Ti UM 1HII 3aCO0M BUMIpIOBaHb. 3BUYAIHO, 110 B MEPIIy Y€PTy BUKO-
PHUCTOBYIOTHh CTaHJAPTHI cepTH(IKOBaHI MAIIUHM 1 MPUIAJIH, 110 BUITYCKa-
I0ThCSI CEPIHHO.
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In some cases, for experimental research of the object (process), there is
a need to create unique devices, devices, installations, stands, machines. In
such cases, the development and design of instruments and other means must
be carefully substantiated by theoretical calculations and practical
considerations in respect to the possibility of making such equipment. In
creating new devices, it is advisable to use ready-made units of manufactured
devices or refine the available measuring facilities.

It is very essential to establish the accuracy of measurements and errors in
measuring process. Methods of measurements should be based on the laws of a
special science known as metrology studying measuring technique and methods.

In measuring, repeated readings on instruments are usually not the same.
The more random factors affect the object or process, the greater the
deviation of individual measurements from the average value. In such cases,
a number of repeated measurements should be performed. The number of
measurements in given trial must provide a stable average value of the
measurand that satisfies the given degree of accuracy. The solution of this
problem is of great importance, since it provides the most objective results
with minimal time and money.

An important section of the experimental methodology is the choice of
methods for processing and analyzing experimental data. Data processing is
reduced to the systematization of all figures, their classification and analysis.
The experimental findings should be summarized in readable forms of
records, namely, tables, graphs, formulas, nomograms, allowing you to
quickly and accurately compare the findings.

Particular attention in the experiment procedure should be paid to
mathematical methods for processing and analyzing experimental data, i.e.
statement of empirical dependencies, approximation of relationships
between variables, establishing criteria and confidence intervals, etc.

Modern methodology of the experiment, in addition to the represented
elements, contains the so-called theory of an experiment. It enables to
drastically enhance the accuracy and reduce the amount of experimental
study. The main component of the theory of an experiment is mathematical
design of an experiment or experimental design, that is, the use of
mathematical statistics methods not only in processing and in analyzing the
derived findings, but also in preparing and conducting experimental research
(see subsection 1.2).
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B okpemux Bumagkax BUHHKAE MOTpeda y CTBOPEHHI YHIKAIbHHUX TIPH-
Ja/1iB, anapaTiB, YCTAHOBOK, CTEH/IIB, MaIIiH. Po3po0ka Ta KOHCTPYIOBaHHS
TaKuX 3ac00iB MOBUHHI OyTH PETENBHO OOTPYHTOBAHI TEOPETUUHIUMHU pO3pa-
XYHKaMH Ta IPaKTUYHUMH MipKyBaHHSIMH LI0A0 MOIJIMBOCTI BUTOTOBIICHHS
Takoro obnmagHanHs. IIpu CTBOpEeHHI HOBUX MpHJIaAiB, Oa)KaHO BUKOPHCTO-
BYBaTH T'OTOBI BY3JIHM MPWIIAJIIB, IO BHUITyCKAIOTHCS, a00 PEKOHCTPYIOBATH
HasIBHI BUMipIOBaJIbHI 3aCO0H.

Hyxe cyTTEBUM y TpOIleCi BUMIPIOBaHb € BCTAHOBJICHHS TOYHOCTI BU-
MIpIOBaHb Ta MOXHOOK. MeToau BUMIipiB MOBUHHI Oa3yBaTHCA Ha 3aKOHAX
CIIeIiaNIbHOT HAYKU — Mempoioeii, 0 BUBYAE 3aCO0U Ta METOIU BUMIpIB.

[Ipu BuMipax MOBTOpPHI BiJUIIKM Ha MpWIafax 3a3BUYail HE OJHAKOBI.
Uwnm Oinpie BUMIAAKOBHUX (haKTOPIB BILTUBAIOTH Ha 00'€KT abo mporiec, THM
OibIIMMU OYAYTH BIIXHUJICHHS OKPEMHUX BHMIPIOBaHb BiJl CEPEAHBOTO 3Ha-
YeHHS. Y TaKMX BUIAJKaX HEOOXITHO BUKOHATH JCKIIbKA MOBTOPHUX BUMi-
piB. KinbkicTs BUMIpIiB y TaHOMY JOCIIJIi TOBHHHA 320€3MeYNTH CTilKe ce-
peIHe 3HaYCHHS BUMIPIOBAHOI BEJIMYMHH, 10 33/I0BOJIBHAE 3aJaHUI PIBEHBb
TOYHOCTI. BUpIIICHHS IbOTO 3aBJaHHs Ma€ BEJIMKE 3HAYCHHSI, OCKIJIBKHU 3a-
Oe3nedye OTpUMaHHS HaOUTHIIT 00'€KTUBHUX PE3YIIbTATIB MPH MiHIMATBHAX
BUTpAaTax 4acy Ta KOIITIB.

BaxxmBuM po3/IiIoM METOJIMKH €KCIIEPUMEHTY € BUOIp Memodie 06po-
OKu ma ananizy excnepumeHmanvHux danux. OOpoOKa JaHUX 3BOAUTHCS IO
cucremMaruzaniii Beix mudp, ix xnacudikariii Ta ananizy. Pesynpratu ekcriepu-
MEHTIB NOBUHHI OyTH 3BeJICHI B JIETKO YnTaHi (hOPMHU 3arucy — TalJIuili, rpa-
¢biku, GopMyIIH, HOMOTPaMH, IO JJO3BOJISIOTH IIBHUIIKO 1 TOOPOSIKICHO 3icTaB-
JSITH OTpUMaHi pe3yibrati. Oco0nuBa yBara B METOAMLI Ma€ OyTH NpUALIeHa
MaTeMaTUYHAM MeTOo1aM OOpOOKHM Ta aHaIli3y JOCIITHHUX JTaHUX — BCTAHOB-
JICHHIO EMITIPUYHUX 3aJIeKHOCTEH, apOKCHUMAIIil 3B'13KiB MiXK BapiHiOBaHUMHU
XapaKTEepPUCTUKAMH, BCTAHOBJICHHIO KPUTEPIiB Ta JOBIPUMX IHTEPBAJIIB Ta iH.

CyuacHa METOOJIOTISI EKCIIEPUMEHTY, OKpPiM HaJaHUX €JIEeMEHTIB, Mic-
TUTh Y CO01 MaTeMaTUUHY Meopilo eKchepumenmy, siKa JA03BOJISIE CYTTEBO
MIJBUIIATA TOYHICTh Ta 3MEHIIUTH O00’€M EKCIIEPHMMEHTAJIbHUX JOCIi-
JUKEHb. [I OCHOBHHM €IIEMEHTOM € MaTeMaTHUHE /JIaHY6aHHS eKChepume-
HmMYy, TOOTO BUKOPUCTaHHS METO/iB MaTeMaTHYHOI CTATUCTHKH HE TUIBKU B
mpoiieci 00poOKH 1 aHANI3y OTPUMAHUX JIaHUX, aJie ¥ Y IPOIIeC MiArOTOBKH
1 IPOBEICHHS €KCIIEPUMEHTAIBHUX JTOCTIKEHb (JUB. Miapo3 i 1.2).
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Fifth stage consists in analysis and documenting of scientific
researches. Primarily, at this stage, theoretical and experimental researches
are generally analyzed and compared; the discrepancies are more attentively
analyzed; theoretical models, researches and deductions are refined. In the
case of necessity, additional experiments are performed. In such a way, the
hypothesis is transformed into the theory and scientific and productive
deductions are formulated. Finally, the report on the scientific research work
is drawn up, as well as the lectures are composed, etc.

Sixth stage is implementation of the findings into production and
evaluation of their economic efficiency.

Development work (D-works) is usually a logical extension of R-works;
it includes the following stages. The first stage is detail designing including
the following works: execution of calculations; development of drawings;
making certain units, blocks and analyzing their operation; development and
agreement of engineering forms and records; feasibility study of the project.
The second stage is contractor designing that includes analysis and control
of engineering forms and records, designing technological processes,
including the development of process sheets and drawing up of the works
organization design. The third stage is making and development of the
prototype that includes: making of pieces, units and assemblage of a
prototype; checking and adjustment of the prototype; bench and production
testing; analysis of the prototype units as for operability; replacement of
certain units and execution of retests. The fourth stage is certification tests.

1.2 Basic Principles of Designing an Experiment

The designing an experiment or experimental design is one of the
sections of mathematical statistics that appeared relatively recently (about 50
years ago) and has now become a new independent scientific discipline. The
subject of this discipline is an experiment in its broadest sense, namely, a
totality of operations (actions) carried out on the object to be researched for
the purpose to derive information about its qualities.

The main goal of the experimental design is to determine the conditions
and rules for conducting the experiment, which allow derive the most
extensive, reliable and truth information about the object under study with
the lowest costs (labor, materials, finances).
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5-if eTanm — aHaJi3 Ta opopMIIeHHSI HAYKOBUX JT0CTi:KeHb. Ha iroMmy
eTarri, mo-Tepire, BUKOHYETHCS 3aralbHAN aHai3 TEOPETUIHUX 1 eKCIepH-
MEHTAJILHUX JIOCII/KCHb, iX CIIBCTaBJICHHS, aHali3 PO30iKHOCTEH, yTOU-
HEHHS TEOPETUYHHMX MOJICNIEH, JTOCIIPKeHb 1 BUCHOBKIB. [lo-apyre, B pasi
HEOOXITHOCTI MPOBOMITHCS TOAATKOBI €KCIIEpUMEHTH. TakuM YHHOM, TiITo-
Te3a IIePETBOPIOETHCS B TEOPIt0, BiIOYBaeThCs Ta (POPMYITIOBAHHS HAYKOBHX
Ta BUpOOHWYMX BUCHOBKiB. Ha 3aBepiieHHs, BUKOHY€ETHCS CKIIaIaHHA Ta pe-
neH3yBanHs 3BiTy 3 H/IP, cknamanus mokianmiB i T. I

6-i eTam: BpoBapKeHHS pe3ynbTatiB H/IP y BUpOOHUITBO 1 OIiHKA X
€KOHOMIYHOI €)EeKTUBHOCTI.

Jocriono-koncmpykmopcoka poooma €, SIK IPaBUIO, JIOTIYHUM IIPOO-
BxenHsM HJIP; BoHa mictuTh y c0o0i HacTymHi etanu. 1-if etam — mexwiune
npoexmyseanHsl. po3poOKa BapiaHTIB TEXHIYHOTO MPOEKTY; PO3PaxyHKH; PO3-
poOKa KpeciieHb; BUTOTOBIICHHS! OKPEMHUX BY3JIiB, OJIOKIB 1 aHami3 iX poboTy;
PO3po0Ka Ta Y3rOMKEHHS TEXHIYHOTO MPOCKTY; TEXHIKO-EKOHOMIUHE 00TpyH-
TYBaHHS MPOEKTY. 2-U eTal — poboue npoekmysants. po3podKa 3 yciMa JieTa-
JISIMH POO0OYOT0 MPOCSKTY. 3-H €Tall — 8UOMO6IeHHs Ma 00POOKA 0OCTIOHO20
3paska: aHaji3 1 KOHTPOJIb TEXHIYHOI JOKYMEHTAIlIi; TIPOEKTYBaHHS TEXHOJIO-
TIYHUX TPOIIECiB, pOo3poOKa KapT, CKIIQAaHHs MPOEKTY OpraHizariii poOiT; BH-
TOTOBJICHHS JIeTallei, OJIOKIB 1 By3/IiB AOCIITHOTO 3pa3Ka Ta HOTo CKIIaJaHHS;
BUMPOOOBYBaHHS, PETYJIOBaHHS 3pa3Ka; CTCHJOBI Ta BUPOOHHYI BUIPOOY-
BaHHSI;, aHaIli3 pOOOTH BY3IIiB 3pa3Kka; 3aMiHa OKPEMUX BY3JIiB Ta ITPOBEICHHS
MOBTOPHMX BHUIIPOOYBaHb. 4-i eTan — cepmuhikayitini eunpooyeamHs..

1.2 OcHOBHi NPUHIMIIH IVIAHYBAHHS €KCIIEPUMEHTY

IInanysanms excnepumenmy — 1€ OJMH 3 PO3/ILTIB MaTEMaTUYHOI CTaTH-
CTHKH, SIKAH 3’ SIBUBCS BITHOCHO HenaBHO (OU1s 50 pokiB TOMY) 1 3apa3 cTaB
HOBOIO CaMOCTiHHOI0 HAYKOBOIO IUCHHILTIHOK. [Ipenqmerom nanoi mucumn-
JHU € eKcnepumenm y caMOMy IIMPOKOMY HOTO PO3yMiHHI, a caMme: CyKyII-
HICTh omeparii (i), 110 3AIHCHIOITHCS Hall 00’ €KTOM JOCIKEHHS 3 Me-
TOY0 3100yTTs iH(OpMaIii PO WOTO SKOCTI.

OCHOBHOIO METOIO TJIAaHYBaHHSI €KCIIEPUMEHTY € BU3HAUEHHSI YMOB Ta
NIPaBUJI IPOBEICHHS EKCIIEPUMEHTY, K1 JO3BOJIIOTH 3 HAWMEHILIMMH 3aTpa-
tamu (Tpyna, marepiainis, QiHaHCIB) 37J00yTH HAMOUIBII IIUPOKY, HAMIWHY
Ta JIOCTOBIpHY 1H(OPMAILIiIO PO TOCTIIKYBaHUNA 00’ €KT.
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It is equally important to represent the derived information in a compact
and user-friendly form with an evaluation of its accuracy. The experimental
design is a universal method aimed to solve the practical problems related to
research a wide variety of objects, including the so-called "diffuse™ objects.
In such objects, numerous phenomena of a different nature occur together,
in a close communication, where it is very difficult to distinguish their effect
and influence on the investigated qualities of the object.

Experimental design methods enables us to organize the derivation of
statistical material so that meets certain requirements and provides the
possibility of its appropriate mathematical and statistical processing. At the
same time, one or another processing method is pre-selected; the experiment
is directionally organized according to a specially developed diagram (plan);
the results of the experiment are subjected to statistical processing. On this
basis, a mathematical model describing the object under study with a given
accuracy is constructed. It should be noted that the experiment diagram itself
could be optimized according to certain indicators or criteria: for example,
the minimum number of necessary trials (measurements), etc.

The application experience of experimental design methods in various
fields of science shows its sufficiently high efficiency, which is manifested in
the following. Firstly, the volume of works on conducting the experiment is
reduced and, secondly, the reliability of their results is significantly increased.

The main problems solved with the help of experimental design methods
are as follows. The first is to find out the mechanism of the process under
study with one or another accuracy, i.e. create its mathematical model basing
upon the results of statistical measurements and observations; in this case,
so-called factorial experiments are performed. The second is to determine
the conditions for the optimum of the function of several variables; in this
case, methods of designing the so-called extreme experiments (method of
steepest descent, simplex method, etc.) are used.

When the researcher starts experimental researches, he usually does not
have comprehensive information about the research object or the mechanism
of the process under study. He has only some a priori information as some
assumptions about the possible behavior of the researched object or process
under the influence of certain factors.
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He meHm BaxjmBUM TIpH IEOMY € TaKOXK HaJaTH 3700yTy iHQOpMAaIio B
KOMITAaKTHIH Ta 3py4HIiH U1l BUKOPUCTaHHS (hOpMi 3 KUTBKICHOO OIIHKOIO il TOY-
HocTi. [ImaHyBaHHS eKCIIEpUMEHTY 1€ YHIBEpCAIbHII METOJI, HAIPABJICHUH Ha
BUPIIICHHSI MPAaKTHYHUX 337124 JOCIIPKEHHSI CAMHX PI3HOMAHITHHX 00’ €KTIB, Y
TOMY YHCITi TaK 3BaHHUX «102AHO OpeaHizo8anux» 00’ eKTiB. «lloeano opeanizosa-
Humu» abo «OughysHumuy Ha3WBAIOTH TaKi 00 €KTH, B SKUX YMCICHHI Pi3Hi 3a
CBOIO MPHUPOJIOIO SIBUILIA BiIOYBAIOTHCS PA30M, Y TICHOMY 3B’SI3KY, JIe Ty’Ke CKJIa-
JTHO PO3MEKYBATH 1X [IIfO Ta BIUTMB Ha IOCIIHKYBaHi SIKOCTI 00’ €KTa.

Mertou mIaHyBaHHS €KCIIEPHMEHTY TO3BOJITIOTH TIEBHIM YHHOM Opra-
Hi3yBaTH HaOYyTTs CTaTUCTUYHOTO MaTepiany, SKA{ BiAMOBiIa€ TIEBHUM BH-
Moram, 110 3a0e3rne4yye MOXKIMBICTh HOTO BIJIOBITHOI MATEMAaTUKO-CTATHC-
TUYHO1 00poOKw. [Ipn IbOMy TIOTIEpETHEO 0OUPAETHCS TOM UM 1HITHIA METO]
00pOOKH; eKCIIEPUMEHT HAIPaBJICHO OPraHi3yeThCs 3a CIEIialbHO PO3pP00-
JICHOIO TPOrpaMoro (IIAHOM); PE3YJIbTaTH SKCIIEPUMEHTY IMiJIal0ThCs CTa-
TUCTUYHINA 00pOoOIIi, HA OCHOBI SKOi OYAYETHCS MameMamuyra Mooeb 10c-
JKYBAaHOTO 00’ €KTYy, sIKa OMKCYE Horo 3 3a/1aHor0 TouHicTio. Crig 3a3Ha-
YHUTH, IO CaM IIJIaH MPOBEACHHS eKCIIEPUMEHTY MOXKE OYTH ONTHMi30BaHHH
3a THMU Y4 IHIIAMH TTOKa3HUKaMU a00 KPHUTEPisIMU: HAIIPHUKIAJ, MiHIMyM
YHClia HeOOXiTHUX AOCHIIB (BUMIPIOBaHb) 1 T. TI.

Orxe, IpakTHKa BUKOPHCTAHHS METO/IB IIaHyBaHHSI EKCTIEPUMEHTY Y ca-
MHX PI3HHX TaTy3sX HayKH MOKa3ye HOro JIOCTaTHBO BHCOKY €()eKTHBHICTB, sIKa
BHSIBJISIETBCS Y TOMY, 1110, TIO-TIEpIIIE, CKOPOUYEThCSI 00’ €M pOOIT 3 IPOBEIEHHS
eKCIIEPUMEHTY 1, IO-/Ipyre, 3HAYHO I IBUIILYETHCS IOCTOBIPHICTD 1X PE3ybTaTIB;

OCHOBHHMH 33/1a4aMU, 1110 BUPIMIYIOTHCS 32 JIOTIOMOTO0 METO/IIB T1ia-
HYBaHHS €KCIIEPUMEHTY, € TAKUMH:

1. 3’sicyBaTH MeXaHi3M JIOCIIDKYBaHOTO TPOLIECY 3 TOIO YH iHIIOO TO-
YHICTIO, TOOTO CTBOPUTH HOTO MaTEeMaTHYHY MOJIENb 3a PE3yJIbTaTaMH CTa-
TUCTUYHUX BUMIPIOBaHb 1 COCTEPEKEHb. Y IIbOMY BUTIAJIKY CTABIISTHCS TaK
3BaHi pakmopHi ekcnepumenmu.

2. Bu3naunt yMOBY ONITUMYMY JIeSIKOi (PYHKIIIT BiJ IEKUTBKOX 3MIHHHX. Y
[IBOMY BHIIaJIKy BUKOPHUCTOBYIOTHCSI METOJI TIAHYBAHHS TAK 3BAHUX eKCHpeMa-
JILHUX eKcnepumenmie (METOIM KPYTOro CXO/DKEHHS, CAMILIEKC-METO 1 T. IL.).

[Ipuctynaroun 10 eKCIEpUMEHTAIBHUX JIOCIIIKEHb, TOCTIIHHUK, SK
NPaBUIIO, HE MAa€ BUYEPITHUX 3HAHB MPO JOCTIHKYBaHHN 00’ €KT ab0 Mexa-
Hi3M JOCIIIJPKyBaHOTO MPOLECy; Y HASBHOCTI JIMIIE JiesKa arpiopHa iHpop-
Mallisl y BUDJIA] JeSKUX MPHUITYILEHb PO MOXIIMBY IOBEAIHKY JOCHIKYBa-
HOro 00’€KTy a00 MPOIECY i BIUIMBOM IIEBHMUX YHHHHUKIB,

28



Under such conditions, the so-

7 fz ' Tm called cybernetic approach is used. This
¥ y approach is based on the idea to
xl yl consider the object (process) under
: o ___2 study as a “black box”, which is
x;__ [ y influenced by certain factors, as

P schematically shown in Figure 1.1. This
Figure 1.1 - Schematic representation  factors (input parameters) can be

of a “black box” controllable  Xi, X2, ..., X« oOf
uncontrollable: zi, z,, ..., zm (the so-called "disturbances™). The operation of
the object can be characterized by a number of output parameters yi, ya, ..., Yp.
Frequently, only one parameter is investigated, which is the result of the
experiment called the response or goal function. The relationship between the
response and the input parameters (factors) is called the response function. It is,
in the general case, a function of many variables: Y = F(Xq, X, X, Xp).

We have the only general imagine about this function, but we want to know
perhaps more. By setting a certain set of variables X;, as a result of the
experiment we can derive the corresponding values of Y. Fixing various sets,
we can get as much information about the function under study as we like. The
challenge consists first in correct use of this information.

If we investigate the influence of only one independent variable on Y,
then the problem is quite simple. In this case, by specifying several values of
X, we can get the dependence Y = F(X ), and the goal will be achieved. If we

are not sure that the experiments are well reproduced (the findings are not
single-valued), we should repeat the experiment several times at the same X
values and construct the dependence with consideration of the spread of Y
values (using the methods of statistical processing of experimental data).

If the number of independent variables consists two, then the problem
does not become much more complicated. In this case, the family of
dependencies Y = F(X;) at X, =const is measured. If necessary, analytical

expressions are selected that approximate the obtained dependencies. The task
becomes much more complicated if the number of variables is 3, 4 or even
more. In this case, in the same manner, a number of families of dependencies
can be derived, but the information obtained in this form about the function
under study will be practically useless, since it is very difficult to analyze.
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B takux ymMoBax BUKOPHUCTOBYIOTb

4% Zm TaK 3BaHWU KibepHemuunuii nioxio, B

* * OCHOBI SIKOTO JIS)KUTH 1J1es pO3TIIsIaTH

X, — ——V1 pocnikyBaHuil 00’€KT SK «4OpHULL
Xy ——= —=V>  awuxy», puc. 1.1, Ha AKUHA DIFOTH JeAKi
———— -——-=—  (aKTOpH; BOHM MOXYTb OyTH KepOBa-
Xy —— — ), HHUMHU: X1, X2, ..., Xk; 800 HEKEPOBAHUMHU:

21, 22, ..., Zm (T.3. «30ypeHH»). PoboTa
00’€KTa MOXKE€ XapaKTEepH3yBaTHUCH Jie-
KIJIbKOMa BUXIJHHUMH MapaMeTpamM Y1, Yz, ..., Yp. JOCTiIKYBaHHM €, SIK TIpa-
BUJIO, OJTH MapaMeTp, SIKUi € pe3yIbTaTOM eKCIIEPUMEHTY 1 Ha3UBAEThCA Gi0-
Kaukom abo ¢yHkyicro yini. 3aneXHICTh MK BIAKIMKOM Ta BXiJHAMH Tapa-
MeTpamu ((aKTopamu) HA3UBAETHCS (PYHKYIEI GIOKIUKY 1 SBIISIE COOOIO Y 3a-
ragbHOMY BHITAJAKY QYHKIiIO GaraThox 3MiHEX: Y = F(Xy, Xp,- Xj,+- Xp),

Pucynok 1.1 — CxemMa «40pHOTO SITHKa»

TIPO SIKY, K 3a3HAYAIIOCHh, MH Ma€MO JIMIIIE 3araibHi (a Imi9ac iHTYiTHBHI) ysi-
BJICHHS, ajie Oa)kaeMo y3HATH, HIMOBiIpHO, Olbie. SIKIIO 3a1aTH MEBHY CYKY-
MHICTh 3MiHHUX Xj, TO B PE3yJbTaTi EKCIIEPUMEHTY MH MOKEMO 37100yTH Bifl-
TOBiTHI 3HaYeHH Y, a (DIKCyr0Ui Pi3HI CYKYITHOCTI — SIK 3aBrOJHO OaraTo iH-
¢dopmanii mpo mochimkyBaHy QyHKIif0. 3a7a4a, MO MEpI 3a BCe, MOJIATaE y
TOMY, 00 IPaBHIIBHO 1 BUKOPHUCTOBYBATH.

SIKIO MOCIHIHKYEThCS BIUTHB Ha Y JIMIIE OJHI€T He3aIeXHOT 3MiHHOT, TO
3aJayda JJOCUTh MPOCTa: Y LIbOMY BUIAJKY 33Jal0UMCh JEKUIbKOMa 3HaYeH-
HaMu X MOxHA 37100yTH 3anexsicts Y = F(X), i Mera 6yne mocsruyra.

Slkiio y Hac HemMae BIEBHEHOCTI, 110 OCIAHM J00pe BiITBOPIOIOTHCS (Bij-
CYTHS OJTHO3HAYHICTH), CITiJl TOBTOPHTH iX JIe-KiIbKa pa3iB MPH OAHUX 1 THX
JKe 3HaUCHHSIX X ¥ 0Oy IyBaTH 3aJIC)KHICTh 3 YpaxXyBaHHSIM OTPUMAHOTO PO-
30iry 3HaueHb Y (BUKOPHCTOBYIOYM METOJM CTATHCTUYHOI OOpOOKH eKcIie-
PUMEHTAIbHUX JIaHUX).

SKI0 He3ale)KHUX 3MIHHUX JBi, TO 33/1a4a CyTTEBO HE YCKIIATHIOETHCS:
y LbOMY BMIIQIKy 3HIMaloTh CiMeiicTBO 3aiexHocteil Y = F(X;) mpu
X, = const . [Ipu HEOOXiAHOCTI MIOUPAIOTH AHATIITUYHI BUPa3H, IO allPOK-
CHUMYIOTb 3100yTi 3aJIEXKHOCTI. 3a/1a4a CyTTEBO YCKJIAIHSIEThCS, SKIIO 3MiH-
HUX 3, 4 abo mie OinbIe. Y TaKOMY BHIAQJIKY TAKUM K€ YMHOM MOXKHA 3]10-
OyTH psiz CIMEHCTB 3aeXHOCTEH, MPoTe 3100yTa y TAKOMY BUIIISLII iHDOP-
Mallist Ipo AOCHiIKyBaHy (pyHKIi0 Oy/e MpakTHYHO OE3KOPHCHOI0, OCKi-
JIbKY YK€ BaXKKO IMiIA€ThCS aHAJII3Y.
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In some cases, the type of analytical expression for approximation the
function under study can be determined using the available information. In
this case, the main problem is to find the unknown constants in the accepted
expression. However, the type of the approximating function usually cannot
be determined. In such cases, the expansion of the function under study in
some power series is considered, for example as follows:

k k
Y=BO+zBiXi+ZBijxixj+zBiixi2+"" (11)
i=1 i<j i=1
Of course, in practical applications the number of terms in this
expansion is a finite one. Such a representation of the research function,
known as the regression equation (or model of the process under study), is
possible if the function is continuous and sufficiently “smooth”.
Thus, the main problems facing the researcher are as follows:
- to determine a certain number of Y values at the corresponding number

of combinations of independent variables X, X, ,---X;,--- X, , considering

that Y can be different at the same combination of variables X; under the
influence of any random circumstances;

- to find the coefficients of the regression equation By, Bi, etc. using the
derived information;

- to check how the constructed regression equation is consistent with the
experimental data; if such a check gives a positive result, so we can assume
that the goal has been achieved.

In solving these problems, a number of questions arise; their essence is
as follows:

1. What is known about the research function? What combinations of
factors and how many such combinations should be taken to determine the
value of the response Y?

2. How to find the coefficients Bo, B1, etc., so that the regression equation
best corresponds to the research function?

3. How to evaluate the accuracy of the derived representation of the
function?
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VY neskux BUITaIKaX, Ha OCHOBI HasABHOI iH(oOpMaIlii MOXHa BHU3HA-
YUTH BUTIISA aHATITHIHOTO BUPa3y JUIS alpOKCHUMAIIii JOCIipKyBaHoi dy-
HKLIi. Y mpoMy BHUNAAKY 3aJada 3BOAMTHCS A0 3HAXOMKEHHS HEBiTOMHX
MOCTIHHUX, O BXOASATH Y NpUiHATUH Bupa3. [IpoTe, dacTimie 3a yce BUA
anpoKcuMyouoi QyHKIIT BU3HAYUTH HE BOAETHCA. B Takux BUMagkax pos-
TJSIIA€ThCA PO3KIIalaHHs JOCTIKYyBaHOI (PyHKIII y cTeTieHeBwii psij, Ha-
MPUKIIA] HACTYITHOTO BUTIIALY:

k k
Y:BO+ZBiXi+ZBinin+ZBiiXi2+'” (11)
i=1 i<j i=1
Ha mpaxTwuii, 3BicHO, 0OMEXYIOTHCSI KiHIIEBUM YHCIIOM WICHIB IIOTO
posknananHs. Take mpeacTaBieHHsS AOCHIIKYyBaHOI (QYHKIII, sSike Ha3WBa-
€ThCSI pigHsHHAM peepecii (a00 MoOennto 00CaidNHCy8aH020 npoyecy), € MOK-
JUBUM, SIKIIO JOCTIKyBaHa (DYHKINS € Oe3MepepBHOIO Ta JOCTATHBO «TJa-
JIKOTOY.
Takum YMHOM, OCHOBHI 3a/1a4i, 1110 CTOITh epPe JOCTIIHUKOM, TOJIsTa-
I0Th Y HACTYITHOMY:
—3aJal09d T€BHY KUTBKICTh CIIONyYeHb HE3aJeKHUX 3MIHHUX
X1, X5+ Xj,-+- X, BU3HAYUTH BiAMIOBIIHE YKCIIO 3HAUECHD Y; TIPU LIBOMY He-

00XiTHO ypaxyBaTH, IIO ITiJl BIUINBOM SKHXOCh BUTIJIKOBUX OOCTaBUH IS
OJTHUX 1 TUX K€ CIIONyYeHb 3MIHHUX Xi BETUYUHU Y MOXYTh OYTH Pi3HUMU;

— BUKOPHCTOBYIOUM 3700yTy iH(opMaIlito, 3HaUTH KOe(il[leHTH piB-
HSIHHSA perpecii Bo, B11T. 1.;

— IIepeBIPUTH HACKUIBKHU 3100yTe PIBHSHHS perpecii y3romKyeTbes 3
JAHUMH E€KCTIEPUMEHTY; SKIIO TaKa MepeBipKa J1a€ O3UTHBHUHN pe3yJbTar,
TO MOKHA BBa)KaTH, 1[0 METa JIOCATHYTA.

B nporeci pirreHHs 1MX 33124 BUHUKAE PsiJ] MUTaHb, iX CYyTHICTH MOJIS-
ra€ y HaCTYITHOMY:

1. o Bimomo mpo AociipKyBany GyHKIi0? ki ciomydeHHs: PakTopiB
1 CKUIBKM TaKMX CHOJY4eHb TpeOa B3SITH AJsl BU3HAUYEHHs BEIMYMHHU BiJK-
Ky Y?

2. Sk 3naiitn koedinienT Bo, B1 1 T. 1., 100 piBHSHHS perpecii Haii-
KpallliuM YMHOM BIAMOBIAAIO JOCTIIKYBaHii QYHKIIT?

3. Sk OLIHUTH TOYHICTH 3100yTOr0 MpeAcTaBIeHHS (PYHKIIi?
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The questions stated are the subject of experimental design. The key
task in this case is to find the regression equation, which is carried out using
the step-by-step search method. At first, a linear model is accepted; if it
was found as unsatisfactory, then the power series is increased to 2, 3, etc.
order until a regression equation would become so that adequately de-
scribes the research object.

Solving the problem according to experimental design procedure is
started from analyzing the factors, i.e. variables Xy, X,,---Xj,---X,, whose

effect on the goal function is studied. One of the main properties of the
factors consists in that they can be varied by the researcher according to his
own discretion. This property is one of the main ideas of the experimental
design. A good mathematical description (regression equation) of the
research process can be derived only in the case, when in researching we are
able to set combinations of factors X; in a certain way. In this case, we deal
with the so-called active experiment. However, in some cases, the researcher
cannot control the factors; he can only record (control) their changes caused
by objective reasons, but not desire of the researcher. In this case, the so-
called passive experiment is conducted (in this case, it is not considered).

When assigning factors, it is very important that they are independent
(uncorrelated) from other factors. This fact must be ascertained before the
task is started to perform. An important requirement for factors is their
importance, i.e. the factor must be significant in the research process. When
the factors are analyzed, insignificant ones should be preliminarily
eliminated. Naturally, this requires preliminary information, certain
knowledge about the object or process under study.

The correct choice of the ranges of change (variation levels) of factors
is equally important, since it gives the domain of the research function Y.
These ranges can be wide (limited only by physical considerations) if
factorial experiments are performed, or, on the contrary, narrow, if extreme
experiments are performed. In both cases, for each of X; factors, the boundary
values Xi min and X max are known.
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ITocraBneHi muTaHHA 1 € IpEeAMETOM IJIaHYBaHHS eKcriepuMenTy. Kitto-
YOBOIO 3aJ]auei0 Yy JaHOMY BHIAJKY € 3HaXO/PKEHHsI PIBHSIHHS perpecii, sike
31HCHIOETHCSI METOJIOM ITOKPOKOBOT'O IOIIYKY: CHOYAaTKy NPUIMaroTh Ji-
HilfHy MOJeNb; SIKIIO BOHA BUSIBISETHCS HE33J0BUIBHOIO, TO MiJBUILYIOTH
CTeMiHb 110 2, 3 1 T. . 1O THX Mip, TOKK He Oyne 3100yTe piBHSIHHSA perpecii,
SKe aJIEKBaTHO OMHCY€E JOCTiKyBaHUNA 00’ €KT.

Pimenns 3agaui 3 miuaHyBaHHS €KCIIEPUMEHTY MOYMHAIOTH 3 aHAJI3Y
(akTopiB, TOOTO 3MIHHUX X1, X5, +- X, -» X, , BIUIUB AKHX Ha (QYHKIIiO i
BrBYaeThCA. OTHA 3 OCHOBHHX BIIACTHBOCTEH (DaKTOPIB MOJIATAE Y TOMY, IO
JOCIITHUK MO>KE 3MIHIOBATH iX 332 CBOIM PO3CYAOM. Y IIbOMY IOJIATa€ OJ{HA
3 OCHOBHHX 1JIeH IJJaHyBaHHS €KCIIEPUMEHTY: TOOpUI MaTeMaTUIHUI OIHC
(piBHSIHHSA perpecii) JOCTiKYBaHOTO MIPOLIECY MOXe OYTH 3M00yTHIA TITEKH
y TOMY BWITaKy, SKII0O € MOXJIHBICTH TpuU poOOTI 3 JOCIIIHKYyBaHUM
00’€KTOM, TIEBHUM YHHOM 3a]1aBaTH CIIONy4YeHHs pakTopiB X;. Y TakoMy BH-
NaZKy MU Ma€eMO CHPABY 3 T. 3. akmusHum excnepumenmom. OnHaK, MOXK-
TMBI CUTYyalii, y SKUX JOCTITHUK HE MOXe KepyBaTu (akTOpaMH, a MOXKe
JIMIIIC PEECTpyBaTH (KOHTPOJIIOBATH) 1X 3MiHY, sIKa BiIOYBA€ThCS 3 00’ €KTH-
BHUX TPUYHH (HE 32 BOJICIO JIOCIITHUKA). Y TaKOMY BHITQJKy TPOBOTUTHCS
T.3. nacugnuii excnepumerm (y JaHOMY BUIIAJIKy BiH HE PO3IJISIA€THCSA).

Jly’ke BaXJIMBHM TP TpHU3HAYCHHI (AKTOPIB € iX He3alexHICTh (He-
Kopenvosaricmy) Bif iHmmx ¢akropis. I{e MOBUHHO OyTH BCTAHOBICHO JI0
MOYaTKy BHPINICHHS 3ajadi. BakInBOO BUMOTOK 10 (aKTOpiB € 3HaAuy-
wicmsb, TOOTO (PaKTOP MOBHHEH OYTH CYTTEBUM Y JIOCIIKYBAaHOMY ITPOIIECI.
B npoueci ix aHanisy ciif nonepeaHbo BiACIATH He3Hauylli ¢akTopu. 3Bi-
CHO, IO IIe MOTpedye monepeankoi iHpopMalii, IeBHUX 3HAHb MPO JOCIi-
JOKyBaHU# 00’ ekT ab0 mpoiiec.

He meHm BaxxmuBUM € ipaBUILHUHN BUOIp [iana3oHy 3MiHH (piBHIB Ba-
pitoBaHHs) QaKTOPiB, OCKIIBKU BiH 3aJ]a€ 00JIACTh BU3HAYCHHS JOCIIKY-
BaHoi ¢yHnkmii Y. Lli giama3zonun MoxyTh OyTH wiupoxumu (0OMEKCHUMHU
e ¢Gi3MYHUMHA MipKYBaHHSIMH), SIKILO CTaBIATbCA (PAKTOPHI eKcHepu-
MEHTH, a00 HABIAKU 8Y3bKUMU, SKIO CTABJIATHCS EKCTPEMallbHI eKCIepH-
MeHTH. | B TOMy 1 B iHIIOMY BUTIQJKaX I KOXKHOTO 3 (hakropiB X BiJjoMi
rpaHuYHi 3Ha4eHHS Xivun U Xivaxc.
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If for each factor we will have a
X coordinate axis, then the space obtained in
§ such a way is usually called the factorial

\ space. Specifying in such manner the

&\\ ranges of factors, we thereby determine
Xyan| ' x, thedomain of the function in the factorial
3 | space. For the case of two factors, the
Xorim Koviane factorial space has the form of a rectangle
Figure 1.2 — Image of the factorial as shown in Figure 1.2. In the same
space manner, 3-D factorial space can be
depicted, and such a representation can be

extended to an n-D space (naturally, it is impossible to depict it).

It should be noted another important condition that must be necessarily
observed in conducting an experiment, the case in point is the compatibility
of factors. Incompatibility means that a certain combination of factors lead
to destruction of normal course of the process under study. In other words,
any combination of factors within the factorial space must be realizable and
not lead to absurdity. In this regard, there is a classic example from the field
of chemistry, where the factors are frequently the components of some useful
product. When some combination of these components in the accepted
ranges of change leads to an explosion, then in this case the compatibility
condition is not fulfilled. In electricity, the typical incompatibility condition
is a short circuit followed by fire or electrodynamic destruction of electrical
equipment, insulation breakdown, etc.

The next stage of the experimental design, carried out in preparing the
experiment, is coding the factors. It should be noted that the selected factors
X1, X5, X;,-- X, are generally dimensional quantities; moreover, their
dimensions can be very different; the quantities expressed by the magnitudes
of the factors can have highly different orders. This can lead to great
inconvenience in solving the problem to determine the coefficients of the
regression equation. In this regard, (there are also other reasons), the true
(natural) magnitudes of the factors are converted into dimensionless quantities,
this process is known as factorial space transformation. To do this, it is first
necessary to specify the upper and lower limits of the change for each factor
during the experiment: Xi min and Xi max (Se€ the previous stage). Coding the
factors (variables) consists in transfer of the coordinate origin of the factor
space to a point with coordinates: Xy, X ey, X Xnep» Where

1maxkc

icpr
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SIKIIO BCTAHOBUTH AJISI KOXKHOTO (hak-
X TOpa KOOPAMHATHY BiCh, TO OTPHUMaHHUH Ta-
Xyare [ N KM YMHOM TIPOCTIp Ha3WBAIOTh ¢hakmop-
\1 Hum npocmopom. TakuM YMHOM, BCTaHOB-
\ JIFOFOYH JIiana3oHu 3MiHU (paKTopiB, MU TUM
Xyt & CaMUM 33Ia€EMO 001aCb UIHAYEHHSL (DYHK-
‘ yii' y ¢dakropHomMy mpoctopi. Jns BUMagKy
- KXoae IBOX (haKTOPiB MOYKHA TIOKA3aTH (haKTOPHUI
Pucyrok 1.2 — 306pasenns baxrop- 1POCTIP y BUNIL MPSIMOKYTHHKA, puc. 1.2.
HOTO MPOCTOpPY MoxHa 300pa3uTH aHAJIOTIYHO TPUBUMIp-
HHUH TIPOCTIp 1 PO3MOBCIONUTH TaKe YsB-

JIeHHs1 Ha N-BUMIpHUH NpOCTip (300pa3uTH HOro, 3BiCHO, HEMOXKIIHBO).

Cuijg BiI3HAYUTH 1Ie OJHY BaXKITMBY YMOBY, SIKY TIOBUHHO B 00OB’S3KO-
BOMY TIOPSIIKY JOTPUMYBATHCh B TPOIIECI MOCTAHOBKH EKCIICPHMEHTY — IIe
cymicuicmob gpaxkmopie. HecyMicHICTh O3Hauae, 110 TICBHE CIIOIyYeHHS (hak-
TOpIB pyiHY€E HOPMaJIbHHN TIepedir TOCTiHKYBaHOTO Tporiecy. [Hmmmu cio-
BaMH, Oy/b-sIKE CIIONy4YEeHHS q)aKToplB y Mexax (pakTOpPHOTO MPOCTOPY TO-
BUHHO OyTH TaKHM, IO PEATi3yEThCS 1 HE TPUBOIUTH 0 a6cyp,uy 3 1Loro
NPHBOY MOJKHA HAaBECTH KJIACHYHHH MPHKIAN 3 001acTi Ximii, Koiau (akro-
paMu MOXKYTb OyTH KOMIIOHEHTH SIKOTOCh KOPUCHOTO TIPOAYKTY, BIACTUBOCTI
SIKOTO BUBUYAIOTHCS; AKIIO iICHYE JISsIKE iX CHOMyYCHHS Y IPUHHSATUX JAianaso-
HaX 3MiHH, [IPH SKUX BiIOYBAETHCS BUOYX, TO Y TAKOMY BUIIAJIKy YMOBA CyMi-
CHOCTI HE BUKOHYEThCS. B eJleKTpHIll yMOBOIO HECYMICHOCTI MOXKe OyTH KO-
POTKE 3aMUKaHHSA 1, SIK HACIIIOK, 3arOpsHHS a00 eNeKTpOoInHAMIYHE PyHHY-
BaHHSI eJIEKTPOOOIIaAHAHHST; TPOOii 1307l 1 T. 1.

HactymHum etarnom IutaHyBaHHSI €KCTIEPUMEHTY, IO 3/1iHCHIOETHCS B
nporeci MATOTOBKY JI0 TPOBEJICHHS eKCIIEPUMEHTY, € KOAYBaHHs (pakTo-
piB. Ciin 3a3Ha4nTH, 0 00paHi GakTopu Xi, X, Xj,-- X, y 3araJbHOMY

BUTIAJIKY € PO3MIPHUMH BEIWYMHAMHE;, MPHIOMY, IX PO3MIPHOCTI MOXYTh
OyTH caMUMU Pi3HOMaHITHUMU; YUCIIA, [0 BiOOPaXKalOTh BETMYUHU (aK-
TOPiB MOXKYTh MaTH 30BCIM pi3Hi mopsaku. Lle Moke mpuBecTH 10 cepiios-
HUX HE3pYYHOCTEH MpHW BUPIMIEHH] 33124l 3 HAXOKEHHS KOe(illieHTIB piB-
HSIHHA perpecii. Y 3B’a3Ky 3 1M (€ i iHIII TPUYKMHH), ICTUHHI (HaTypasbHi)
3Ha4YCHHS (PaKTOPIB MEPETBOPIOIOTH Y 0€3pO3MIpHI BETHYHHHU, TOOTO 3JikC-
HIOIOTh nepemaopenis paxmopnozo npocmopy. J1ist uboro HeoOXiqHO, MOo-
nepe/ 3a Bee, 3a/1aTH BEPXHI Ta HU)KHI MEXI 3MIHH KOXKHOTO (hakTopa B Ipo-
1eci MPOBEACHHS eKCIEPUMEHTY: Xivum U Xivaxc. KOJIYBaHHS 3BOJUTHCS JIO
NEePEeHOCy MoYaTKy KOOpAHHAT (PaKTOPHOIO MPOCTOPY B TOUKY 3 KOOPAWHA-
TaMH: Xiep, Xocps ** Xicpr* Xnep s A
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Xi Xi
X _ IMUH + IMaKc ) (12)

Icp — 2
In the process, all factors are specified in the range from -1 to +1, i.e.
Ximin CcOrresponds to the dimensionless value —1, Xi max to +1, and X a to 0,
respectively. Thus, the coded magnitudes of the factors are related to their
natural values by the following relationships:

Xi =X _ Xi =X :in_xiMaKC_xiMI/IH

X icp icp
P = =
X XiMI/IH xiMaKc -X X X

icp

(1.3)

icp iMakc — /NimMuH
Thus, the regression equation with consideration of the coded

magnitudes of the factors becomes as follows:

k k
y:b0+2bixi+2bijxixj+Zbiixi2+~--, (1.4)
i=1 i<j i=1
where coefficients bo, bi, bij, bii differ from the coefficients of the initial
equation (1.1)

The next stage of the experimental design, also carried out before the
actual conduct of the experiment, is the compilation of the so-called design
matrix of the experiment. In other words, it should be determined how many
factor values and in what combinations they should be specified. In this
regard, the so-called full factorial experiment and fractional factorial
experiment (so-called fractional replicates) are distinguished. A full factorial
experiment is implemented at all possible combinations of factor variation
levels. If we have n factors, each of which is specified at g levels, then to
carry out a full factorial experiment, g" trials must be performed. The most
extensively used experiments are those in which the factors are varied at two
levels: +1 and —1 known as experiments of the type 2". The experiments with
variation at three levels: +1; 0 and —1, i.e. experiments of the type 3" are less
popular, since the required number of trials sharply increases with the
increase in the number of levels.

Construction of a design matrix of an experiment is usually carried
out as follows. For xi, the levels alternate in each trial; for x, — after two
trials; for xz — through four ones, etc. For example, if we have three
factors, then the design matrix has the form shown in table 1.1. It is called
the first order orthogonal design.
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+ X imMakc (1 2)

Xi = XiMl/lH
icp 2
[Tpu upomy Bci dakTOpy HagaArOTHCS Y Mekax Bif —1 10 +1, TOO6TO Xivum
BigmoBimae 6e3po3mipHii BenuanHi —1, Xivaxe — 1, @ Xi¢p — 0. OTKE, KOHO-
BaHi 3HaYeHHs (paKTOpPiB 3B’sI3aHI 3 HATyPAIBHUMH iX 3HAYEHHSAMH HACTYII-
HUMH CITiBBITHOIICHHSAMHU:

Xi—X' Xi_x' :2xi_XiMaKC_xiMHH

Xi = Icp _ Icp
: X X X X

13
Xiep —X (1.3)

iMUH imakc ~ Nicp iMaxc ~ NimuH
TakuMm YWHOM, PIBHSHHS perpecii 3 BUKOPUCTAHHSIM KOJOBAHUX 3HA-

4yeHb PaKTOpiB HAOyBa€ HACTYMHOTO BUTIISAY:

Kk Kk
y:b0+Zbixi+Zbijxixj+Zbiixi2+---, (1.4)
i=1 i<j i=1
ne koeditientn Do, bi, bij, bii Bimpi3HsIOTHECS Bix KOE(DIIIEHTIB TOYATKOBOTO
piBHsHHI perpecii (1.1).

HacTtymauMm etanoM miiaHyBaHHS €KCIIEPUMEHTY, SIKAH 3IHCHIOETHCS
nepen 0Oe3mocepenHiM TMPOBEACHHIM EKCIEPUMEHTY € CKJIAJAHHS T.3.
IUIAHY-MATPULli eKcnepuMeHTy. [HIMMMU clIoBaMH MM TIOBMHHI BU3Ha-
YUTH, CKIJTbKH 3HaU€Hb (PAKTOPIB 1 B AKUX CIIONyYEHHSX iX CIIiJ 3a1aBatu. B
ILOMY BIJHOIIIEHHI PO3PI3HIOIOTH T.3. NOGHUL (PaKmopHUll ekcnepumesm i
opobosutl paxmopnuil excnepumenm (1.3. Opo6o6i pennixu). [lopauii dax-
TOPHUH €KCHEPHMEHT Pealli3y€eThCsl P BCIX MOXKIITMBHX CHOJTYYSHHSX PiB-
HiB BapiroBaHHs (haKTOPIB: KO0 MU MaeMO N (aKTOPiB, KOKEH 3 AKUX 3a]1a-
€TBCs Ha ( PIBHSIX, TO JJIs 3A1MCHEHHS TIOBHOTO ()aKTOPHOTO €KCIIEPUMEHTY
HeoOxinHO noctaBuTh (" cripo6. HaiGimbn mmpoke po3moBCIOKEHHS Ha-
OyJM eKCIIepUMEHTH, B SIKUX (PaKTOpH BapilOIOTh HAa ABOX piBHAX: +1 Ta —1:

CKCIICPUMCHTHU TUIIA 2n 5 MCHII MMONYJIIPHUMHU € CKCIICPUMCHTHU C Bapi}OBaH—

HAM Ha TphOX piBHAX: +1; 01—1, T06TO ekcriepumenTr TIa 3" , OCKIIBKH 3
POCTOM YHCJIa PIBHIB Pi3KO 3pOCTAE MOTPIOHE YUCIIO CIIPOO.

CknazaHHs MJIaHy-MaTpHUIl €KCIIEPUMEHTY 3a 3BHYAEM 3iHCHIOETHCS
HACTYIHUM YMHOM: JUIS X1 PiBHI YEPTyIOTbCS Y KOKHIH crpoOi; Amst X2 — ue-
pe3 JBi cripoOu; sl X3 — Yepe3 4oTupH i T. 1. Hanpukinan, sKmo Mu MaeMo
Tpu haKTOpa, TO IIAH-MATPHI Mae BUIIA, HajaHuii y Ta6n. 1.1. Horo Ha-
3MBalOTh OPTOTOHAIBHUM IUTAHOM 1-TO MOPSAKY.
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Table 1.1 — Design matrix of the experiment The next stage in the

Trial experimental design is the so-
number | i X called randomization of trials,
% ;i j j i.e. trials in time should be
3 3 1 3 conducted in a random order.
4 +1 +1 1 This is necessary in order to
5 -1 -1 +1 introduce an element of
(;‘ +1 j :i randomness of the influence of
8 " a1 a1 disturbances” (uncontrollable

factors) on the process under
study and, accordingly, the reasonable use of the mathematical statistics
procedure. Randomization of trials is carried out, as a rule, using a random
number generator or in some other way (extracting numbers from an urn, etc.).

After performing preparatory operations (coding factors,
randomization of trials), the experiment is executed in accordance with the
developed design. It is the most important and most labor-input stage. Vital
importance in conducting experiments is the absence of subjective
influence on the measurement results. In other words, it is necessary to
record accurately and conscientiously all the results with no exceptions, not
allowing selectivity. It should be noted that young scientists sometimes
strive to obtain the required result (confirming the hypothesis) and choose
only those experimental data that good comply with theoretical
assumptions. In such cases, very valuable data about the process under
study can be lost, while they are restored with great losses.

In conducting experiments, it is mandatory to keep a log in which all the
results obtained without exception are entered, even at the presence of
essentially different results. In such cases, it should be recorded also the
circumstances under which they were obtained. This enables us to ascertain
their cause, whether this corresponds to the real course of the process or this
is a gross mistake. In conducting experiments, it necessary to monitor the
state of the measuring devices and elements, first and foremost, the
correctness of their readings, as well as their reliable operation. For this
purpose, the working verification of measuring instruments is systematically
carried out. If it has established that the measuring instruments do not
provide the required accuracy, then the experiments should be suspended,
and these instruments should be transferred to state validation.
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Ta6auns 1.1 — [naH-MaTpyIs eKCIEPUMEHTY Hactynuum erarnom ruiany-

Ne “ o ‘s BaHHS KCIIEPUMEHTY € TaK 3BaHa
pocrity paHaoMizamisi  cmpod, TOOTO
% ;i _1 _1 BCTaHOBJICHHS BUIIAAKOBOI'O ITO-
3 1 + 1 PSAIKY TIOCTAHOBKH crpob y gaci.
4 +1 +1 -1 Ile HeoOXimHO 1A TOro, OO
5 -1 -1 +1 BHECTH €JEMEHT BHIIAIKOBOCTI
S +i *i +i BIUIUBY <«30ypeHb» (HEKepOBa-
_ + + ; .
8 “ +1 +1 HUX (haKTOpiB) HA JOCTI/DKyBa-

HUIA TIPOIIEC 1 BIMOBIIHO 00TPY-
HTOBaHOTO BHKOPHCTAHHS arapata MaTeMaTUYHOl CTATHCTUKH. PaHmomizartis
Cpo0 3MIHCHIOETHCS, K TIPABHJIO, 32 IOTIOMOTOI0 Mabauyi 6UNAOKO8UX Yucel
a00 SIKUMOCH 1HIIIUM CTIOCOOOM (BUTSTYBaHHS HOMEPIB 3 YPHH 1 T. I1.).

[Ticns BUKOHAHHS MiArOTOBUMX omepaliil (KoayBaHHS (akToOpiB, paH-
JIoMi3allisi crpo0) peasti3yeTbesl eKCEePUMEHT y BiIIOBITHOCTI 3 po3po0-
JNIEHUM TIaHOM. Moro mpoBeIeHHs € BasKITHBIIIMM Ta HAGIIBII TPYIOMICT-
KM eTaroM. HemanoBaskHe 3HaYCHHS B MPOLIEC] MPOBEACHHS EKCIIEPUMEH-
TiB € BiZICYTHICTh Cy0’€KTHBHOTO BIUIMBY Ha pe3yNbTaTH BUMIpIOBaHb. [H-
IIFMH CJIOBaMH, HEOOXiTHO TOYHO W cymITliHHO (pikcyBaTH abCONIOTHO BCi
pe3yabTaTH, HE JOIyCKawouu BUOipkoBocTi. Ciil 3a3Ha4UTH, 1110 1HOI MO-
JIOJIl HAyKOBiI POOITHUKM HaMararouyuch 3100yTH MOTPIOHOTO pe3ynbTary
(sSIKUH T ATBEPKYE TITOTE3Y ), 0OUPAIOTh TUTBKH Ti €KCIIEPUMEHTANBHI JIaHi,
K1 J0Ope Y3rO/IKYIOThHCS 3 TEOPETHYHUMH YSBICHHSIMH. B Taknx BUIaikax
MOXYTh OyTH BTpaueHi qyXe LiHHI JaHi Ipo JOCHIKYBaHUHN Mpolec, sKi
BiZTHOBJIIOIOTHCS 3 BEJTUKUMHU BTPaTaMu.

B mporeci npoBeneHHSI €KCTIEPUMEHTIB B 000B’SI3KOBOMY TOPSIIIKY Be-
JIETBCS )KypHAI, B KU 3aHOCATH BCi 03 BUKITIOUEHHS 37100YyTi pe3yNbTary,
HABITB [TPY HASIBHOCTI JIaHUX, 10 Pi3KO BIAPI3HAIOTHCA. B Takux Bumakax ¢
3a(ikcyBaTu TaKoXK i 00CTaBUHU, MPU SKUX BOHHU Oynw 37100yTi. Lle Moxke mmo-
3BOJIUTH BCTAHOBUTH X MPUYMHY: YH TO II€ BiJIIOBIa€ peaTbHOMY X0y MPO-
ecy, 4M To Iie rpyounii mpoMax. B mporieci npoBeieH s eKCIIepUMEHTiB Heo0-
X1THO KOHTPOJIIOBaTH CTaH BUMIPIOBAJILHUX MPHUCTPOIB Ta eneMeHTiB. [lo-re-
pliie, MPaBUIILHICTD MTOKa3aHb 3aC001B BUMIpIOBaHb. [J1sl IbOTrO CHCTEMAaTHYHO
3IIICHIOETBCS X poOoUa MepeBipka; SKII0 BOHA BCTAHOBHIIA, IO BUMIPIOBa-
JIbHI IpWIIad He 3a0e3MedytoTh NOTPiOHOT TOYHOCTI, TO €KCIIEPUMEHTH CITij
NPU3YIMHUTY, & BiAIOBIIHI IPUIAAW NIepeJaTH Ha epsknepeBipky. [lo-npyre,
HaJIIHICTH POOOTH BUMIPIOBATLHUX TIPUCTPOIB.
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Conducting the experiments, at a certain combination of factors, results
in numerical values of the goal function are obtained. To assess the
reproducibility of the process and carry out statistical evaluations, parallel
trials are provided for each combination of factor levels.

The final part of the process of experimental design is the analysis of the
results of the experiment, which is the basis for the conclusion confirming
the hypothesis of the scientific study. However, first, the findings obtained
should be checked in respect to reproducibility of the trials. With the same
number of parallel trials at each combination of factor levels, the
reproducibility of the process under study is checked by the so-called
Cochran's criterion, calculated in accordance with the following expression:

Sl%Mal(C
G=—n-— (1.5)

n
>si
u=1

where s, is the variance characterizing the spread in the trial results for the
u-th combination of factor levels, determined as follows:

i(yup _yu)2

sg :ple , (1.6)

where p=12,---,m is the number of parallel trials; Sy vac iS the most among

the variances in the lines of the design.
The process is considered as reproducible, if the following condition
is fulfilled:

G <G(0,05; fo; f), (1.7)

where G(0,05; f,; f,) is the reference value of Cochran's criterion at 5% level
of the significance (or 95% confidence level); f,=n is the number of
independent assesses of the variance; f, =m-1 is the number of degrees of
freedom of each assess.

If the condition of reproducibility of the process under study is fulfilled,
then the coefficients of the regression equation can be determined. The main
task at this stage of design of experiment is to derive such magnitudes of the
coefficients that the response surface, obtained basing upon the regression
equation, would be as close as possible to the experimental one.
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B pesynbTati mpoBeieHHS €KCIIEPUMEHTIB IIPH TIEBHOMY CITONy4eHHi (a-
KTOpIB OTPUMY€EMO YHCENbHI 3Ha4eHHS (yHKIIT 11imi. 15 OIiHKY BiATBOPIO-
BAHOCTI MpOLIECY 1 MPOBENICHHS CTATUCTHYHUX OLIIHOK Mepea0adaroThCst napa-
JlebHi cnpodOU TIPU KOXKHOMY CIIOTY4eHHI piBHIB (haKTOpiB.

3aBepnIaibHO YACTHHOIO MPOLECY IUIAaHYBaHHS EKCIIEPHMEHTY €
aHaJi3 pe3yNbTaTiB eKCIIEPUMEHTY, Ha OCHOBI SIKOTO POOJISITH BHCHOBOK
PO MiATBEPIKCHHS TiMOTEe3M HAayKOBOTo nociimkeHHs. [Ipore, y mepury
Yepry Ha OCHOBI 300yTHX pe3yIbTaTiB 3IHCHIOETHCS MepeBipKa BiATBO-
proBaHocTi cnipo6. [Ipu oqHakoBOMY YHCIII TapaielbHAX CIIPo0 Ha KOXK-
HOMY CIOJYYEeHHI piBHIB (PakTOPiB BiITBOPIOBAHICTh JOCIHIiIKYBaHOTO
IpoIeCy MePeBipAETHCS 0 T.3. Kpumepito Koxpena, skuii 00UNUCTIOETHCS Y
BIJIMTOBITHOCTI /IO HACTYITHOTO BUPA3y:

SSM&KC
G= (1.5)

=
>sh
u=1

Jie Sy — TUCTIePCis, SKa XapaKTepu3ye pPO3CiSHHS pe3ynbTaTiB cripod Ha U-My
CIIONTy4YeHHI piBHIB (haKTOPiB i BU3HAYAETHCS HACTYITHUM YHMHOM:

m
Z(yup _37u)2
ﬁ:ﬁi?:T——, (1.6)

Jae p=12,--,m — YKUCJI0 MapajeIbHUX CHPOO; Sy waxe — HAMOLIBINA 3 AUCTIEP-

Cill B CTpOUKax IUIAHY.
[Iporiec BU3HAETHCS BIATBOPIOBAHHMM, SKIIO BHKOHYETHCS HACTYITHA
YMOBa:!

G <G(0,05; fo; f), (1.7)

ne G(0,05; f,; f,) — Tabnuune 3HaueHHs kpuTepito Koxpena mpu 5 % piBHi
3Havymocti (a6o 95 % moBipyiii iMoBipHOCTI); f, =N — YHCIIO HE3AIEIKHUX
omiHOK gucrepcii; f, =m-—1 — 4nucio CTyIeHIB BUTBHOCTI KOYXKHOT OIIIHKH.

SKuo yMoBa BiATBOPIOBAHOCTI JOCIIAKYBAHOTO MPOLIECY BUKOHYETHCS,
TO 3/1IHCHIOETHCS BU3HAYeHHsI Koe(ilieHTiB piBHsAHHs perpecii. OcHOB-
HOIO 33JIa4€r0 HA JJAHOMY €Talll IUIaHyBaHHsS EKCIIEPUMEHTY € 3JI00YTH TaKi
3HAYEHHs Koe(iLlieHTIB, IPH SIKMX TOBEPXHsI BIAKIIMKY, 37100yTa Ha OCHOBI pi-
BHSHHSI perpecii, MpoxXo/Iuiia SKoMora OJIiKYe JI0 eKCIIEPUMEHTAITBHOT.
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In such cases, the so-called method of least squares is the most extensively
used. It consists in that the sum of the squared deviations between the known
values of the function based on the experimental findings, and the function
based on the accepted regression equation would be minimal:

n

(Y ~ Yu = min, (1.8)

u=1
where n is the number of experimental points according to which the
approximating surface is constructed; u is the number of the experimental
point; y,, y, are the values obtained as a result of the experiment and based

on the regression equation, respectively.

The partial derivatives of this expression with respect to the
corresponding coefficients of the regression equations, give a system of
equations, which can be solved in respect to the coefficients. It should be
noted that, as a first approximation, the so-called linear model (see above).
In this case, the definition of coefficients by; b; Ta by is limited according to

the following expressions:

n n n
ZVU inu Yu ZXiUXJUyU
bO = U=::.] ) bl = u=l n ; b'J = u=1 n (19)

The next step in the process of designing an experiment is to verify the
linear model adequacy. In this case, it should be established the acceptability
of this approximation, i.e. the degree of correspondence of the derived
regression equation to the process under study. Such a check is carried out
using the so-called Fisher's criterion. The adequacy is substantiated if the
following condition is fulfilled:

2
S
s F(0.05; fuu; 1), (1.10)

y

F:

where F(0,05; f,; fy) is the reference value of the Fisher's criterion with
accepted 0.95 confidence level; f,; =n—-k-1 is the number of degrees of

freedom of the adequacy variance; f, is the number of degrees of freedom of
the reproducibility variance (in this case f, =n); s.. is the adequacy variance;

its value squared is calculated according to the following expression:
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B takmx Bumaakax HaHOUTBII MIMPOKO BUKOPHUCTOBYETHCS T.3. MemMOO
HatiMeHwux Keaopamis, B IKOMY B SIKOCT1 KpUTEpito HaOmmKeHHs (OIHU3bKO-
CTi) IBOX LUX (DYHKLiH BHKOPHUCTOBYETHCS BHUMOTa, 10O cyma KBaJApaTiB
BiIXWJIEHBb MiX BiJOMUMH 3HAYEHHIMHU JOCIiIKyBaHOi PYyHKLIT, 3100yTO1 B
MPOIIECi eKCIepUMEHTY 1 Ha OCHOBI MPUHHATOTO PIBHSHHS perpecii, mo-
BHUHHA OyTH MiHIMAJIBHOIO:

n

> (u ~Yu f = min, (1.8)
u=1
Je N — 9UCII0 eKCIEPUMEHTAIBHUX TOUOK, 10 SIKUM MPOBOAUTHCS AIPOKCUMY-
104a TIOBEPXHs1; U — HOMEP eKCIIEPUMEHTANBHOT TOUKH; Y, ¥, — 3HAUCHHS, 3710-
OyTi B pe3yJIbTaTi eKCIIEpUMEHTY Ta Ha OCHOBI PiBHSIHHS PETpecii, BIATIOBITHO.
Ha ocHOBI 4aCTKOBHX MOXITHUX JIaHOTO BHpa3y 3a BiAMOBIIHUMHE Koedi-
[iEHTaM¥ PiBHSIHHS perpecii OTpUMYIOTh CUCTEMY PiBHSHB, BUPILICHHS SIKOT
nae 3HaueHHs KoedimieHTiB. Ciif BiI3HAYMTH, IO y TIEPIIIOMY HaOIMKEeHH]
MIPUAMAIOTD T.3. JIHIlIHY Modens (IWB. BHIE). B TakoMy BUTIaIKy O0OMExXy-
I0ThCsI BUSHAYEHHAM KOe(illieHTiB by; by Ta by; 32 HaCTYNnHMMHU BUpa3amu:

n n
Z Yu inu Yu
u=l . b = u=1
i
n n

n
inuxju Yu
_u=l

n

HacTtymHaum etarom mpoiiecy MiaHyBaHHS eKCIIEPUMEHTY € MepeBipka
aJeKBATHOCTI JiHiiiHOT Mogeni. Y paHoMy BUNAIKy HEOOXiTHO BCTaHO-
BUTH NMPUAHATHICTH JJAHOT aliPOKCUMAIlii, TOOTO CTYIHb BiJIOBIIHOCTI 3/10-
OyTOro piBHSHHS perpecii JocipKyBaHOMY Tporiecy. Taka rnepeBipka 3/ii-
CHIOETHCS 32 JIONIOMOTOIO T.3. Kpumepito Diuiepa: afeKBaTHICTh OOTPYHTO-
BaHa, SIKIII0 BUKOHYEThCS YMOBA:

s2
_ Sax L.
F =" <F(005; f,,; f,), (1.10)
Sy

ne F(0,0S; fors fy) — Tabnm4He 3HaueHHs kpurepito dimepa 3 NpUHHATOIO
JI0BIpYOI0 IMOBIpHICTIO, 10 JopiBHIOE 0,95; f,; =n—k -1 —uncio cTyneHis

BUIBHOCTI AMCIIepCii aieKBaTHOCTI; fy — YMCII0 CTyINeHiB BUIBHOCTI Auctiepcil
BiJITBOPIOBAHOCTI (y IaHOMY BUIIJIKy fy =N ).Sex — AUCIIEPCis AIEKBATHOCTI,

KBagpart SIKOT PO3PAXOBYETHCA 3a HACTYIIHUM BUPA30M:
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¢ 2
) Z‘i(yu - yu)
u=
S L (1.12)
where yy is the calculated value of the response in the u-th trial.

If, the analysis of the derived findings results in the linear model is
inadequate, then it is necessary to go to the 2nd order model and, accordingly,
to the 2nd order designs (in this case it is not considered). If the model is
adequate, then the final stage of the experimental design is executed. It is
necessary to assess the significance of the regression equation coefficients.
It is usually carried out with the help of the so-called Student's test. The
coefficient is considered as significant if the following condition is fulfilled:

Io| > by =t(0,08; 7, )X (L12)

\/ﬁ ]
where t(0,05; f,) is the tabular value of the Student's criterion at 95%

confidence probability and f, number of degrees of freedom.
If given condition is not fulfilled (i.e. the coefficient is insignificant), then
it can be neglected in the regression equation (i.e., it is taken equal to zero.

1.3 Testing: Notion, Content, Engineering Specifications

The processes of development (R&D-works), industrial production and
exploitation of E&PEA are impossible without all-round tests with
consideration of the features of the apparatus (device) and exposure of
various destabilizing factors in its operation process.

In a general case, testing is understood as an experimental determination
of the quantitative and (or) qualitative characteristics of the apparatus under
certain simulated actions (exposures) on it according to a given program. It
should be noted that practically all test programs for E&PEA contain certain
types of tests that do not involve any actions on the apparatus (e.g., visual
inspection, measuring overall and mounting dimensions, resistances of its
individual components, etc.); nevertheless, they are also considered as testing.
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n
Z (yu —Yu )2
sh=4t — (1.11)
n-k-1
1€ Yu — po3paxoBaHe 3HAYCHHS BiAKIUKY B U-if cripoOi;

Skuo B pe3ynbTati aHalizy 3’scyBajoch, IO JiHiiHA MOJIENb Hea/leKBa-
THA, TO TIEPEXOJIATH IO MOJIENI 2-T'0 MOPSIIIKY 1 BIIIOBITHO IO IIIaHIB 2-T0 T0-
psinKy (y JaHOMY BHIIAJIKY HE PO3TIISIAa€ThCs). SIKIO K MOJIeINb aieKBaTHA, TO
NPUCTYIAIOTh /10 BUKOHAHHSI 3aBEPILAILHOTO €TaIy IUIaHyBaHHS eKCIiepuMe-
HTY: OHIHKHM 3HAa4yLIocTi Koe(inieHTIB piBHSAHHS perpecii, sika 37iiicHIO-
€TBCS YACTIII 3a BCE 3a JOIOMOTOIO T.3. Kpumepito Cmuviodenma. KoeditieHT
BBAXKAETHCA 3HAYYIIUM, K10 BUKOHYETHCA HACTYyIIHA YMOBA:

b > Ab; =t(0,05; T, )L (1.12)
ol (005 1,)

\/ﬁ ]
ne t(0,05; fy) — TaOnu4He 3HaueHHs Kputepito CTeioneHTa mpu 95 % noBip-

401 iIMOBIPHOCTI 1 YMCIIi CTYIEHIB BUIbHOCTI fy.
SIKIIO BUSIBIIAETHCS, IO AaHUH KOSPIIIIEHT He € 3HAYYIIIM, TO iM y PiBHIHHI
perpecii MO>KHA 3HEBaXKUTH, TOOTO MPUHAHATH TAKUM, 1110 JIOPIBHIOE HYIIIO.

1.3 BunpoOyBaHHs: MOHSATTS, 3MIiCT, TEXHIYHA JOKYMeEHTAIlist

[pomnecu pozpodku (HAP ta IKP), npomucioBoro BUpoOHUIITBA I eKC-
ryatanii EEA HeMoxiuBO co0i ysaBUTH 0€3 pi3HOMaHITHUX BUIIPOOYBaHb
3 ypaxyBaHHSM clienin(iky anapara i BIUIMBY Ha HHOTO B IIPOIIECI eKCILTya-
Tallii pi3HUX AeCTA0UTI3yIOYMX YNHHUKIB.

V 3arajgpHOMY BUNAJKY, il BUIPOOYBaHHSAMH PO3YMiIOTh EKCIIEPUMEH-
TaJbHE BU3HAYEHHSA KiJIbKiCHUX Ta (200) SIKICHIX XapaKTEPUCTHK arapara mpu
BIJITBOPEHHI MMEBHUX Jiif HA HHOT'O 3a 3a/1aHO0 mporpamoro. Ciiij] 3a3HAYHUTH,
10 Maibke yci nporpamu BunpoOyBanb EEA micTsTh meBHi BUIU BUIIPOOY-
BaHb, 1110 HE Nepen0ayatoTh OyIb-IKUX Jii Ha anapaT (HalpHKJIIa/l, 30BHIIIHIHA
OTJISIT, BUMIPIOBaHHS Ta0apUTHHUX Ta YCTAHOBYMX PO3MIPIB, OTIOPIB OKPEMHUX
€JIEMEHTIB i T. I1.), aJle BOHU TaKO>K BBAXKAIOTHCS BUIIPOOYBaHHAMH.
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The general purpose of testing is to derive information about the state of
the apparatus under test, as well as its behavior under predetermined
exposures. This information not always can be used directly; in a number of
cases, it need computer processing with the use of certain software. The test
findings can be used hereafter to solve certain problems: refinement of the
apparatus, construction and correction of mathematical models, etc.

According to the definition noted above, tests are considered as a proper
experiment, however, in actual situation, tests represent a major complex of
various activities (works) that are performed during preparation and execu-
tion of experiments, as well as analyzing their results, developing appropriate
documentation, etc. Thus, regardless of the type of apparatus, its functional
purpose, of the type of tests being conducted, and their specific tasks, all
these activities can be presented as three sequential stages.

The first is preliminary stage including execution of the following
works: formulation of the purpose and tasks of the tests; drawing up the
schedule of the tests; the development of the test program and procedure; the
determination of approximate composition of necessary testing equipment.
The second stage is the tests proper including the following works:
verification, preparation and adjustment of test equipment and measuring
means, as well as execution of the experiment and corresponding
measurements and observations. The third is the final stage including the
following works: processing and analyzing of the measurements; estimation
of the test findings; development of relevant records (drawing up a test report
with conclusions and recommendations).

The main manual for conducting tests is "The test program and proce-
dure". It is a variety engineering record developed in parallel with the devel-
opment of production records for the apparatus. It is developed for each ap-
paratus type and for each test type (acceptance, periodic, type, operational
etc.). It must be aimed to obtain maximal information required to take deci-
sion according to the purpose of the tests at minimal material and financial
expenses. Therefore, the development of test program and procedure is a
very important stage in the development of engineering records. Test pro-
gram and procedure is developed in strict compliance with the current na-
tional and international standards, IEC Standards and Publications and spec-
ifications for the corresponding apparatus types. Test program and procedure
usually includes the following information:

- types of tests to which this device is subjected;

- the specific purpose of this or that test type;
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3arajgpHOI0 METOI BUIIPOOYBaHb € 3400yTTs iH(opMaIlii mpo cTaH BU-
MpoOyBaHOTO amapara, a TaKOK HOTo MOBEMIHKY IPH 3afaHuXx misfx. Ll iH-
dopmatisi He 3aBXKAU MOKe OyTH BHKOpHCTaHa 0e3MO0CepeaHb0; B Psilli BU-
MaJKiB BOHA BUMAara€ KOMITTOTEPHOI 0OPOOKHU 3 3aCTOCYBaHHSIM BiIIOBiI-
HOTO IpOrpaMHOro 3a0e3medeHHs. PesynmpraTé BHIPOOyBaHb y HOAATb-
IIOMY MOXXYTh BUKOPHCTOBYBATHCH JUISl BUPIIICHHS NIEBHUX 3a/1a4: JI0OTIpa-
IOBAaHHA anapara, OTPUMaHHs Ta yTOUHEHHS] MaTeMaTHUYHUX MOJIeNIeH Ta iH.

BinmoBigHo 10 BU3HAYEHHS, HAJJAHOTO BHIIIE, TTi] BUTTPOOYBAaHHSIMH PO-
3yMIIOTh BIIACHE E€KCIIEPUMEHT, IPOTE Y HIHCHOCTI BUPOOYBaHHS SBISIOTH
c00010 IMUPOKUI KOMITIEKC 3aXO0/iB OO0 MiATOTOBKH 1 MPOBEACHHS eKCIIe-
PUMEHTIB, aHaNi3y iX pe3yJbTaTiB, PO3pOOKH BiIMOBIAHOT AOKyMEHTALIi i
T. 1. OTXKe, He3aJIe)KHO BiJ| BUAY amapara, Horo (yHKIIOHATBHOTO TIPHU3HA-
YeHHSI, BUILy BUPOOYBaHb, 110 MPOBOJISATHCS, Ta KOHKPETHUX 3a/1a4, SIKi CTO-
ATh Tepe]l HUMHU, 1l 3aX01 MO>KHA BUJIUTUTH y TPU XapaKTEPHUX €TaIH:

- nonepeodHii eman, Ha IKOMY 3[IACHIOETbCS POpMyBaHHS IiJIi Ta 3a-
Jlad BUPOOYBaHb, YIOPSAAKYBAHHS IUIaHIB BUMIPOOYBaHb, PO3pOOKa TPO-
rpaMu BUIIPOOYBaHb, BU3HAYEHHS MPUOIU3ZHOTO CKJIaly HEOOXiTHOTO BU-
npoOHOTO YCTaTKyBaHHS;

- be3nocepeonbo 8uNpoOysanHs: Ha IIbOMY €Talli 3IHCHIOEThCS TIepeBi-
pKa, MATOTOBKA, HaJAIITYBAaHHS BUIPOOHOTO YCTATKYBAaHHS 1 BUMipIOBaJIb-
HUX 3aCc00iB, a TAKOK BUKOHAHHS CaMol MPOIeTypH EKCIIEPUMEHTY;

- 3aKMIOYHUTL eman: Ha TAHOMY eTall NMPOBOAMTHCS ONpAIFOBaHHS pe-
3yNIbTaTiB BUMIPIB, IX aHai3, OLiIHKA pe3yJbTaTiB BUNPOOYBaHb, (hOPMYITIO-
BaHHS BUCHOBKIB 1 pEKOMEHIAIIH 111010 MTOAAJIBIIOT pOOOTH.

OcHOBHMM NOCIOHMKOM 3 IPOBECHHS BULIPOOYBaHb € «/ [poepama ma me-
moouxa eunpodysansy (IIM). [IM € KOHCTPYKTOPCHKAM JTOKYMEHTOM, SIKUI
PO3POOIISETHCS MAPAIEIILHO 3 PO3POOKOI0 KOHCTPYKTOPCHKOT IOKYMEHTAITIT Ha
arapart. [IM po3po0sisieThest 17151 KOXKHOTO BHTY ariapaTa i Ha KOKHUIA BUJT BU-
npoOyBaHb (MPUIMATEHO-3/1aBaJIbHI, IEPIOINYHI, TUTIOBI 1 T. J.), BOHA ITepe/-
Oauae 3100y TTsI MAKCUMYMY iH(pOpMaIlii, HeoOXiHOT /ISl TPUHAHSATTS PillIeHb Y
BIJINIOBITHOCTI 3 METOIO JIAHMX BUTIPOOYBaHb 3 ypaxyBaHHSIM €KOHOMIUHOT JI0-
rineHOCTI. ToMy po3pobka [IM € BaxkiBUM €Tarom po3poOKH KOHCTPYKTOP-
cbKOi TokymeHTartii. [IM po3po0msieThes y BiMOBIIHOCTI A0 IFOYMX HAI[iOHA-
JIbHUX Ta MDKHAPOIHUX CTaHaapTiB, pekoMeHanii MEK, TexHiuyHUX yMOB Ha
BiANoBiHI BUAM anapaTiB. [IM y 3araisHOMY BHIIAJIKY MICTUTH Y cOOi:

— BUJY BUIIPOOYBaHb, SIKUM MAJISATAE JaHUK anapar;

— KOHKPETHY I[iJIb TOTO 200 1HIIOT0 BUy BUNIPOOYBaHHS;
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- references to the standards valid for the test to be conducted:;

- a detailed sequence of operations (stages) for each type of the test to
be performed;

- the number of products from the batch to be tested;

- electrical circuits, the equipment used, instrumentation and
measurement techniques;

- the parameters being determined; techniques for their determination
and form of representation of the test findings;

- frequency of carrying out this or that type of tests, form for reporting and
other information.

Test results should be used as quickly and efficiently as possible. For
this purpose, they must be in specific manner drawn up and at the right time
represented for interested persons. Test results are drawn up as "Test report"
that in general case includes the following information:

- general remarks that includes the name of the test object, its brief
performance, the purpose of the tests, reference to relevant standards and
specifications;

- a summary of the tests and methods of their performance;

- measurement results represented as tables, diagrams, oscillograms,
histograms etc.;

- inferences including summaries from test results, as well as appropri-
ate recommendations;

- appendices.

The test report is signed by the testers (the persons who directly
performed the experiments and drew up the report), as well as by the
management of the departments and is confirmed by the management of the
institution that performed the tests.

1.4 Classification of Tests

As already noted, tests are carried out at all stages of the development of
devices, as well as during their industrial production and operation. So, one of
the main features regarding the classification of tests is the classification
depending on the stage.
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— MOCUJIAHHS Ha CTAaHIAPTH, Y BIAMOBIAHOCTI, 3 SIKUMHU IIPOBOJSTHCS BU-
MpoOyBaHHS;

— JleTajibHa MOCTIiIOBHICTE Onepalii (eTamiB) Mpy NPOBEACHHI KOKHOTO
BUIy BUIIPOOYBaHb;

— KIJIBKICTh BHPOOIB 3 MaPTii, MO MiISATal0Th BUTIPOOYBAHHSM;

— eNIEKTPUYHI CXeMH, YCTaTKyBaHHS, 110 3aCTOCOBYETHCS, 3aCO0H 1 Me-
TOJI! BUMIDIB;

— TapaMeTpH, 0 BU3HAYAIOTHCS, METOIH iX BU3HAYCHHS Ta opMma
Ha/IaHHS;

— IePIONYHICTD MPOBEICHHS TOr0 a00 IHIIOTO BUTy BUIIPOOYBaHb, (ho-
pMa 3BITHOCTI 1 T. 1.

Pesynpratin BUnpoOyBaHb MOBHHHI 10 MOXKIIMBOCTI IIBUAKO Ta €(EKTH-
BHO BUKOpHCTaHi. J[J1s1 IbOro BOHU IMOBUHHI OyTH BiAMOBIIHUM YHMHOM 0(op-
MJIEHI 1 CBOEYACHO JIOBEJICHI JI0 3allikaBlieHnX 0ci0. PesynbraT BUIpoOyBaHb
0 OPMITIOIOThCA Y BUTIISIAIL «[ [pomokony eunpo6yeatsvy, SIKAUA MiCTUTB Y COOi:

— 3aralibHi BiJIOMOCTI, SIKi MICTATh HallMEHYBaHHS 00’ €KTa, 10 BUIIPO-
OyeThCsl, HOTO CTUCHA XapaKTePUCTHKA, 1ijb BUIIPOOYBaHb, TIOCHUIAHHS Ha
BiJIMIOBi/THI CTAHJAPTH Ta TEXHIYHI YMOBH;

— CTHCTIHH 3MiCT BUITPOOYBaHb 1 METO/IH iX IIPOBECHHS;

— pe3yabTaTH BUMIpiB, Ha/IaH1 y BUTJISIII TaOIUIb, rpadikiB, OCIUIOT-
pam, jgiarpam, Tictorpam i T. 1.;

— BUCHOBOK, B SIKOMY HaJ[alOTHCSI OCHOBHI pe3yJIbTaTH BUIPOOYBaHb i
BIJIMIOBI/THI PEKOMEH/IAIlIi;

— TOJTATKH.

[Iporokon BUIIPOOYBaHb MiAMUCYEThCS BUIpOOyBadaMu (TOOTO OCO-
Oamu, sKi 6e3nocepez[HLo TPOBO/IUIIN EKCTIEPUMEHT 1 CKJIa/IaJT IPOTOKOM),
a TaKOXX KEePIBHHUITBOM IiAPO3ALTY 1 3aTBEPIKYEThCSI KEPIBHUIITBOM Opra-
Hizamii (miampuemMcTBa), Mo MPOBOIUIIO BUMIPOOYBaHHS.

1.4 Knacugikauis BunpodyBanb

Sk BxKe 3a3HAYAIOCh, BUNIPOOYBaHHS MPOBOISTHCS HA BCIX eTanax pos-
poOKHM amapaTiB, a TAKOXK B TIPOIIEC] X MPOMHCIOBOTO BUPOOHHUIITBA Ta €KC-
ryaTamii. OTXe, OJJHUM 3 OCHOBHUX O3HAK IOJO Kiacudikaii BUpooy-
BaHb € Kyiacuikallis B 3aJI€KHOCTI BiJ] eTaimy.
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At the R-work stage, that is, in the process of carrying out scientific
research, the prototypes of devices or their individual components are made
that undergo all-round research and testing; numerous experiments are
conducted. Tests that are carried out in the R-work process are usually called
research tests. The main tasks of such tests are:

- to verify observance of the operating principle and confirm the
fundamental technical conceptions for the apparatus being designed,

- to verify compliance with the claimed performances of the apparatus
and the requirements, imposed upon it, to actual ones; availability of safety
margins as to specific performances;

- to determine the characteristics that could not be revealed a priori or
determined by calculations; to find regularities for constructing
mathematical models, empirical dependencies;

- to reveal the ultimate capabilities of the apparatus or its individual
components, as well as the performances under extreme conditions or
environmental exposures;

- to find possible ways to improve the performances of the apparatus in
the process of further research, as well as properly directions of the research
and other problems.

Research tests are usually performed in specially equipped research
laboratories at leading institutions carrying out new developments or special
research centers having the appropriate test equipment. One variety of research
tests are so-called developmental tests, performed for the purpose to estimate
the influence of changes being introduced in the apparatus construction in the
course of refinement to improve engineering solutions (e.g., the influence of
the contact material on their heating, electrical erosion etc.).

At the D-work, mock-ups and prototypes are made that undergo so-called
check tests that include preliminary and acceptance tests. Preliminary tests are
performed for the purpose to ascertain the possibility of acceptance (official)
tests performed to decide the expediency of industrial production of designed
apparatus or putting into operation of individually manufactured apparatus.
The acceptance tests must ensure the verification of all requirements imposed
upon the designed apparatus in compliance with specifications. A special
expert commission is formed to estimate the acceptance test outcomes. The
problem of the tests at this stage is extremely complicated, since the inference
must be made based on the test results of a rather small number of apparatus,
and frequently a unique sample.
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Ha erami H/IP, T00TO B mpoiieci BUKOHAHHS HAYKOBUX JIOCIIJKCHb,
BUTOTOBJISIFOTHCS MAKETU amapariB ado OKpeMHX iX €JIEMEHTIB, sKi Tijaja-
FOTHCSI BCEOIYHUM JTOCITIIPKEHHSM 1 BUIPOOYBaHHSIM; TIPOBOISATHCS YHCICHHI
excrepuMeHTH. BumpoOyBanHs, siki mpoBoAsaThes B mponeci HAP 3a 3Bu-
YaeM Ha3UBAIOTh QOCTIOHUYbKUMU 6unpobysanusamu. OCHOBHUMU 3a1a4aMu
TaKUX BUMPOOYBAHb €:

— TepeBipKa JOTPUMAHHS 33{yMaHOT0 MPUHIIUITY Jii; IiITBEPIKCHHS
OCHOBHUX TE€XHIYHUX i7IeH, Ha AKMX OOYIOBAHO arapar;

— TIepeBipKa BiAMMOBITHOCTI TapaMeTPiB i BUMOT, IO 3aIUIaHOBaHI, pea-
JILHUM; HassBHOCTI 3aI1aciB 3 OKPEMHUX apaMeTpiB;

— BU3HAYCHHS XapaKTEPUCTHK, 110 HE MOTJIH OyTH BCTAHOBJIEHI arpio-
pHO 200 BH3HAYCHI PO3PAXyHKOBHM HUISXOM; BH3HAYEHHS 3aKOHOMipHOC-
TEH U1l CTBOPCHHS MaTEMAaTUYHUX MOJCIIEH, eMITIPHYHUX 3aJICKHOCTEH;

— BU3HAYCHHS TPAaHMYHUX MOKJIMBOCTEH amapara abo okpemux ioro
€JICMEHTIB, a TAKOX 1X XapaKTEPUCTUK IPU EKCTPEMaJIbHUX YMOBax a0o 30-
BHIIIHIX BIIMBAX;

— BU3HA4YEHHS MOXIIMBHX IILJISAXiB MOKPAIIaHHS XapaKTePHUCTHK ara-
para B IpoLeci MOAANbIINX AOCTIKEHb, a TAKOK HAIPSIMKH CaMUX J0C-
JKEHB TOIIIO.

JocnigauipKi BUNPOOYBaHHS MPOBOASTHCS, K MPABUIO, Y JOCHITHH-
BKUX JIAOOPATOPISIX MPH TOJIOBHUX OPraHi3alisx, o 3A1HCHIOIOTH HOBI PO-
3poOKku ab0 crieriabHi JOCIi AHAIBEKI IEHTPH, 1110 MAIOTh He0OXi/THE BUITPO-
OHe ycTaTKyBaHHs. PI3HOBUIOM JOCTIIHUIIKUX BUIIPOOYBaHb € 00800X4CY-
8aIbHI 8UNPOOYEAHHS, SIKI TIPOBOIATHCS 3 METOIO OIIIHKH BILTUBY 3MiH, IIIO
BHOCSIThCS Y KOHCTPYKIIiIO, B TIPOIIEC JOBEJICHH arapaTa, BJIOCKOHAJIEHHS
TEXHIYHUX puneHL (Hanpnman, BILIMBY MaTepialy KOHTAKTIB Ha IX HarpiB,
ENeKTPUYHY epo3ito i T. II.).

Ha etani JIKP BUTOTOBISIOTHCSA MAKETH Ta IOCIIIHI 3pa3KH, sIKi ITijjia-
IOTBCS T.3 KOHMPOAbHUM SUNPOOYBAHHSM, SIKI MICTATB Y co0i MonepeHi Ta
npuiiMaibHi BUNPoOyBaHHA. [lonepedni sunpodysanHs MPOBOASTH 3 METOIO
BU3HAYCHHSI MOKJIMBOCTI ITPE]1’ IBJICHHS araparis, 110 PO3POOIIIOIOTHCS, Ha
npuuMansz sunpobyeanns. 3a pesysbTaTamMu MPUAMAaTbHUX BI/IHpO6yBaHB
BI/Ip1H_Iy€TI>C$[ MMUTAHHS PO IOIIEHICTh cepu/n{oro BUPOOHUIITBA anapaTiB
a0o mepenayl 0 eKCIUTyaTallii armapariB iHIAMBIIyaJIbHOTO BUT'OTOBJICHHS.
BoHnu moBuHHI 3a0€3MeUNTH NEPEBIPKY YCiX BUMOT JIO arapara, 1o rnepe/-
OauyeHi TeXHIYHUM 3aBAaHHSIM. /I OLiHKM pe3yNbTaTiB NpUMaIbHUX BU-
mpoOyBaHb CTBOPIOETHCS €KCIepTHA KoMmicis. [lepex BumpoOyBaHHSIMHU Ha
[ILOMY €Talli CTOITh JOCUTH CKIIQJHA 33Jla4a, TOMY [0 BUCHOBOK HEOOX1IHO
3pOOHUTH 3a pe3ysibTaTaMK BUIIPOOYBaHb MOPIBHAHO MaJIOTO YKCJIa arapaTis,
a HaiyacTille 1 €MHOro 3pa3Ka.
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At the pre-production stage, the pilot run of apparatus, made in
compliance with production technology, undergo corresponding pre-
production or qualifying tests.

Industrial production of power electrical and electronic apparatus
includes step-by-step operation control, acceptance, periodic and type tests.

Step-by-step operation control consists in a humber of verifications and
measurements being performed during the manufacture of the apparatus. In this
case, certain units of the apparatus, once their assemblage is completed, undergo
operational checking. For example, for instrument transformers, typical types in
step-by-step operation control consist in the following: verification of the turn
number of windings and correctness of their termination designations;
measuring the magnetizing current and measurement errors for the transformer
magnetic system; insulation resistance measurements and other.

Approval or acceptance tests are performed whenever technological
cycle of the apparatus production is terminated. Such tests usually consist in
verification of most important performances that confirm the operability of
the apparatuses being produced. Approval tests in fact are one of the stages
of the technology cycle, and are performed by technical inspection
departments of the manufacturer or by representatives of the customer in the
presence of a representative of the manufacturer.

Periodic tests are performed for the purpose to verify stability of quality
of the apparatuses being produced and the technology of their production.
The extent and terms of periodic tests is specified by the production forms
and specifications (approximately once per 1-5 years). The outcomes of
periodic tests define the expedience to continue the production of this type
apparatuses. Type tests are usually performed in the case when the apparatus
design or production technology is essentially changed for the purpose of
improvements. Periodic and type tests must ensure verification of all
requirements imposed upon the apparatus by the engineering specifications.

The electrical equipment (mostly the ones for high-voltage applications)
that is in operation undergo so-called preventive-maintenance tests. The
purpose of these tests is to verify the most important components and
parameters of the equipment. The condition of electric insulation is most
frequently checked in preventive-maintenance test process.
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Ha eTani ocBo€HHS cepiiiHOro BUPOOHHUTBA BUNIPOOYBaHHSIM ITij1a-
€TKCS TIepITia apTisl arapartiB, BATOTOBICHUX 3a TEXHOJIOTI€I0 CEPIHHOTO BH-
poOHwuITBa. L{i BUNpOOYyBaHHS HA3UBAKOTH KEAMIDIKAYIUHUMU.

Cepiiine BupoonunTBo EEA mictuth y co0i onepauiifHuii KOHTPOJIb,
MpUMaIbHO-3AaBaNIbHI, TIEPIOINYHI TA THITOBI BUTIPOOYBaHHS.

Onepayitinuti Konmpos Tiepeadadac HU3Ky IepeBipoOK Ta BUMIPIOBaHb,
10 BUKOHYIOTBCSI B TIPOLIECI BUTOTOBJICHHS anapaTy. BunpoOyBaHHsM y na-
HOMY BHIAJIKY IiIJAI0THCS, 3a3BUYAil, OKpeMi BY3JIH amaparTy Iicis 3aBep-
MeHHS 1X cKiIamaHHsa. Hanpukimanm, mis BUMiprOBAIBHUX TpaHchopMmaTopiB
XapaKkTepHUMHU BUJaMH BUIIPOOYBaHb P OTepaliiiHOMy KOHTPOJII €: Tiepe-
BipKa KiJIbKOCTi BHTKIB OOMOTOK i MPaBWJIBHOCTI MO3HAYEHHS iX BHBOJIB,
BHUMIPIOBaHHS CTPYMY HaMarHi4yBaHHS MarHiTONPOBOTY, BUMiPIOBaHHS I10-
XHOOK Ha MarHiTOIPOBOIi, BUMIPIOBaHHS OTIOPY 130JISLIiT Ta iH.

Ipuiimansro-30a6anvhi  6unpobyeants. BUKOHYIOTbCA TICIA 3aBep-
IICHHSI TEXHOJIOTIYHOTO LUKy BHTOTOBIICHHS amapaty. Borm mepenbava-
I0Th, SIK TIPABHJIO, KOHTPOIb HAMBAKJIMBIIINX ITapaMeTpiB, IO MiATBEPIKY-
I0Th MPalEe3AaTHICTh BUTOTOBJICHOTO amapary. [IpuiiManbHo-371aBaibHi BU-
MPOOYBaHHS € 110 CYTi OJHHUM 3 €TalliB TEXHOJOTIYHOTO IUKITY, 1 3iHCHIO-
€THCSI BIAIITIAMY TEXHITHOTO KOHTPOJIIO Ha M ANPHUEMCTBaX-BHPOOHNKAX 200
npeJCcTaBHUKAMH 3aMOBHHUKA B IIPUCYTHOCTI MPEICTABHUKA BUPOOHHKA.

Ilepioouuni 6unpobysaris IPOBOAITH 3 METOIO KOHTPOJIIO CTa01IBHOCTI
SKOCTI amapaTiB 1 TEXHOJOTIYHOTO TPOLECy iX BUPOOHUITBA. BoHM 31itic-
HIOIOTBCSI B 00’ €Max i B TEPMiHH, 10 BCTAHOBJIICHI HOPMAaTHBHO-TEXHIYHOIO
JOKyMEHTaIli€to (MMpUOJIM3HO OJMH pa3 y 1-5 pokiB). 3a pe3ynbTaTamu nepi-
OJJMYHMX BHITPOOYBaHb BU3HAYAIOTH JOUIIBHICTE IPOIOBKEHHS CEPIHHOTO
BUPOOHUIITBA JAHOTO amnapata. 1unogi eunpobyearrs HAWOIBII YacTo MPo-
BOJISITHCS Y BHIIQJIKY iCTOTHOI 3MIHM KOHCTPYKIIii amapaTta abo TeXHOJIOTil
Horo BurotosJeHHs. [lepiognyHi Ta THTIOBI BUITPOOYBaHHS MOBUHHI 3a0€3-
MIEYUTH TIEPEBIPKY BiJIMIOBIIHOCTI anapara TeXHIYHOT JOKyMEeHTAIlil.

EnexkTpuuHi Ta eNeKTpOHHI amapaTH, 3Ae0UIBIIOrO anapaTtd BUCOKOi
HANPYTH, [0 3HAXOATHCS B eKCIJIyaTalil i Iaf0TbCs npopiraxmuunum
sunpobysannam. IX MeTO0 € TepeBipka NapaMeTpiB, MOPYIIEHHS SKHX
MOJKE€ TPUBECTH 10 CepHO3HUX 300iB y poOOTI PO3MOAITBHUX HPUCTPOIB.
Yacrimie ycroro B mpoleci npoQiTakTHYHUX BUIPOOYBaHb 3I1HCHIOETHCS
MepeBipKa eJIeKTPUIHOT MIITHOCTI 130JIAIIii.
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It should be noted that besides the classification of tests depending on
the stage, there are their classifications based on other characteristics.
According to the test conditions and test place, there are bench, laboratory,
polygon, full-scale, simulation, operational etc. tests. According to the test
duration, there are normal, accelerated, abbreviated, cyclic etc. tests.
According to the type of influence on the apparatus, there are mechanical,
thermal, electrical, electromagnetic, environmental, chemical etc. tests.

There is also classification with respect to performances and parameters to
be determined. The following type of tests are typical for power electric and
electronic apparatuses:

- electromechanical tests that include: checking the operation of the
apparatus mechanisms and interlocking systems; contact pressure
measurements; actuation time measurements etc.;

- electromagnetic tests: magnetizing and no-load currents measurements;
verifications of connection group and designation correctness of windings;
turns ratios and errors measurements of instruments transformers etc.;

- temperature-rise tests under nominal current at design operation; these
tests are also known as loading tests;

- dielectric tests: withstand voltage tests, dielectric loss test, partial
discharge test and others;

- short-time and peak withstand short-circuit current tests;

- switching tests: breaking capacity test, electrical life test etc.;

- checking of drive pulses and control performance;

- mechanical tests: mechanical life test, shock and vibration resistance
test, mechanical stress test, wind-load stability test, transportation test, etc.;

- environmental tests: testing for exposure of extreme ambient
temperatures and temperature change, humidity, rain, solar radiation,
hoarfrost, salt-mist, dust, pollution etc.

As already noted there are also tests that are not involved in any impact
on the apparatus and determination of its characteristics, such as external
inspection, check of completeness, overall, mounting dimensions, weight,
wiring and marking, etc.

55



Criz 3a3Ha4ATH, O TOPSI 3 KiIach(iKaIliero BUPOOYBaHb B 3aJIEKHOCTI
BiJ] eTamy, iCHYIOTh iX Kiacuikarii 3a iHImuMu 03HaKaMH. B 3a51e:xHOCTI Bif
YMOB 1 MiCIIsl IPOBEJCHHS PO3PI3HSIOTH BUMIPOOYBAHHS CIeHO06i, 1abopamo-
PHI, NONIZOHHI, HamYPHi, BUTIPOOYBAHHS 3 6UKOPUCTHAHHAM MOOENell, eKCNILy-
amayitii 1 T. . B 3a7€XHOCTI BiJl TPUBAJIOCT] BUITPOOYBAHb HOPMATIbHI, NPU-
CKOpeHi, ckopoueri, yuxaiuni. B 3a7eXHOCTI BiJ BUAY il Ha anapaT — MexaHi-
YHI, MEPMIYHI, eNeKMPUYHI, eeKMPOMASHIMHI, KITIMAMUYHT, XIMIYHE 1 T.]T.

B 3aiexHOCTI Bi XapaKTEPHUCTHK, III0 BU3HAYAIOTRCS, 11 EEA € xapa-
KTePHUMH HACTYITHI BUIN BUIPOOYBaHb:

- eflekmpomexaniuni  eunpobysannsi (NepeBipka POOOTH MEXaHi3MIB
amapara, 0JIOKyBaHb Pi3HOI'O MPU3HAYCHHS, BUMIPIOBAaHHS KOHTAKTHUX Ha-
THCKiB, YaCOBUX MapaMeTPiB CIIPAIlbOBYBAHHS 1 T. II.);

- elekmpomacHimui 6unpooyeants (BUMIPIOBaHHS CTPyMY HaMarHidy-
BaHHSI Ta X0JIOCTOTO X0y, IEPeBipKa IPYITH 3'€IHAHHSI Ta MPABUIBHOCTI 10-
3HaYeHHSI 0OMOTOK, BUMipIOBaHHS KOe(iIliEHTiB TpaHCOopMaIii Ta TOXHOOK
BHMIPIOBAJIBHHUX TPAHC(POPMATOPIB Ta iH.);

- UNPOOYBAHHA HA HACPIE HOMIHATIBHUM CTPYMOM ab0 HABAHMAICY8aA-
JIbHI 8UNPOOYBanHs TIPH 33JTAHOMY PEXKHUMI POOOTH armapara;

- sunpobysanns erekmpuunol izonayii (Oierekmpuuni 6unpoOyeanns),

- KOMYmMayitiHi unpoOyeanHs;

- GUNPOOYBAHHS HA CMIUKICTNG NPU NPOMIKAHHI CIMPYMI6 KOPOMKO20 3a-
MUKAHHS,

- nepesipKa Kepyouux iMnyIbCie ma pe2yno8arbHuX XapaKmepucmux,

- MexaHiyHi eunpoobyeanus (Ha MEXaHIUHY 3HOCOCTIMKICTD, YJIapOMIll-
HICTb 1 BIOPOCTIHKICTh, MEXaHIUHI BIUIMBH, CTIHKICTh MPY TPAHCIIOPTYBaHHI,
MepeBipKa CTYIEHS 3aXUCTy 000JIIOHKH KOPIYCY i T.11.);

- GUNPOOYBAHHS HA GNAUE (DAKIMOPIE HABKOIUUHBLO2O Cepedosuiyd
(TpaHMYHOI TeMIepaTypH HAaBKOJHIIHBOTO CepeIOBUIIA Ta 11 3MiHH, BOJIO-
TOCTi, JIOIy, COHSIYHOTO BUIIPOMiHIOBaHHS, 1HIIO, TUIICHABUX TPUOIB, COMIS-
HOTO TYMaHy, MUJTy TOIIIO).

Sk 3a3Havanocs, iCHYIOTh TAKOX BHIIPOOYBaHHS, SIKi HE MOB'sI3aHi 3
OyIb-IKUM BIUIMBOM Ha amapar i BA3HAUYEHHSIM OyIb-sSKHUX HOro Xapakre-
puctuk. Jlo HUX HaJeXaTh 306HIWHIN 02140, TIEPEBIPKA KOMNAEKMHOCHI,
2abapumHux, NPUEOHYBAILHUX MA HACMAHOBHUX DPO3MIpI8, MdAcCU, MOH-
Masicy ma MapxyeanHs TOIIO.
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1.5 Technical Means for Conduction of Research and Testing

Research and testing E&PEA with no use of appropriate technical
means (test equipment) is impossible. First and foremost, it should be noted
that the use of one equipment or another depends on the test type. In the
general case, technical means of testing, depending on the purpose, can be
divided into the following groups:

- sources of electrical energy;

- converters of electrical energy;

- electrical energy distribution devices;

- instrumentation and recording devices;

- specialized test beds;

- additional devices and accessories.

Sources of electrical energy ensure the supply of electricity to test beds
and installations. The power of the source must be sufficient to carry out tests
at the highest values of current and voltage predetermined by the test pur-
poses. Power sources are usually located in a separate room. However, low-
voltage power sources are placed directly in the laboratories near the test
beds for the purpose to reduce the voltage drop in the supply wires.

Electric energy converters, namely transformers, rectifiers, stabilizers,
regulators, etc., provide conversion and regulation of current and voltage
within specified limits with sufficient stability of conversion parameters.

Electrical energy distribution devices are usually cubicles wherein
switching and protective equipment, as well as measuring devices, are
installed.

Instrumentation and recording devices include a wide variety of
measuring devices, measuring transducers, as well as systems for recording
and processing experimental data. The composition of these devices is
determined by the variety of measurands, as well as the processes under
research in both static and dynamic conditions. Modern instrumentation and
recording systems are usually computer-integrated complexes. Their correct
application requires special skills and knowledge; otherwise, the research
results may be absurd. In this case, when organizing measurements of various
pulse signals, as well as processes occurring in short time intervals, it should
be carried out preliminary thorough analysis of the capabilities of these devices
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1.5 TexnivHi 3aco00M 1719 NPOBeEICHHSA J0CJHiIAKeHb Ta BUNIPOOYBAHb

JocmimpkeHHs Ta BUIPpoOyBaHHS €JIEKTPHYHIX Ta €JIEKTPOHHUX arapaTiB
HEMOXJTUBO TPOBOJUTH 0€3 BiINOBIAHUX TeXHIYHUX 3aco0iB. [lo-mepr 3a
BCe, CIIiJ] 3a3HAYMTH, 110 BUKOPUCTAHHS THX YH IHITHX 3aC00IB 3aJIC)KUTH Bi
BUJly BUIIPOOYBaHb. Y 3arajJbHOMY BUIAAKY TEXHIUHI 3ac00M BUIIPOOyBaHb B
3aJIeKHOCTI BiJl MPU3HAYECHHS MOXKYTh OYTH MOJIUIEH]I Ha HACTYITHI TPyIIN:

- JKepeia eeKTPUYHOI eHeprii;

- IEPETBOPIOBAYi CICKTPUIHOI CHEPTii;

- IPUCTPOI PO3MOIITY eJIEKTPHYHOI eHEeprii;

- KOHTPOJIBHO-BUMIPIOBAJIbHI Ta PEECTPYBAIbHI IPHUIAIN;

- creniaxi3oBaHi BUMPOOYBaIbHI CTEH/IN;

- IOAATKOBI MPUCTPOI Ta IPUIAAIS.

IDicepena enexmpuunoi enepeii 3a0€3MeUyIOTh TOCTAYaHHS EJIEKTpOe-
Heprii BHIIPOOYBabHUX CTEHIIB 1 YCTaHOBOK. IIOTyXHIiCTh IKepena Io-
BWHHA OyTH JOCTaTHBOIO IS MIPOBEACHHS BUIPOOYBaHb NPU HAHOIMBIINX
3HAYEHHIX CTPYMY Ta HampyrH, nepeadaueHnX BUIPOOYBaTbHUMH HJISIMH.
Jxepena >KUBIEHHS K NPAaBWJIO PO3TALLOBYIOTHCS B OKPEMOMY HpHUMi-
nieHHi. [IpoTe HU3BKOBONIBTHI JKEpea )KUBJICHHS 3 METOI0 3MEHILICHHS Ta-
IiHHS HAaIlPyTH B )KUBJITYHMX IPOBOAAX, PO3TAIIOBYIOThH O€3II0CEpEeIHBO B JIa-
OopaTopisix o0JIN3y BUIPOOYBAIILHUX CTEHIIB.

Ilepemsoprosaui enexmpuunoi enepeii, a caMme TpaHCPOPMATOPH, BU-
OpAMIISIYi, CTa0Ti3aTOPH, PETYIIATOPH TOIIO, 32a0€3MeUyI0Th IePETBOPEHHS
{ peryoBaHHs CTPYyMY Ta HAIIPYTH Y 3alaHUX MeKax 3 J0CTaTHBOIO CTadi-
JHHICTIO TTApaMeTPiB IePETBOPEHHS.

Ipucmpoi poznoodiny erekmpuuroi enepeii sIK PABUIIO ABIISIOTH COOOF0
madu, B IKHX BCTAHOBIIIOIOTHCS KOMYyTAIlifiHa Ta 3aXHUCHA arapaTypa, a Ta-
KO BHMipIOBaJIbHI MPUCTPOI.

Konmponvno-eumipiosansii ma peccmpyeanvii npuiaou MicTsTh y co0i
BEJIMKE PI3HOMAHITTS! BUMiPIOBAIbHUX IIPUCTPOIB, BUMIPIOBAILHHX [IEPETBO-
PIOBaYiB, a TAKOX CUCTEMH PEECTpallii Ta 00pOOKH eKCIIEPUMEHTAITBHUX J1a-
Hux. CKTaj] X MPUIIajIiB BU3HAYAETHCS PI3HOMAHITHICTIO BUMIPIOBAaHUX Be-
JIMYHH, a TAKOXK JIOCITIJPKYyBaHHUX npoueciB SIK Y CTATUYHUX, TaK 1 JJMHAMIYHUX
peKMMAax. quacm KOHTpOJ'IBHO-BI/IMlpIOBaJ'ILHl CHCTEMHU SIBIISIFOTH COO010, SIK
NPaBUJIO, KOMIT’ FOTEPHO- iHTerpoBaHi KOMIUIEKCH. IX MpaBHIIbHE 3acTOCY-
BaHHS MOTpeOye crelialbHUX HABUYOK Ta 3HAHb, B IPOTUBHOMY BUIIAIKy MO-
’KHA pe3yNIbTaTH JOCIIKeHb MOXYTh MaTH aOCypaHHUN xapaktep. Y 1bOMY
BUITaAKy Ma€ OyTH MPOBEACHO MONEPEIHIHN peTeIbHUN aHaji3 MOXKIMBOCTEN
[UX TIPUJIJIIB NIPU OpraHizalii BUMIPIOBaHb PI3HUX IMITYJIb,CHUX CUTHAJIB, a
TaKOX MPOLIECIB, 110 MPOTIKAIOTh 32 KOPOTKI IPOMDKKH Hacy.

58



Specialized test beds are devices that contain various devices, connector
systems, voltage regulators, load terminals, alarms and other devices and
gadgets necessary to control by the operation of the device being tested.

Additional devices and accessories are usually such elements as
additional resistors, reactors, instrument transformers, etc.

Specification documents as for the operation of the test equipment are as
follows: current "Operating Rules of Consumer Electrical Installations” and
"Safe Operating Rules of Consumer Electrical Installations". Service personnel
must undergo appropriate training taking into account specific work conditions.
Laboratories or premises where apparatus tests are carried out in compliance
with JICTY7238: 2011 and ICTY7239: 2011 must be provided with a sufficient
number of means of collective and individual protection. In particular,
dangerous areas must be fenced off; the test device must have a fence with
blocking. Light and sound signaling, etc. should be provided. [9-12].

1.6 Requirements to Electric and Power Electronic Apparatus

Testing power electrical and electronic apparatus(with the exception of
research ones) are usually performed in compliance with the requirements
established by engineering specifications, such as national standards of
Ukraine (ICTYVY, I'OCT); foreign standards, which valid in Ukrainian territory;
international standards and recommendations (e.g., IEC standards and
publications). IEC (International Electro-technical Commission) is
international institution dedicated to the standardization of requirements
imposed upon electrical products, as well as test methods and instrumentation.

Among the numerous requirements imposed on power electrical and
electronic apparatus by engineering specifications, first and foremost, it should
be noted a group of requirements that determines the ability of the apparatus
to perform own functions. The requirements upon the apparatus electrical
isolation is of vital importance in this group of requirements.

It should be noted that insulation is one of the most responsible elements
of the apparatus, since its failure leads to grave malfunctions (and on occasions
— to the faults) in power systems. Therefore, ensuring the reliable operation of
the insulation is one of the main tasks facing the developers and producer of
apparatus, as well as institutions responsible for their installation, maintenance
(including preventive tests), and operation.
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Cneyianizosani unpoOysanvii cmerou SIBISIOTH COOOI0 MPUCTPOI SKi
MICTSITh pi3Hi IPUIaJH, CHCTEMH 3'€AHYBaUiB, PETYISTOPH HANPYTH, BHBOAN
HaBaHTa)KEHb, CUTHAI3AIIiS Ta 1HIII TPUCTPOI Ta IPUCTOCYBAHHS, HEOOX1THI
JUTsL KepyBaHHs poO0TOr0 BUNIPOOYBaHOTO amapary.

Jlooamkosi npucmpoi ma npunados 1e, 3a 3BUYAEM, TaKi €JIEMEHTH 5K
JTIOTaTKOBI pEe3UCTOPH, PEAKTOPH, BUMIPIOBaIBHI TpaHCHOPMATOPH TOIIIO.

HopmatuBHMMK JOKyMEHTaMM HIOAO €KCIUTyaTamii BUMPOOYBaIbHOTO
obnamHaHHs € nitodi «l[IpaBmita TeXHIYHOI eKCIDTyaTarlii eleKTPOyCTaHOBOK
criokuBaviBy Ta «lIpaBuira Oe3rneyHoi eKcITyaTallii eIeKTPOyCTaHOBOK CIIO-
*KuBauiBy. OOCIyroBylounii mepcoHaia MOBHHEH MPOXOIMTH BiAMOBITHHUHA
IHCTPYKTaX 3 ypaxyBaHHAM crenndigHux ymMoB podotu. JlabopaTopii abo
NPUMIIIEHHSI, e TPOBOAATHCS BHIIPOOOBYBAHHS amapartiB BiJIOBIAHO 0
JACTY 7238:2011 ta ACTY 7239:2011 noBuHHI OyTH B IOCTaTHIM KIIBKOCTI
3a0e3meyeri 3aco0aMy KOJEKTHBHOTO Ta IHIAMBIAYaIbHOTO 3aXHCTy. 30K-
pema, HeOe3MeuHi AUITHKY TOBUHHI Oy TH 00TrOpOKEH1, BUIPOOYBaHMH ana-
paT MMOBWHEH MaTH OTOPOKEHHs 3 O1oKyBaHHAM. [loBrHHA OyTH Iependa-
YyeHa CBITJIOBA Ta 3BYKOBa CUTHai3ars i T.1. [9-12].

1.6 Bumoru 10 e1eKTPHYHHUX TA eJ1eKTPOHHHUX anapaTiB

BurpoOyBaHHS €NeKTPUYHUX Ta €JIEKTPOHHHX anapaTiB (3a BUHITKOM
JIOCJITHUIIBKKUX ) TPOBOJIATHCS Y BIJMOBIIHOCTI IO BUMOT, SIKi BCTAHOBJICHI
HOPMATUBHO-TEXHIYHOIO JIOKYMEHTAIIIEI0: HAIIIOHAIbHUMU CTaHAapTaMHu Y K-
painu — ICTY; iHO3eMHMMH CTaHAapTaMy, Ki Ail0Th Ha TepUTOpii YKpainy;
MDKHApOJHUMH CTaHIAPTAMH Ta PEKOMEHIAIISIMU (HAPUKIIA, PEKOMEH 1a-
uistmu Ta cranaapramu MEK). MEK (MmixkHapoiHa eneKTpoTexXHiuHa KOMICis)
— MDXKHApPOJIHA OpraHizallis, SKa 3aiiMaeTbcsl CTaHJAPTHU3ALIEI0 BUMOT 0 eJIe-
KTPOTEXHIYHOT MPOAYKIii (Y TOMY YHCIi €IeKTPUYHUX arapaTiB), 30KpeMa,
CTaHJApPTH3AIIIEI0 METOIIB BUITPOOYBAHb Ta BUMIPIOBAJIBHOI anapaTypu.

Cepen YHCIICHHUX BUMOT, ITI0 Tpen sSBIsttoThCs 10 EEA cTanmapramu, Te-
XHIYHIMH YMOBaMH, KOHCTPYKTOPCHKOIO JIOKYMEHTAIIIE€10, Y TIEPITY Yepry, He-
00XiTHO BII3HAYXTH IPYITy BUMOT, III0 BU3HAYAE CIIPOMOXKHICTh arnapara BUKO-
HYBaTH cBoi (DyHKIIIi. 3a3HaueHa rpymna MiCTUTh y CO0i BEJIUKY Pi3HOMAaHITHICTh
BUMOT, cepe/l IKUX Y TepIly 4epry HeoOXiTHO BUIUIUTH BUMOTH JIO 130JISIIii.

HeoOx1aHO0 Big3HAYXTH, 110 13051118 € OAHUM 3 BIANOBIJAJILHIIINX €JIe-
MEHTIB arapara, OCKiJIbKH ITOPYIIEHHs B il po0OTi BEyTh JI0 cepiio3HnX 300iB
(a B OKpeMHX BUMaJKax 0 aBapiil) B €JIEKTPUUHUX cucTeMax. Tomy 3abesrie-
YeHHS HaJIIHHOT POOOTH 130JIALIIT € OHIEIO 3 TOJIOBHUX 33734, IO CTOSThH I1e-
pen po3poOHUKaMH Ta BUPOOHUKAMH allapariB, a TAaKOX OpraHizallisiMu, 110
3IIICHIOIOTH IX MOHTaX, TEXHIUHE 00CITyroByBaHHS (y TOMY YHCIHI podinax-
TUYHI BUTIPOOYBAHHSI) i EKCILTyaTallito.
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In general, the features required for insulation of power electric and
electronic apparatus are formulated in such a way. The apparatus insulation
must withstand long-term (during all service life) stress of rated (maximum
operating) voltage, as well as short-term stresses of lightning surges and
system-generated overvoltages (switching surges) under environmental
exposures, such as pollutions, dropout of dew and hoarfrost, torrential rains,
hydrochloric fog etc. The requirements imposed upon insulation of medium
and high voltage apparatus are specified by international standards [15, 33—
35], of low voltage apparatus by [16, 32, 36, 37]. Requirements to insulation
are confirmed also in standards and specifications on the particular apparatus
types. The verification of these requirements is performed with dielectric
tests by withstand voltage and other dielectric measurements characterizing
the quality of the insulation, such as leakage currents, direct-current
resistance, dielectric factor etc. (see subsection 3).

Along with insulation requirements, there are also some other features
required of power electric and electronic apparatus according to their
operating conditions. The service experience has revealed existence (from
the standpoint of current load duty) of three basic operating conditions,
namely, nominal, overload and short-circuit.

Rated (nominal) condition. It is normal operating condition characterized
by long-term operation of the apparatus under load current. The main
requirement imposed upon practically all power electrical and electronic
apparatus is to ensure design thermal behaviour. This means that the
temperatures of the current-carrying components (buses, flexible connections,
contacts and contact connections, coils etc.) and other parts of the apparatus
should not exceed the permissible values established by the standards [16, 32—
35], or by the technical specifications for the corresponding types of apparatus
or their components. This requirement is confirmed by temperature-rise tests
under a nominal current in the design loading duty [8, 17, 32-37].

Some types of switching devices in nominal conditions are imposed by
the requirement in respect to switching wear resistance or electrical life. It
particularly refers to switching devices for frequent switching operations, such
as low voltage DC and AC contactors. This means that in operation process
the apparatus must ensure specified number of switching (make-break)
operations under load current with specified parameters at given switching
frequency. These parameters are established by appropriate standards [16, 32]:
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VY 1inomy, BUMOTH JI0 130JIA11IT €IeKTPUIHHX Ta €JIEKTPOHHHUX arapaTiB
MOKHA C(OPMYITIOBATH TAKUM YMHOM. [30715111is1 artapaTa HOBUHHA BUTPUMY-
BaTH JIOBTOCTPOKOBO (IPOTATOM YCHOTO TEPMiHY CITykOM) HOMiHaJbHY Ha-
NpYTy, a TAKOK KOPOTKOYACHY [iI0 30BHIIIHIX (TPO30BUX) i BHYTPIlIHIX (KO-
MyTallifHUX) TIEpEeHanpyT 3a BIUIMBY AECTa0LII3yI0OUYNX YHHHUKIB: 3a0py/I-
HEHHSI, BUTIAJIAHHS POCH, 3THBH, COJITHOTO TYMaHy i T. 1. Bumoru 1o i3omsmii
SJIIEKTPUYHHMX arapariB BUCOKOI HaNpyru Bu3Havatotecs [15, 33-35], anapa-
TiB HU3bKOI Hanpyru — [16, 32, 36, 37]. Bumoru 110 i30us11ii anapaTiB TaKoK
MiATBEPIKYIOTHCS B CTAHAAPTaX 1 TEXHIYHUX YMOBaX Ha KOHKPETHI iX BHIIH.
[epeBipka 3a3HaYCHUX BUMOT 3J[IHCHIOETHCS BIAMOBITHUMH BUIIPOOYBaH-
HSIMH €JIEKTPUYHOI MIITHOCTI 130J1sIMii Ta iHIIMMH BUMIPIOBaHHSIMH, LIO0 Xa-
PaKTepHU3YIOTh SKICTh 13011l (AUB. po3aina 3).

[opsin 3 BUMOTamMu JI0 130JIAILI1, 10 €JICKTPUYHHUX anapatiB Mpea sBis-
€THCS Sl IHIIUX BUMOT, SIKI BH3HAYAIOTHCS IX PEKMMOM HaBaHTAKCHHSL.
[pakTrka excruTyaTamii eIeKTpHYHAX arapaTiB MOKa3ye HAsSBHICTH (3a CTpy-
MOBHM HaBaHTa)KEHHSIM) TPHOX OCHOBHHX €KCILTyaTalliiHUX PEXUMiB: HOMi-
HAJILHUH PEXHM, PEKUM MEPEBAHTKEHHS 1 PEXKUM KOPOTKOTO 3aMUKAHHSI.

HominanbHuii peskuM abo pe:KMM HOMiHAJBLHOTO0 HABAHTAKEHHS €
HOPMaJIbHUM EKCIUTyaTalliiHIM PEXUMOM 1 XapaKTepU3YETHCS TPUBATIOIO
po0OTOIO amapata Mpu MPOTIKaHHI HOMIHAJIBHOTO cTpyMy. OCHOBHOIO BH-
MOTOI0, SIKa CTOCYEThCS MIPAKTUYHO YCiX ENEKTPUUHUX Ta €JICKTPOHHHX ama-
partiB, € 3a0e3MeYeHHs ONTUMAIBHOTO TEIIOBOrO pexkumy. Lle o3Hauae, mo
TEMIIEPATypH CTPYMOBEIYUHUX 1 IHIIIMX YACTHH arapaTa He MOBUHHI NIEPEBH-
IIyBaTH JOMYCTUMHX 3HAYCHb, IKi BCTAHOBJIEHO cTaHmapramu [16, 32-35],
a00 TeXHIYHUMHU YMOBaMH Ha BiJIIIOBi/IHI BHIM anapariB abo iX eJIeMeHTiB.
IlepeBipka naHoi BUMOTH 31HCHIOETHCS BUIIPOOYBAHHAMY Ha HArpiB HOMi-
HaJIbHUM CTPYMOM Y BiJIIOBiIHOMY pexumi [8, 17, 32-37].

Jlo okpeMHX BHJIB KOMYTAI[IfHUX amapariB y HOMIHAJIEHOMY PEKUMI
npe’ IBISEThCS BUMOTa Komymayitinoi 3nococmitikocmi. Lle crocyeTbes 30-
Kpema KOMYTAI[IfHUX anapaTiB MPU3HAYEHUX JUIs YaCTUX KOMYTaIii (KOH-
TaKTOPH TOCTIHHOTO Ta 3MIHHOTO CTPYyMY HHU3bKOI HAIlpyry). BinmosinHo 110
i€l BUMOTH, anapaT B MPOLeci eKCIuTyaTalil MOBUHEH 3a0€3MeYNTH 3a1aHy
KUTBKICTh KOMYTAL[IHUX omepaliil npy 3ajaHnX mapaMeTpax eleKTPUIHOTO
KOJIa, [0 KOMYTYEThCS, 1 3a1aH0] 4acTOTH KoMyTalliid. 11i mapameTpu Bcra-
HOBJICHI BIJIMOBIAHUMHE cTaHAapTamu [16, 32]:
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- the number of switching CO (close-open) cycles is picked from a series
of values: 300, 630, 800, 1000, ..., 10 000 000;

- the parameters of the circuit to be switched defined by the so-called
utilization category: DC1...DC5 (for DC apparatus), AC1...AC4 (for AC
apparatus) etc.;

- switching frequency is also picked from a value series in the range of
1 to 600 CO operations per one hour.

These parameters must be provided in performing switching life test that
confirms this requirement [8, 17, 32].

Overload conditions. These conditions are featured by the time-limited
flowing the current exceeding by several (3—10) times the rated value. There
are distinguish the faulty overloads and technological overloads. The
overloads are mainly caused by opened line, started induction motor, non-
synchronous power-up of a generator, superexcitation of powerful
synchronous machines etc. There following requirements are imposed upon
power electric and electronic apparatus in these conditions:

- overload capability (with respect to the thermal behaviour);

- selectivity: this requirement is imposed upon the apparatus providing the
protective functions of main equipment; it consists in that to ensure reliable
operation of the apparatus in the events of long-term (faulty) overloads as well
as absence of its response to the short-time (technological) overloads;

- switching capability: it is imposed upon switching devices and consists
in that to ensure reliable interruption of overload current at the predetermined
parameters of the circuit being interrupted according to utilization category
for infrequent operations [16, 32]; this requirement is confirmed by breaking
capacity test in overload conditions [8, 17].

Short-circuit condition. This is emergency condition featured with ex-
tremely high currents that by tens times exceed the rated values. Practically
all power electrical and electronic apparatus are imposed by the requirement
of stability under passing short-circuit currents. That is, regardless of the func-
tional purpose, the apparatus must withstand the electro-dynamical and ther-
mal action of let-through short-circuit current without failures inhibiting its
further normal operation [16, 32—37].
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— KIJIBKICTh KOMYTamiiHUX IUKIiB BO BHOMpaIoThCS 31 CTaHAAPTHOTO
psiny 31a4ens: 300, 630, 800, 1000, ..., 10 000 000;

— MapaMeTpH Kojia, 10 KOMYTY€ETHCS, BU3HAYAIOTHCS TAK 3BAHOIO KaTe-
ropieto Bukopuctanust: AC1...ICS5, AC1...AC4 ta in.;

— 9acTOTa KOMYTaIliid TAKOXX BUOUPAETHCS 31 CTAHAAPTHOTO PSTy 3HAUE-
Hull B Mexkax 1...600 1/ronuny.

Lli mapameTpu MOBMHHI OyTH 3a0e3IeUeHi MPU MPOBEIACHHI 6Unpody-
BAHHA HA KOMYMAYiliHY 3HOCOCMINKICMb, SIKAM 3I1MCHIOETHCS IepeBipka
i€l Bumord [8, 17, 32].

Pe:xxum mepeBaHTa)KeHHSI XapaKTEPU3YETHCS OOMEKEHHM 3a 4acoM
MPOTIKaHHSAM CTPyMY, IO y JAeKiibka pasiB (3...10) mepeBuiye HoMiHATb-
Huil. Po3pi3HAIOTE aBapiliHi 1 TEXHOJOTI4HI TlepeBaHTaxkeHHs. OCHOBHUMH
NPUYMHAMH TIEpEBaHTAKEHb €: 00pUB (a3u, MMyCK aCHHXPOHHOTO JIBUTYHA,
HECHHXPOHHE BMUKaHHS TeHepaTopa, popcoBane 30y KEHHS MOTYKHUX CH-
HXPOHHMX MAllUH 1 T. . Y TaHOMY PEXUMI 0 eNEeKTPUYHUX Ta EJIEKTPOH-
HUX arapariB Ipea’ sIBISI0THCS HACTYIIHI BUMOTH IIOJIO:

- nepesanmaxicHoi cnpomoosicnocmi (10 TEIIIOBOMY (GaKTopy);

- cellekKmugHOCmi: TSI BUMOTa CTOCYETBCS arapariB, SKi 31HCHIOIOTh
(byHKLIT 3aX1CTy OCHOBHOTO €JIEKTPOYCTaTKyBaHHS; BOHO IIOJIATAE y TOMY,
106 3a0e3meunTH HaiiiHe CIIpalbOBYBAaHHS [TPH aBapiHUX MepeBaHTaKeH-
HSIX Ta HECTIPAIbOBYBAHHS IIPY TEXHOJIOTIYHUX MEPEBAHTAKEHHSIX;

- KOMymayitiHoi cnpoMOdICHOCMI: 111 BUMOTa CTOCY€ETHCS] KOMYTaLliHHUX
anaparis 1 OJISITae y TOMY, 11100 3a0€3MeUYnUTH HaliifHe BAMHKAHHSI KOJIA IPH
3a7aHuX 11 mapamerpax (B pex1Mi epeBaHTaKEHHs) Y BiAMOBIIHOCTI JI0 Ka-
TEropii BUKOPUCTAHHSA B PeXuMi pigkux komytamind [16, 32]. IlepeBipka
OCTaHHBOT BUMOTH 3/1HCHIOETHCS IPOBEACHHIM 6UNpo0y8ans Ha KOMYyma-
YITliHY CNPOMOJICHICMb Y BIITIOBITHOCTI 10 pexumMy pobotu [8, 17].

Pesknm KOpPOTKOro 3aMUKAHHSA — € aBapIifHIM PEXKUMOM IS €JIEKTPOY-
CTaTKyBaHHS 1 XapaKTepPU3y€eThCs CTPIMKUM 3POCTAHHSIM CTPYMY, SIKHH Y Jecsi-
TKH pa3iB MOKE NIEPEBHIIYBATH CTPYM HOPMAIILHOTO pekumy. [IpakTudHo 10
yCIX ENEKTPHYHHUX Ta EIEKTPOHHUX arapariB Npej| sBIsSEThCS BUMOTa MO0
CmitIkocmi npu NPOMIKAHHI CMpYMi6 Kopomkoeo 3amukanis. ToOTo, He3aie-
JKHO Bii ()YHKUIOHAJIBHOTO MPU3HAYEHHS anapaT MOBUHEH BUTPUMYBATH 0e3
YILIKOJKEHB, 1110 TIEPEIIKOKAOTH HOro roaaiibiie GyHKI[IOHYBaHHS, €JIeKTPO-
JMHAaMIYHY Ta TePMIYHY Jif0 HACKPI3HHUX CTPYMiB K.3. [16, 32—37].
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Switching apparatus providing protection of the main electrical
equipment are imposed upon the requirement of switching capability [16, 32,
33, 35]. That is, the device must be able to interrupt reliably the circuit in the
event of a short-circuit fault. In addition, the switching devices providing
reclosing operations must ensure reliable making under existent short-circuit
in the circuit. To verify the specified requirements, appropriate tests in short-
circuit conditions are carried out [8, 17, 32-37]:

- peak and short-time withstand current tests;

- switching tests.

It is well known that switching devices represents usually
electromechanical devices. Therefore, the requirement as for its mechanical
wear resistance should also be referred to the requirements that determine
the ability of the device to perform its functions [16, 32, 33, 35]. In accordance
with this requirement, the device during operation must provide a specified
number of switching operations in the absence of an electrical load, that is,
without consideration of electric erosion wear of its main contacts.
Compliance with this requirement is verified by conducting appropriate
mechanical life test [8, 17, 32, 33, 35].

There is another group of requirements imposed upon power electrical
and electronic apparatus. It is related to influence of destabilizing factors
caused mainly by external (environmental) exposures (climatic, temperature,
mechanical), as well as interior processes in devices that depend on their spe-
cial operating conditions. Let us consider the most important ones.

Climatic conditions are first related to environmental parameters, namely,
atmospheric pressure, humidity, temperature and gas composition (presence
of CO;, hydrogen sulfide, ammonia) of the air, presence of salts, dust, sand,
and industrial pollution in the air. Climatic conditions are also related to the
exposure of solar radiation, as well as biological factors, such as fungal
formations, products of biochemical metabolism, insects, termites, rodents,
etc. In former case, consequences can be very grave, including faults.

Atmospheric pressure is defined by the meteorological conditions, as
well as altitude. It affects the behavior of heat exchange of the device with
its surroundings, the formation, burning and extinguishing of the electric
arc, and therefore electric erosion processes and, finally, the electrical
strength of the device insulation.
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Jlo KoMyTamiifHUX amapariB, MO 31CHIOIOTH 3aXHCT OCHOBHOTO €IIeK-
TPOYCTaTKyBaHHSI, IIPE ABISETHCS BUMOTA 100 KOMYTaliiHOT CIIPOMOXK-
HOCTIi, TOOTO CITPOMO>KHOCTI arnapara 3a0e3MeYnTy HaJiiiHe BUMUKaHHS KOJIa
NpY BUHUKHEHHI K.3. Amaparty, o QyHKLIIOHYIOTh Y CIIOMYYEHH] 3 IPUCT-
posimu AIIB, moBHHHI Takok 3a0e3MeUnTH HaaiifHe BMUKAHHS KOja Ha ic-
Hyroue K.3. /|1 mepeBipku 3a3Ha4eHNX BUMOT IIPOBOISATHCS BiATIOBITHI BH-
npoOyBaHHS B pexumax k.3. [8, 17, 32-37]:

— BUMPOOYBaHHS Ha CTIMKICTh TIPH IPOTIKAHHI HACKPI3HUX CTPYMIB K.3.;

— KOMYTaIliifHi BUTIPOOYBaHHS B PEXKHUMI K.3..

Hobpe Bimomo, o eBHa Tpyna KOMYTaIlifHUX anapariB € eIeKTpoMe-
XaHIYHUMH TpucTposiMi. OTKe, 10 BUMOT, 0 BU3HAYAIOTH CIIPOMOKHICTh
amapara BUKOHYBATH CBOi (PYHKIIi1, CITi/T TAKOXK BiTHECTH BUMOTY MIOAO HOTO
mexaniunol snococmitixocmi [16, 32, 33, 35]. BiamoBiaHo a0 1i€l BUMOTH,
amapar B IPOLIECi eKCIUTyaTallii MOBUHEH 3a0€3MeYnTH 3aJaHy KUIBKICTh KO-
MyTallifHUX OMepamiid MpH BiACYTHOCTI EJIEKTPUYHOTO HABaHTaKEHHS,
TOOTO 0€3 ypaxyBaHHS €JIEKTPOEPO3IHHOTO 3HOCY HOTO TOJIOBHUX KOHTAK-
TiB. BiZIMOBiIHICTH 11i€1 BUMOTH TIEPEBIPSAETHCS MPOBSACHHAM BiJMOBITHUX
BUMPOOYBaHb HAa MEXaHiuHy 3HOCOCTI#KicTh [8, 17, 32, 33, 35].

IcHye iHImMa rpyma BHMOT 110 €NEKTPHYHHX Ta ENEKTPOHHHX arapaTiB
TMOB’s13aHa 3 BIUTMBOM Pi3HOMaHITHUX JECTaOUTi3yI0uMX YWHHUKIB, 3yMOBIIE-
HHX, TOJIOBHUM YMHOM, 30BHIIIHIME (pakTOpaMu (KIIMaTHIHAMH, TEMIIEpATyp-
HUMU, MEXaHIYHUMH), & TAKOXX BHYTPIITHIMHU IPOIIecaMH B araparax, 00yMoB-
JICHMMH OCOOJIMBICTIO PEKUMIB pOOOTH. Po3riisiHEMO HABaXKIIMBIII 3 HUX.

Knimamuuni ymoeu 1o’ s3aHi, ynepi y 4epry, 3 napameTpamMu HaBKO-
JMIIHBOTO CEPEIOBHIIA, a caMe, aTMOC(EPHUM THCKOM, BOJIOTICTIO, TEMIIE-
paTyporo Ta ra3oBuM ckiagoM (HasBHicTIO CO2, CIpKOBOZIHIO, aMiaKy) MOBi-
Tpsi, HASIBHICTIO Y MOBITPi COJEH, THIY, MiCKY, TIPOMHUCIIOBHUX 3a0pyAHEHb. 3
KJIIMaTUYHUMH YMOBaMU TI0B’I3aHUH TaKOX BILTUB COHSYHOIT pajiaiiii, a Ta-
KO O10JIOT1YHHX YMHHUKIB: TPUOKOBUX YTBOPEHbB, TPOAYKTIB O10XiMITHOTO
00MiHy pe4OBHH, KOMaX, TEPMiTiB, TPU3YHIB 1 T. II.

Ammocghepruii muck BABHAYAETHCS METEOPOJIOTIYHUMH YMOBaMH, a Ta-
KO>K BUCOTOIO HaJ| TIOBEPXHEIO0 MOpsl. BiH BIIMBae Ha pexxuM Terio00OMiHy
amapara 3 HaBKOJIMILIHIM cepeoBHILeM, Ha popMyBaHHS, TOPIHHS 1 TaCiHHSA
EJIEKTPUYHOT JYTH, a OTXKE eIeKTPOEPO3iiHI NMPOIIECH i, HAPEIlTi, eNeKTPH-
YHY MiLHICTb 130JIALi1.
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Air relative humidity depends on the weather conditions and the climate
type: at 40-60%, the climate is dry; up to 90-100%, it is wet one. Air humidity
also affects heat exchange of the device with its surroundings, arc extinguish-
ing process, insulation strength, as well as corrosion processes (enhanced
structural wear).

The ambient temperature ranges from —60°C (cold climate) to +50°C (hot
one). In the mountainous area, significant daily temperature fluctuations of up
to 30 degrees take place that negatively affect the device thermal behavior, as
well as results in dropout of dew, formation of a fog, glaze ice.

Solar radiation in combination with high temperature of the ambient air
causes a significant increase (up to 100°C and more) in the temperature of
current-carrying parts, which in turn causes irreversible processes in solid
insulation, a decrease in its mechanical and electrical strength. It should be
noted that the operation of power electronic devices is not expected at all under
conditions of exposure to solar radiation.

The abundance of abrasive sand and dust in the atmosphere is typical for
step and desert regions. These agents deposit on the outdoor surface of
insulators, current-carrying parts, causing flashovers of insulation gaps; the
normal operation of the apparatus movable components and connecting links is
disturbed. These regions are also characterized by strong winds (up to 30—40
m/s) resulting in the problem of mechanical stability of the apparatus structures.

The presence of sea fog with a high salts concentration is typical in the
seaside regions. Deposition of salt on the surfaces of current-carrying parts,
contacts, insulators results in flashovers of isolating gaps, an increase in
contact resistance and additional losses etc.

It should be noted that a number of destabilizing factors are not involved
with climatic exposures. Nevertheless, they also substantially affect the
operability of power electrical and electronic devices operated in industrial
zones, on livestock farms or in mobile devices.

Enhanced fraction of CO,, hydrogen sulfide, and other active gases is
typical for industrial zones, especially with metallurgical and chemical
production. Heightened ammonia fraction is typical for cattle-breeding farms.
Under these conditions, superficial films are formed, which substantially
increase the resistance of outdoor contact (e.g., contacts of disconnectors).
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Bonocicmb nogimpsa BU3HAYaETHCS MOTOAHAMI YMOBaMH Ta TUIIOM KJIi-
Mmaty: 40—-60 % — cyxwii; 1o 90-100 % — Bonorwuii. Bonoricte TakoX BILTH-
Ba€ Ha TCIUIOOOMIH 3 HABKOJIMIITHIM CEPEIOBUILEM, TyrOraciHHs, MII[HICTh
13071511111, & TaKOXK Ha MPOIECH KOpOo3ii (MiABUINEHUH 3HOC KOHCTPYKIIIi).

Temnepamypa HaskoauwHb020 cepedoguuja 3MiHWEThC Big —60°C
(xonoxmuuit xiimar) o +50°C (xapkuit). ¥ TipceKili MiCIIEBOCTI cIOCTepi-
raroThcs 3Ha4Hi 1000Bi KonMBaHHS TemnepaTypH 10 30 rpagycis, oo Mo-
KYTh BIUIMBATH HAa TEIUIOBHH DPEXHM arapara, BUKIMKATH BHITAJAHHSI
pOCH, MPSIKH, 3JICACHIHHS.

Counsiyna padiayis B CIONTYYEHHI 3 BUCOKOIO TEMIIEPATypOIO HABKOJIH-
HIHBOTO MOBITPS BUKIUKAE 3HauHe minsuiieHHs (1o 100°C i 6inbir) Temre-
paTypu CTpYMOBEIYYHX YaCTHH, IIO y CBOIO Yepry BHKIMKAE HE3BOPOTHI
TIPOIIECH y TBEP/IiH 13011111, 3HIKEHHS 11 MEXaHIYHO1 1 eNeKTPUYIHOI MIITHO-
cti. CijJi 3a3HaYUTH, 110 SKCIUTyaTallis CUJIOBUX €JIEKTPOHHUX anapartis 30-
BCIM He mepen0avaeThCs B yMOBaxX BIUIUBY COHSIYHOI pajiaitii.

Juia cremiB 1 mycTenb XapaKTepHa HAABHICMb 8 ammocgepi abpasug-
Hoeo nicky i nuny. Ocilaloun Ha TOBEPXHi 130JIATOPIB, BIAKPUTHUX CTPYMOBE-
QY4YMX YacTUH Ta eJIeMEHTaX KiHeMaTHUKH, BUKIMKAIOTh MEPEKPUTTS 1307151-
UIHUX TPOMIXKKIB, TOPYIIYIOTh HOpMaJIbHE (DYHKIIIOHYBaHHS PyXOMHUX Ya-
CTHH Ta 3’€THYIOUHX eJeMeHTiB. [t mux MicreBocTel XxapaKTepHi TaKoxX
cwibHi BiTpu (10 30—40 M/c), ipu 1IbOMY BHHHMKA€E MpoOjieMa MeXaHIuHOT
CTIMKOCTI, CTIHKOCTI KOHCTPYKIIIH anapaTis.

[TpuMopChKi palloHN XapaKTePU3YIOThCS HAABHICHIIO MOPCbKOI MPSKU 3
BEJIMKOIO KOHIICHTPAIII€I0 COJIeH, SIKi OCITaf0Th Ha MOBEPXHSIX CTPYMOBEIY-
YUX YACTHH, KOHTAKTIB, 130JIATOPIB, BUKIUKAIOTh MIEPEKPUTTS 13011111, 30i-
JBLICHHS MEPEXiTHOro KOHTAKTHOTO OOy Ta A0JATKOBI BTPATH i T. II.

Cuip Bi3HAYHTH, IO JESKi AeCTaduIi3youi ()aKTOpH He TI0B’s13aHi 3 Ti€r0
KITIMaTUIHUX (DAKTOPIB, ajie CYTTEBO BILUTMBAIOTh HAa (DYHKIIIOHAIBHY CIPOMO-
JKHICTB €JIEKTPUYHMX Ta EIIEKTPOHHUX aIlapartiB, 0 KCILTYaTYIOTHCS Y TIPOMU-
CJIOBHX 30HAX, HA TBAPHMHHUIILKUX PepMax ado y MOOLTEHHX MPUCTPOSIX.

J111st IPOMUICITOBHX 30H, OCOOJIMBO 3 METATYPriiHAM 1 XiMiYHUM BUPOO-
HUIITBOM, XapakTepHO nidsuweruti emicm COz, CipKo8OOHIO Ul IHWUX AKMUG-
Hux 2a3zis. J171s1 TBApUHHULBKUX (hepM XapaKTEPHO NIOSUUEHUT BMICI aMiaK).
JlaHunif YMHHUK 1CTOTHO BIUIMBA€E HA MEPEXiHUI OIip BIAKPUTHX KOHTAKTiB
(HanpuKIIa1, KOHTAKTiB P03’ €IHYBaYa) .
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Destabilizing factors can also be caused by external mechanical
impacts, such as vibrations, shocks, and bumps during transportation, as well
as in operation in mobile aggregates and units, such as planes, ships, and land
transport. Under these conditions, false actuations of the devices,
malfunctions of their mechanical structures can occur; in such cases, the
resonant phenomena are especially dangerous.

Compliance of devices with these requirements is confirmed by external
factor effect testing (including mechanical and climatic tests) [13, 30], as
well as transportation stability test in compliance with Specs for certain
types of the apparatus.

There is another characteristic group of requirements imposed upon
power electric and electronic apparatus. These are requirements refers to the
device construction established by the design documentation. They specify
the availability of auxiliary components of various purposes in the
construction. These components, primarily, directly affect performing by an
apparatus of its functions. Secondly, they reduce the negative impact of
destabilizing factors, as well as ensure safe service, convenience of mounting
and technical maintenance (i.e., ergonomic requirements). Among these, the
following components should be noted:

- components precluding spontaneous unscrewing of threaded
connections(cotter pins, lock nuts, etc.);

- lubricating holes on the components operated with friction;

- protective covers on metallic surfaces;

- termination pads to connect the grounding wire;

- position indicators;

- the possibility to substitute certain details and units of the apparatus
(for example, contact pieces);

- local control, alongside remote one;

- mechanical and electrical interlocking systems for safety maintenance
and repair;

- signaling systems of various purpose;

- connectors for connection of control circuits and so forth.

The compliance of the devices with these requirements is confirmed in
the process of approval tests, in particular, by conducting a visual inspection
and checking the compliance with the assembly drawing, as well as electro-
mechanical testing.

It should be noted that the requirements imposed upon electric equipment
and the corresponding test methods yet are not completely specified, and in
many cases do not take into account wide variety of their operating conditions.
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HecTabini3yroui YMHHUKA MOXKYTh OyTH Tako 00yMOBJIEH] 30BHILIHIMHU
MeXauiyHuMy 6NaueaMuy: BiOpalisiMH, yaapaMH, OIITOBXaMHU IIPH TPaHCIIOP-
TyBaHHI, a TaKOX TIPH poOOTi B MOOITBPHMX arperarax i mpucTposx (Jrrakax,
KOpaOIsIX, CyXOIyTHOMY TPAaHCTIOPTi). Y AaHUX YMOBaX MOXYTb BiIOyBaTHCh
MTOMMJIKOBI CITPAIlbOBYBAHHS allapartiB, MOPYIIEHHS B poOOTI MEXaHIYHOT Yac-
THUHH, OCOOJIMBO HEOE3IEUHI B TAKUX BUTIAJIKaX PE30HAHCHI SIBHIIA.

BinmoBigHicTh amapaTiB UM BEMOTaM HiATBEPIKY€ETHCS MPOBEIEHHIM
sUNpoOY6ansv Ha 0110 306HIUHIX YUHHUKIE (Y TOMY YHUCITI MEXAHIYHUX T KJli-
mamuynux eunpooyeans) [13, 30], a Takox sunpobysans na cmitikicme npu
mparcnopmyearti BianosinHo 10 TY Ha MEeBHI BUIU anaparis.

IcHye me ogHa XapakTepHa Ipyrna BUMOT JIO alapariB — Ii¢ BUMOTH JI0
KOHCTPYKIII amaparta, siKi yCTaHOBIIOIOTHCSI KOHCTPYKTOPCHKOIO IOKYMEH-
Tariero. Bonn mepenbavaroTh HasIBHICTh y KOHCTPYKIIII amapara JOmOoMiXK-
HUX EJIEMEHTIB PI3HOTO MPHU3HAYCHHS, 110 OE3MOCePEIHBO BILIMBAIOTH Ha
BUKOHAHHS TIOKJIAJICHUX HAa HHOTO (DYHKIIIH, 3HIKYIOTh HETAaTHBHUH BILTUB
JecTabiTi3ylounX YMHHUKIB, MMiIBUILYIOTH Oe3TeKy 00CITyroByBaHHS i eKcC-
TUTyaTamii, HaliiHICTh anapara, a TaKoXX eCTEeTHYHI Ta eproHOMIYHI MOKa3-
Hukd. Cepel TAKMX SJIEMEHTIB MOXKHA BiJI3HAYUTH:

— eIIEMEHTH, IO 3amo0iraloTh CaMOBIATBUHYYBAaHHS Pi3bOOBHX 3’€]I-
HaHb (ITUIIHTH, KOHTPTalKy i T. 11.);

— MACTHJIbHI OTBOPY HA TEPTHOBHUX €IICMCHTAX;

— 3aXHUCHI MOKPUTTS HA METAIEBUX [TOBEPXHSX;

— KOHTAKTHI TUTONIAIKH JUTS IPUETHAHHS POBITHUKA, 1110 3a3EMITIOE;

— MOKKYHUKH MTOJIOKEHHS;

— MOYJIMBICTh 3aMiHH OKPEMHX JeTajei 1 By3JiB arapara (HanpuKiIa,
KOHTaKTiB);

— MicIleBe KepyBaHHS MOPS] 13 IUCTAHIIHHAM;

— MEXaHI4YHiI W eNeKTpuuHi OJOKyBaHHS JUIsl O€3MEeYHOro OOCITYTroBY-
BaHHSI i PEMOHTY;

— CUTHAJII3allis PI3HOTO MPU3HAYCHHS;

— po3’eMH TS TAKITFOYEHHS KiJl KepYBaHHSA i T. 1.

BiamnoBigHicTh amapaTiB MM BHUMOTaM MIATBEPIKYETHCS B IMPOLECI
NpUAMalbHO-31aBAIbHUX BUNPOOYBaHb, 30KpeMa NPOBEACHHSIM 306Hil-
Hb020 0271510y Ta nepesipKu Ha 8i0N0GIOHICMb CKIAOANbHO20 KPeCeHHsl, a Ta-
KOX e1eKMPOMEXaniyHux eunpooyean.

Cu1int 3a3Ha4YMTH, 1[0 BUMOTH JIO EJICKTPUYHUX Ta €JIEKTPOHHUX anaparib
1 BIAMOBiAHI iM METOAM BUIPOOYBaHb Ta MEPEBIPOK IIe HE OXOIUICHI Y J10-
CTaTHI! Mipi HOpMaM¥ Ta TEXHIYHHMH YMOBaMH, 1 y 0araThb0X BHIIQJIKaX HE
BPaxOBYIOTb PI3HOMAHITTS YMOB X eKCILTyaTaulii.

70



2. MEASURING SYSTEMS OF TEST SETUPS
AND MEASURING TECHNIQUES

As already noted, the main task of tests and experimental studies is to obtain
quantitative information that characterizes the device under study under
specified influences. Therefore, conducting tests, as well as experimental
research, is almost always accompanied by obtaining measuring information,
that is, conducting electrical, magnetic, thermal, mechanical and other
measurements. Therefore, one of the key elements of any test setup is the
measuring system, which includes a number of components.

2.1 Basic Concepts. A Brief Description of the Measurands

Measuring system is a combination of technical facilities that perceives a
measuring signal and is intended to obtain measuring information.

Measuring information is a quantitative information about the properties
of physical objects (information about the values of physical quantities)
resulted from the measurements.

Measuring signal is a signal that carries information about the value of
a measurand. In most cases, it is some kind of physical process. Its
parameters are one or another function of time.

The value to be measured usually called measurand is a certain
parameter of this process. Therefore, the concepts of measuring signal and
measurand should not be equated. A physical process can be characterized
by many parameters, but in each specific case, we are interested in a certain
parameter of this process, someone physical quantity. In the general case,
the measuring signal is not a measurand. It only carries information about
this one. If, for example, we measure frequency, the input signal of the
measuring device is an alternating electric current, and then the measurand
is, of course, the frequency. In this case, the measuring signal contains the
information about frequency.

In researching and testing electrical and electronic apparatus, highly var-
ious quantities are measured. These are, first and foremost, standard electri-
cal quantities, such as:
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2. BUAMIPIOBAJIBHI CUCTEMMUM BUITPOBHUX
YCTAHOBOK TA METOAU BUMIPIOBAHHSA

Sk Bke 3a3HAYANIOCS, OCHOBHUM 3aBJIaHHSAM BUIIPOOYBaHb Ta €KCIIE-
PUMEHTAIBHUX JTOCHIKEHb € OTPUMAaHHS KUIbKiCHOI iH(opMariii, mo xa-
pakTepusye JOCTIKYBAHUHN amapar Mpu 3aJlaHuX BIUMBax. Tomy mpoBe-
JICHHSI BUIIPOOYBaHb, a TAKOK CKCIICPUMEHTAILHUX JOCHiPKCHb, TPaKTH-
YHO 3aBXKIHM CYNMPOBOJKYETHCS OTPUMAHHSIM BHUMIPIOBAIBHOI iHPOpMAILii,
TOOTO MPOBEICHHAM EIIEKTPUYHUX, MATHITHUX, TETUIOBUX, MEXaHIYHHUX Ta
IHIUX BUMipioBaHb. OTKe, OJTHUM 3 KIIIOUOBUX €JIIEMEHTIB OyAb-KOi BH-
MpoOyBaNbHOI YCTAHOBKU € GUMIDHOBANbHE 00NAOHAHHS, SKE MICTUTh y
€001 HM3KY BUMIPIOBAIbHUX MPUCTPOIB.

2.1 OcHoBHi noHATTs. CTHCIA XapaKTepuCcTHKAa BUMIPIOBAHUX NIapaMeTpiB

Bumiprosanvuuii npucmpiii sSiBIsiE COOO0 KOMITIEKC TEXHIYHUX 3aC001B,
110 CIipUiiMae BUMIPIOBAIBHUN CUTHAJ Ta PU3HAYEHUN JIJIsl OTPUMAHHSI BU-
MIpIOBaBHOT iH(OpMaIIii.

Buwmiprosanvuuii cuenan — e CUTHaIN, SIKAKA Hece iHGopMaIlio mpo 3Ha-
YeHHs1 BUMIpIOBAHOT BETMYMHH. BiH y OLIBIIOCTI BUNIAIKIB € IKUMOCH (i3u-
YHHUM IIPOLIECOM, TAPAMETPH SIKOTO € TOIO UM 1HILIOK QYHKII€0 yacy. Bumi-
prosana eeruduna — 1€ IEBHUH apaMeTp 1boro npouecy. Tomy He ciig oTo-
TOKHIOBATH TIOHSTTSI BAMIPIOBAIBHUI CUTHAII 1 BUMiproBaHa BennunHa. Di-
3UYHMN MPOLIEC MOXKE XapaKTepHU3yBaTHCh OaraTbMa mapameTpamu, ajie y
KO)KHOMY KOHKPETHOMY BHUIAJKy HAac LIKaBUTh MEBHUH Hapamerp LbOTo
npoliecy, Kach ojHa (i3uvHA BEJIMYHHA. Y 3aralbHOMY BHIIQJIKy BUMIpIO-
BaJIbHUIA CUTHAI HE € BUMIPIOBAHOIO BEIMYUHOLO, a HECE JIUIIE iHPOPMAIIifo
PO BUMIpIOBaHY BEIMYHHY. SKIO, HAMPUKIIA]I, IPH BUMIPIOBaHHI 4aCTOTH
BX1JIHUM CHTHAJIOM BHMIiPIOBAJIbHOTO MPUCTPOIO € 3MIHHHUH €IeKTPUYHHUH
CTPYM, TO BUMIPIOBaHOIO BEJIMYHHOIO €, 3BICHO, YacTOTa, iH(OpMaLisl mpo
SIKY MiCTUTBCSI Y BUMIPIOBAIEHOMY CHUTHAJTI.

B niporieci gociimkeHb Ta BUNPOOYBaHb ENEKTPUIHUX Ta EIEKTPOHHHX
amapartiB BUMIpIOBaHiI BeIUUYMHI Ayxe pizHoManiTHi. Lle, y nmepury uepry,
CTaH/IAPTHI €JICKTPUYHI BEIMUNHU:
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- currents in the test circuit and current-carrying parts of equipment in a
wide range of values; from leakage currents in insulation gaps (a few
microamperes) to short-circuit currents (several tens of kiloamperes); the
measurements are performed not only in steady-state, but in transient
conditions including high-frequency (HF) and impulse currents;

- voltages across certain elements of apparatuses and test circuit ranging
from voltage drops across contacts and current-carrying parts (a few
millivolts) to testing and discharge voltages of insulation (several
megavolts); also, in steady-state and transient conditions including HF and
impulse voltages;

- resistances and reactances of certain components of apparatuses and
test circuits in a wide range of values; from the resistance of contacts, cur-
rent-carrying parts up to resistance of insulation gaps;

- powers (energies) generated by the components of electrical and
electronic apparatus; also in a wide range of values in steady-state, transient
and impulse conditions.

Testing and experimental research of electric and power electronic
apparatuses are also related to measurements of a number of electrical
parameters specific for apparatus or testing equipment, such as:

- static and dynamic characteristics of arc discharges, power
semiconductor devices and other components;

- characteristics partial discharges;

- dielectric loss tangent;

- recovery voltage in the test circuit;

- recovery strength and residual (post-zero) currents in the residual arc
(post-arc) space.

Research and testing of electrical and power electronic apparatus are
also related to the measurements of non-electrical parameters:

- magnetic quantities, such as magnetic flux, flux density, magnetic po-
tential drop, etc.;

- thermal quantities, such as temperature, temperature field heat flow,
amount of heat, etc.;

- mechanic quantities, such as travel, speed, acceleration, mechanical
forces, pressure etc.;

- time intervals; for example, response time of an apparatus, duration of
control pulse for power semiconductor device, etc.
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— cmpymu 'y BAIPOOHOMY KOHTYPI 1 CTPYMOBEAYYHX YaCTHHAX anapaTiB
y IIUPOKOMY Jliania30Hi BEJIMYMH: IOYMHAIOYH BiJf CTPYMIB BUTOKY B 13071s-
MIHHUX TPOMDKKaX (OJUHHUIN MIKpoaMIiep) 0 CTPYMIB K.3. (IECATKH Kiioa-
MIIep); IPUIOMY CTPYMH BUMIPIOIOTHCS HE TUIBKH Y CTaJIOMY, alie i y mepe-
X1IHOMY peKUMax, y TOMY YHCI1 IMIYJIbCHI CTPYMU;

— Hanpy2u Ha OKPEMHUX EIEMEHTaxX arapaTiB Ta BUIPOOHOTO KOHTYPY
TaKOX Yy BEJIbMH LIMPOKOMY Jiana30Hi BETUYWH: MOYMHAIOYM BiJ MaJiHHS
HaNpYTrd B KOHTAaKTaX (OJMHUI MUJIIBOJIBT) 10 BUIPOOHUX 1 PO3PSITHUX Ha-
TIPYT i30J1A1ii (OAMHUIII METABOJIBT); Y IbOMY BHIAIKY TAKOK BUMIPIOIOTHCS
K CTalli, TaK 1 mepexiaHi i iIMIyNbCHI HANIPYTH;

— aKmueHi ma peakmugni onopu OKPEeMHX €JIEMEHTIB anapariB Ta BH-
MPOOHMX YCTAHOBOK y IIMPOKOMY Jiara3oHi BEIMYHH: Bil OTIOPY KOHTAKTIB,
CTPYMOBEIyYHX YaCTHH JI0 OTIOPY 130JIALIHHUX MPOMIXKIB;

— nomyscHocmi (enepeii), 10 BUAUIAIOTECS B €IEMEHTaX eNIEKTPUYHUX Ta
EIIEKTPOHHHX arapaTiB y CTAINX 1 epeximHoMy (IMITyJTbCHOMY) PeXKIMax.

HocnimxeHHs Ta BUNpoOyBaHHS €IEKTPUYHUX Ta EJIEKTPOHHUX arapa-
TiB MOB’A3aH1 TAKOX 3 BUBHAUYCHHSIM €JICKTPUYHUX TaPaMETPIB, SIKi € CIICIH-
¢bigyarMHE 17151 anapaTiB a00 BUMIPOOHOTO 00TaTHAHHS:

- crnamuyHi Ta OUHAMIYHI Xapakmepucmuxu eNeKTPOAYTOBUX PO3PSIIB,
CHJIOBHX HAIIIBIPOBITHUKOBUX NPUIIAJIB Ta 1H.;

- Xapaxmepucmuxy 4acmro8ux po3psois,;

- maneenc Kyma Oie1eKmpuyHux empam,

- NOHOGMI08AHA Hanpyea y BATIPOOHOMY KOHTYDI;

- NOHOBMIOBAHA MIYHICMb TA 3ANUUIKOBUL CIPYM Y 3AJTUILIKOBOMY CTOB-
Oypi ayru i 1. .

HocnimxeHHs Ta BUNpoOyBaHHS €IEKTPUYHUX Ta EJIEKTPOHHUX arapa-
TiB TTOB’sI3aHi TaK0X 3 BUMipPIOBaHHSMH HEEIEKTPUYHUX MTapaMeTPiB:

- MAZHImMHUX. MarHiTHUMA TOTIK, MarHiTHA 1HIYKIis, TaJiHHS MarHiT-
HOT'O TIOTEeHLaIy;

- Men106ux: TeMIEepaTypa, KUIbKIiCTh TEIUIOTH;

- MEXaHIYHUX: MBUIAKOCTI, IEPEMIIIICHHS, MEXaHI4HI CHJIH, THCK;

- Yyacosux iHmepeanie: HaIPUKIAJ, Yac CIpalnboBYBaHHS anapara, Tpu-
BAiCTh KEPYIOUOTO IMIYJbCY JUIS CHJIOBOTO HaIiBIIPOBIAHUKOBOTO MpH-
Jajay Ta iH.
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2.2 Structure of Measuring Circuits and Their Components

In a number of cases, measurements of electrical quantities in testing of
electrical and power electronic apparatus do not cause significant difficulties
and can be performed directly with standard instruments. Such cases of
measurements are widely represented in educational literature. However,
experience shows that direct measurement are far from always possible. This
situation frequently take place, at first, due to fact that the magnitudes of the
measurands are either very high or very low, and hence direct measurements
with standard instruments are impossible. Secondly, standard instruments
possess lag effect and so measurements in transient and impulse conditions
are impossible while it is frequently required and very important point.

In addition, it should be noted that as for safety requirements, especially
where we deal with high voltage, measuring (recording) instruments are
usually located at relatively large distance (tens to hundreds of meters) from
the research object. Consequently, there is a problem to transmit the measuring
signal from the object under study to the measuring (recording) instrument
without distortion. Thus, the structural diagram of the measuring system of the
test setup in the general case has the following form, Figure 2.1.

Test

X |Converting | Y | Transmission Recording
. e — e — S
object

device system instrument

Measuring system

Figure 2.1 — General structure of measuring circuit

The input measuring signal X, coming from investigate object 10
(that is its source), is applied to the input of converting device called
usually measuring transducer that converts the input measuring signal
into proportional value Y appropriate for direct measurements. This
signal is transmitted via a transmission system to the input of a standard
instrument named usually recording instrument, which represents this
signal in the form that enable us directly perceive the magnitude and/or
waveform of the measurand.
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2.2 CTpykTypa BUMipIOBaJIbHUX NPHCTPOIB Ta iX eJIeMeHTH

VY 1minomy psizi BUTIAAKIB BUMIPIOBaHHS €JIEKTPUIHIX BEIMIHH MIPH J10-
CIiDKEHHSX Ta BUMIPOOYBAHHSX EIEKTPUYHHX Ta CIIEKTPOHHUX anapartiB HE
BUKJIMKAIOTh ICTOTHUX YCKJIaJHEHb 1 POBOAATHCS Oe3M0cepeIHO CTaHAAP-
THUMH BHMIipPIOBATEHIMH TpHIagaMu. MeToIu BUMIpIOBaHb 3a X J0ITOMO-
rOI0 IIMPOKO OMUCaHi y HaBUaNbHIN JiTepaTypi. OAHaK, K MOKa3aja Mmpak-
THKa, Oe3MocepeHi BHUMIPIOBAHHS MajJeKo HE 3aBkAu MOXIuBi. lle
OB’ s13aHO, HacaMIIepel, 3 BeIMIYMHAMHU BUMipIOBaHUX MmapameTpiB. 11i Be-
JUYUHHA MOXKYTh OyTH a00 IyKe BEIIMKUMH a00 AyKe MaJIMMH, TOMY iX BH-
Mip HEMOXKJIUBO 3MIMCHUTH CTaHIAPTHUMH BUMIipPIOBAILHUMHE TPHJIaTaMH.
[lo-npyre, cTaHgapTHI BUMIpIOBABHI PUIIATH, K IPABIIIO, MAIOTh 3HAYHY
IHEpIIHHICTh, TOOTO HE MPUCTOCOBAHI JUIS TOCIIPKEHHS MEePEXiIHUX MPO-
1IeCiB, BUMIPIOBAHHS IMITyJTbCHUX BEJIMYUH.

Kpim toro, ciin 3a3Ha4NTH, 0 3 MipKyBaHb OE3MEKH y BUCOKOBOJIBT-
HUX BUIPOOHHMX YCTAaHOBKAX BHUMIipIOBalibHI (PEECTpYBalbHI) MPUIAAH, SIK
MPABIJIO, PO3TAIIOBYIOTHCS HA BiTHOCHO BEITMKOI BiJICTaHi (ECATKU-COTHI
METpIB) BiA AOCHiKyBaHOTO 00’ ekTa. OTXKE, BUHUKAE TpoldiieMa mepeaadi
BUMIPIOBaJIBHOTO CHTHAJY BiJl JOCITIDKYBAaHOTO 00’€KTYy 10 BUMIipIOBAJb-
HOTO (peecTpyBaIbHOI0) MpHiIaay 6e3 CioTBOpeHb. TaKUM YHHOM, CTPYKTY-
pHa cxeMa BHUMIPIOBAJILHOTO TPHCTPOIO BUIPOOHOI YCTAHOBKH y 3arajb-
HOMY BUTIQJIKy Ma€ HACTYITHUHN BHUIJISA, puc. 2.1.

0 Jlinis nepenaui PII

BumiproBajbHuH NpUCTpil

Pucynok 2.1 — CTpyKkTypHa cXeMa BHMipIOBaJIBHOTO MPUCTPOIO

BumiproBansauii curnan X Bix gociimxyBaHoro o6’exry O (to6to
Horo Jpkepelia) HaIXOAWTh Ha BXiJ BUMIPIOBaJILHOIO HepeTBoproBaya BII,
SIKM 3/T1HCHIOE IEPETBOPEHHS BX1THOT'O BUMIPIOBAIILHOTO CUTHATY Y O1ITBII
3py4yHHii Ui Oe3nocepenHporo BuMiproBaHHs Y. Lleit curnan nepegaerses
yepes JIHII0 Tiepeiadi i MoJaeThCs Ha BXiJ] BUMIPIOBAIILHOTO (PEECTPyBallb-
Horo) npunany PII. PeectpyBanbuuii npuiaa Hajgae ioro y hopmi, ska J1o-
3BOJISAE JOCIIHUKY Oe3MocepeIHbO CpUiMaTH 3Ha4eHHsI Ta/a00 4acoBy Ai-
arpamy BHMipIOBaHOI BEJTHYMHH.
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Transmission system. In measuring signals, which is time-invariable
or slowly time-variable, the so-called bifilar (i.e., two wires twisted
between them) is usually used as a transmission system. In the case of
measuring high frequency or high-rate changing signals, the transmission
system is usually a high-frequency cable of coaxial shape. It consists of a
core (thin copper conductor) and shell (braided wire shield), the space
between them is filled with a dielectric. In certain cases for the purpose to
eliminate fully disturbances and reliably shield against extraneous fields,
the shell is made of corrugated metal tube.

The transmission system parameters must be matched with the
parameters of the measuring signal source or recording instrument.
Otherwise, when the measuring signal changes with a high rate, repetitive
reflections of the propagating voltage wave will occur in the transmission
line that lead to considerable distortions of the measuring signal. To mitigate
the distortions generated, a matching resistors Rm are applied in measuring
systems. There are two variants of matching. Figure 2.2a shows the matching
carried out from the instrument side. Figure 2.2b shows the matching carried
out from the side of the measuring signal source.

a) b)
Zine R, Rn  Zine

Figure 2.2 — Measuring system with matching resistor:
a) near the recording instrument; 6) near the signal source

The measuring system contains measuring signal source u(t) with inter-
nal resistance Rs, the transmission system (high-frequency cable) with wave
impedance Ziine, as well as recording instrument RI. To preclude the distor-
tions, it should be fulfilled the following equality: R,, = Zjine, under condi-
tion: Zg; > Zjine (for the variant shown in Figure 2.2a) or Z; < Zjpne (for the
variant shown in Figure 2.2b).

In present day test setups, fiber optical link including usually a
transmitter, an optical cable and a receiver with an amplifier may be also
used as a transmission system.
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Jlinis mepemaui. [Ipy BUMIpIOBaHHI IMOCTIHHUX CUTHAIB a00 CHTHAIB,
SK1 3MIHIOIOTECS Y Yaci MOBLIBHO JIHIEIO TIepeaadi Moxe 0yTu Oiginap (nBa
CKpPYYEHHUX MiX c000I0 mpoBinHKKa). [Ipy BUMiproBaHHI BUCOKOYACTOTHUX
CUTHAJIIB 200 CUTHAIIB, SIKi IBUJIKO 3MIHIOETHCS JIiHIs TIepeayl 4acTill 3a Bce
SIBIISTE COOOI0 BucoKowacmomuull kKabeib KOaKCiambHOI (JOpMH, IO CKJIama-
€TBCSI 3 JKWIM (TOHKHAN MiITHUH MTPOBITHUK) 1 0OOJOHKH (IIPOTOBA IUICTIHKA).
VY neqkux BHMaIKax il TOBHOTO YCYHEHHS CLIOTBOPEHD 1 HAIMHOTO eKpaHy-
BaHHSI BiJ] 30BHIMIHIX ITOJIiB 000JIOHKA BUKOHYETHCS TO(POBAHOIO METAIEBOIO
TpYOKOIO, IPOCTIp MiXK HIMH 3aIIOBHEHO J1ETIEKTPHUKOM.

[Mapamerpu miHil nepeaayi BUMipIOBAJIILHOTO CHTHANy MOBUHHI OyTH
Y3rOJKEHi 3 TTapaMeTpaMu JpKepelia CHTHaly a00 peecTpyBalIbHOTO MPH-
nmagy. Y TMpOTHUIIEKHOMY BUTAIKY TPH IIBHIKIM 3MiHI y 4aci BUMipoBa-
HOTO CHTHaJy OyJie CIOCTepiraTuch 0araTokpaTHE BiJIOWBAaHHS XBUJI Ha-
npyry, sike OyAe BHKIWKATH 3HAYHE CIIOTBOPEHHSI BUMipPIOBAIBHOTO CHT-
Haiy. JlJis yCyHeHHs] BHHUKAIOUNX CIIOTBOPEHD Y BUMIPIOBATbHUX CXEMax
3aCTOCOBYIOTBCS T.3. ¥32000/Cy8abHi pe3ucmopu. ICHye nBa BapiaHTH y3-
ropxeHHs. Ha puc. 2.2, a HagaHa cxema, Jie y3TO/PDKCHHS 31IMCHIOETHCS Ha
KiHmi minil nepenadi. Ha puc. 2.2, 6 HagaHa cxeMa, Jie y3TOKeHHS 3/iic-
HIOETHCA Ha MTOYATKY JiHIT mepenadi.

a) 0)

Z Z
Ru e Ru R, o
— Al _\

ORs R
=

O O

U
=
=
u(t)
U
=

Pucynok 2.2 — BuMiproBaibHa cxeMa 3 Y3roKyBAIEHIMU PE3UCTOPAMH:
@) Ha KiHIi KabeIo; 6) Ha MoYaTKy Kabesro

Cxema MICTHTh DKEPEI0 BUMIPIOBaIbHOTO cUrHaiy U(t) 3 BHYTpIilIHIM
oropoM Ry, BUCOKOUACTOTHUIT Kabellb 3 XBUIIBOBUM OIOPOM Zy, PEECTPYBa-
neaui npunag PII i ysromkyBansauit pesuctop Re. st ycyHeHHS crioTBO-
peHb HeoOXimHo, 1o R. = Z, nipu Zpy > Z, (Ang cxemu, 110 HaJaHa Ha
puc. 2.2a) abo Z, < Z, (ms cxemu, 110 HajlaHa Ha puc. 2.20).

VY cyuacHHX BUNPOOYBaJbHUX YCTAHOBKAX JIIHIEIO ITepeadi BUMipioBa-
JLHOTO CUTHAy MOXK€ OYyTH TakoX ONTHYHA JiHisf, sIKa 3a3BHUYail MiCTUTh
nepeaBay, ONTOBOJOKOHHHUI KaOesb 1 mpuiiMad 3 MmiICHUITIOBaYCM.
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Recording instrument is a means of measurements generating an
output measuring signal in a form that enables to perceive directly the
magnitude of the measurand by an observer. The recording instrument is
usually a standard instrument, for example, a digital voltmeter (for the
measurements in steady state conditions). For the measurements in transient
conditions, as well as registration of impulse and high frequency signals, a
peak reading voltmeter or remembering oscilloscope is usually used as the
recording instrument. Now two types of remembering oscilloscopes are
mainly used in test setups:

1) Cathode-ray oscilloscopes (CRO) (i.e., oscilloscopes with an
electron-beam tube). Their operation consists in irradiating a phosphor-
coated glass screen with a beam of electrons. Under the action of the plates
of horizontal and vertical deflection, the electron beam moves along the
screen causing fluorescence of the screen. The electron-beam tube of the
remembering oscilloscope has a main cathode, which receive the signal, and
one or more auxiliary cathodes producing a stream of electrons that scatter
over the entire screen.

Modern CROs are mainly controlled by microprocessor devices, which
enables us to calculate individual characteristics and display the values of
measurand in digital form, as well as use them for recording and further
analysis. Although most instruments are monochromatic, color-imaging
oscilloscopes are in use more and more.

Most modern CROs are capable to receive two or more input signals and
display simultaneously them. This is achieved both by splitting the main
beam and by using a multi-beam electron tube. The sensitivity of cathode ray
oscilloscopes ranges from a few millivolts to 100 V/cm; therefore, in
measuring high-voltage, the measuring signal is usually applied to it via a
measuring transducer.

2) Digital oscilloscopes. Their distinctive feature is the presence of an
analog-to-digital converter. Its main component is a converting tube, which
is a combination of two electron-beam tubes placed in one housing: one of
them records and the other memorizes. Between them is a target screen
consisting of a matrix of closely spaced semiconductor diodes manufactured
using the same technology as integrated elements. When the recording in
progress, high-energy electrons produce electron-hole pairs in the diodes,
which leads to triggering the diodes irradiated.
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PeecTpyBanbHuuii mpuiiag sBiasie cob0r0 BHUMIPIOBANBHAN 3acil,
KWW Ha BUXOJII BUJAa€ CUTHAN Y (hOpMI, IO JO3BOJISIE CIPHHMATH CIIOCTE-
pirauy Ge3nocepelHbO BETMYMHY BUMIpPIOBAHOI BeIMYMHU. PeecTpyBaib-
HHUM INIPUCTPOEM Y BUMIPIOBAJIbHUX HPUCTPOSIX, SIK IPABUIIO, € CTAHAAPT-
HUI BHUMIpIOBANBHUN TpWIAJ, HANPUKIAA, OUPPOBHHA MiTiBOJIBTMETD,
SKIIO BUMIPIOBaHHSA 3I1HCHIOIOTECS y cTamomMy pexumi. [Ipu BuMiproBan-
HSIX Y TIepeXiJHUX PeXUMax, peecTpamii iMIyJIbCHUX HAlpyT 1 BUCOKOYAc-
TOTHUX CHUTHAJIB PEECTPYBAIbHUM HPUIAIOM €, SIK IPABUIIO, MIKOGULL
sonvmmemp abo ocyunozpagh 3 3anam’amosyeannsm. Y HHUHIIIHIA 4ac y
BAMPOOHMUX YCTAaHOBKAX HAWOINBII YacTO BHKOPHUCTOBYIOTH JBa OCHOBHI
pizHOBUAM ocuuiorpadis 3 3amam’ ITOBYBaHHSIM:

1) Enexmponno-npomenesi ocyunozpagpu (ocumnorpadu 3 eIeKT-
POHHO-TIPOMEHEBOIO TPYOKOIO0). IX po6OTa 3acHOBAHA HA MPUHIIMITI OIPOMi-
HIOBaHHS MTOKPUTOTO JIFOMIHO(OPOM CKIISTHOTO €KpaHy ITydKOM €JIEeKTPOHIB.
[Mepeminnyrourch 1O €KpaHy Mij] BIUIMBOM IUIACTHH TOPU30HTAJIBHOTO U BEP-
THUKAIBHOTO BiAXUIICHHS, IIPOMIHb BUKITUKAE (MITFOOPECIeHIIII0 eKpany. Enex-
TPOHHO-TIPOMEHEBA TPyOKa ocuuiiorpada 3 3amam’STOByBaHHSIM Ma€ OCHOB-
HUH KaToJl, KyJH HaJXOAUTh CUTHAJ 1 OIMH 200 JEKUIbKa JOMOMIKHUX KaTO-
B 3 IIOTOKOM €JIEKTPOHIB, III0 PO3CIIOIOTHCS HA BECh EKpPaH.

Cy4acHi elIeKTPOHHO-TIPOMEHEBI OCIHIOrPady KepyIOThCs MEPEBAXKHO
MIKPOTMPOLIECOPHIMHU IIPUCTPOSIMH, IO T03BOJISIE PO3PAXOBYBATH OKPEMi Xa-
PaKTEPUCTUKY 1 BUBOAUTH y M(pOBili PopMi 3HaAUCHHSI BUMIPIOBAHUX Be-
JIMYUH Ha €KpaH 1 BUKOPUCTOBYBATH X JUIS 3aMUCY 1 MOAAIBLIONO aHAJI3Y.
X o4 OUTBIIICTD MPHUIIAIIB € MOHOXPOMATHYHUMH, BCE OUIBII ITUPOKE BUKO-
PHUCTaHHS 3HAXOAATH OCUMIOTpadgu KOILOPOBOro 300payKeHH.

Binburicte cydacHHX MPUIAAIB CIIPOMOXKHI MPUHAMATH 110 JBa 1 OlibIie
BXIJIHUX CHTHAJIIB TPH OAHOYACHOI 1X JAeMOHCTpalii Ha ekpaHi. Lle gocsra-
€THCS SIK MUISIXOM PO3ILICTUICHHS OCHOBHOTO MPOMEHIO, TaK i 3a JIOTIOMOTOI0
OaraTonpoMeHeBoi eNeKTPOHHO-IIPOMEHEBOI TPYOKH.

UyTiauBiCT €EKTPOHHO-NPOMEHEBHX OCLIUIOrPadiB CKIAAE Bijl Mili-
BouibT 110 100 B/cM, ToMy mpu BUCOKOBOJIBTHUX BI/IMlpIOBaHHHX CUTHAJI 10
HBOT'0, SIK PABHUJIO0, HAJAXOUTh Yepe3 BUMIpIOBaJIbHUHN ITEPETBOPIOBAY.

2) Hugpposi ocyunozpagpu. BimMiHHOIO IX PUCOIO € HASBHICTH aHANOrO-
mposoro nepersoproBada (ALIT). Moro ocHOBHHM eeMEHTOM € TIEpeTBO-
proBajibHA TPYOKa, 110 MpEeACTaB/sie COO0 KOMOIHAINIO JBOX EJICKTPOHHO-
NPOMEHEBHX TPYOOK, PO3MILIIEHHX B OAHOMY KOPITyCi: OZIHa 3 HHX 3aIliCYE, a
iHIIa 3aHaM’;{TOBye Mix HUMH PO3TAIIOBYETHCS CKPAH- -MiIlIeHb, 10 CKJIaia-
€TBbCA 3 ManI/II_Il LIIBHO PO3TAIOBAHKX HAMIBIPOBITHIKOBUX JIOIIB, BUTOTO-
BIICHHX 3a TI€] )K TEXHOIIOTI€O0, IO if IHTerpaIbHi eNeMEHTH. Y NPOLIECi 3amucy
€JIEKTPOHHU 3 BHCOKOIO €HEPri€l0 CTBOPIOIOTH y AI0AaX eJeKTPOHHO-AIPOYHi
TapH, 110 MPUBOIUTH JI0 BIJIMUKAHHS OIIPOMIHEHHX JI10/IiB.
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The main advantage of digital oscilloscopes is first a higher recording
speed, which is limited by the sampling frequency of the converter. The
result is represented in a digital form suitable for computer processing, which
enables to automatize the technique of conducting tests and correct
systematic measurement errors in transmission of the signal. A digital
oscilloscopes can store information for a long time in its digital memory,
operate with a constant cathode ray tube refresh time, providing a bright
image even at very high rate of change of the signal. Unlike an analog
oscilloscope, which begins to accumulate information only after a start pulse,
a digital oscilloscope can provide the pre-start operation.

Peak voltmeters are extensively used in experimental and test setups as a

VD recording instrument to measure amplitude
P Py values of AC and impulse voltages. The
Uy C_L |y measurement of the voltage peak is more of

interest since the occurrence of partial

discharges or the breakdown is mainly

Figure 2.3 — Simplest circuitof ~ governed by just this quantity. The simplest

impulse peak-voltmeter circuit to measure the impulse voltage
amplitude is shown in Figure 2.3.

The main component of the peak voltmeter is a measuring capacitor C
that is charged via a rectifier VD from a measuring signal usually outgoing
from a converting device. In most cases a voltage being measured U;(t) is
applied from low-voltage arm of capacitive voltage divider (see subsection
2.5). As the measured voltage decreases, the voltage across the measuring
capacitor U(t) remains practically constant. To minimize leakage and its
magnitude is recorded with a convenient electrostatic voltmeter PV. The
measurement of amplitude value of HVAC is made by the measurement of
the current passing through the measuring capacitor, since its value is
proportional to amplitude of the measured voltage. In present day HV
laboratories digital peak voltage meters are used.

Nowadays, digital recorders are employed more and more in test and
experimental setups. Their base is industrial computer with the advanced
digital signal processing and special software tools.

81



OcHoBHOIO TiepeBaroro nudpoBoro ocumiorpada €, mo-nepi 3a Bce,
OB BUCOKA IIBUKICTB 3aIHCY, SIKa 0OMEXY€EThCS YaCTOTOKO TUCKPETU3aIlii
ALTI. PesynpraT BumaeTscs B 1udpoBiit hopmi, MpuaaTHOT TSI KOMI FOTEP-
HOTO ONpaIOBaHHs, IO A03BOJISAE aBTOMATU3yBaTH TEXHIKY POBEICHHS BU-
npoOyBaHb, CKOPETYBATH CUCTEMAaTHU4HI MOXUOKHM BUMIPIB MPH Mepeaadi CHr-
Hairy. L{udpoBuii ocimiorpad Moxke HeoOMeXeHO TOBro 30epiraTu iHpop-
Mallifo y cBOil HUQPOBiii mam’Ti, MPaLOBaTH 3 MOCTIHHUM YacOM ITOHOB-
JIEHHsSI eNeKTPOHHO-TIPOMEHEBOI TPYOKH, 3abe3medyroun sicKpaBe 300pa-
JKEHHS HaBITh MPH AYXKe BENWKHX MIBUAKOCTAX cUTHamy. Ha BimMiHy Bifg
aHaJoroBoro ocuuiorpada, SKH MOYMHAE HAKONMYYBaTH iH(pOpMALio
JIUIIIE TTICISI TIYCKOBOTO iMITyJNbCY, MU(POBHI 3AaTE€H MPALIOBATH Y PEXUMI
MOTIEPEIHBOTO 3aITyCKY.

Ilikogi (amnnimyoni) eonvmmempu JOCUTH YaCTO BUKOPUCTOBYIOTHCA B
eKCIEePUMEHTAIBHIX Ta BHIPOOYBAJTEHHUX YCTAHOBKAX SIK PEECTPYIOUHMHI MPH-
Tz U1l BAMIpIOBaHHS aMILTITY/THUX 3HAUYeHb 3MiHHOTO Ta IMITYJIbCHUX HATPYT.
BuzHaueHHsT aMITTiTyJHOTO (TIIKOBOTO) 3HAUEHHST HAMPYTH BUKITUKAE 3HATHHUN
iHTEpec, 00 BUHUKHEHHS 9aCTKOBOTO PO3psiay abo0 mpobiil BU3HAYAETHCS caMe
1i€ero BearurHOW. Haiinpocriia cxema mKoBOro BOJILTMETPA 1Sl BA3HAYCHHSI
aMIDTITY/IM IMITyJThCHOI HaNIPYTH HajlaHa Ha puc. 2.3.

VD OCHOBHHUM €JIeMEHTOM ITiK-BOJIbTME-
N Tpa € T.3. BUMIPIOBANbHULL KOHOEHCAMOp

2 |7l PV o
C C, KW 3apsKAETHCS Yepe3 BUMPSIMILTY
U == |Ux(®) VD BiJ BEUMIpIOBAILHOTO CHUTHAILY, SKHIA,
SIK TIPAaBUJIO, HAJIXOJJUTH BiJl BUMIPIOBaJIb-
° HOT'O NIepeTBOpIoBaya. Y OUIbIIOCTI BUMA-
Pucynoxk 2.3 — Haiinpocrima cxema AkiB BumipioBara Hanpyra Us(f) 3HIMa-
iMITYJTBCHOTO MiK-BOMBTMETpa €TbCS 3 HM3BKOBOJIBTHOTO TIIe4a €MHic-

HOTO JIUTbHUKA HANpyTH (IUB. ITiIPO3IiT
2.5). Ilpn 3HWKEHHI BEMIpIOBAaHOT HANPYTH HANpyra Ha BHMipIOBAILHOMY
koniercaropi Ua(t) ocTaeThest MpakTHIHO HE3MIHHOKO. 3 METO0 MiHiMizaril
BUTOKY MOTO BeTTMYHHA (DIKCYETHCS BOMBTMETPOM PV elekTpocTaTiiHOi chc-
Temu. [Ipy BUMIpIOBaHHI aMILTITYIHOT'O 3HAYEHHS 3MIHHOI CHHYCOiTalTbHOT
Harpyrd BUMIPIOIOTH CTPYM, IO T€Ye Yepe3 BUMIPIOBAILHUN KOHIEHCATOP,
OCKIJIbKM HOT0 BEJIMYMHA MPOIOPIiHHA aMIUIITYi HApyrd, 00 BUMIPIO-
€TBCS. Y cydacHHUX JIabopaTopisix BHCOKOI HAapyr' BUKOPHCTOBYIOThH LU}-
POBi BUMipIOBaui MMiKOBOI HAIIPYTH.

B ocranHi# yac y BUIPOOHUX YCTAHOBKAX BCE YaCTIIIE JJIs peecTpartii
BUMIpIOBAJIbHUX CUTHANIB BUKOPUCTOBYIOTH YUDPOGI peccmpy8anvhi npu-
cmpoi Ha OCHOBI MEPCOHATIBHUX KOMIT IOTEPIB 3 CY4aCHOIO CHCTEMOIO ITU(]-
POBOT 0OPOOKH CUTHAIIIB 1 BIAMTOBITHUM MPOTPAMHUM 3a0€31ICUSHHSIM.
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Digital recorders offer a number of advantages compared to analogue
ones. The recorded data is available in digital form, can be evaluated
automatically with a computer or with a built-in processor, and can be
directly used in test reports. The use of mathematical procedures like Fourier
transformations, filtering, neuronal networks, genetic algorithms, fuzzy
logic, etc., allows further evaluation of the recorded data for a better
judgement of the test results and for diagnostic.

A distinctive feature of digital recorders is the discreteness of recording
because of that a high-frequency signal may not be recorded, which is their
disadvantage. Therefore, the sampling frequency of the recorder must be
much higher than the signal frequency. It should also be noted that digital
recorders require careful shielding from electromagnetic interference.

A simplified block diagram of a digital recorder is shown in Figure 2.4 [20].
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Figure 2.4 — Simplified block diagram of a digital recorder

A voltage attenuator (divider) is installed at the input of the recorder,
which reduces the voltage to the level normally used in a digital instrument
(usually 2 V). This is followed by a low-noise amplifier, an analog-to-digital
converter, a memory unit, and an industrial computer. A control unit (micro-
controller) serves for the adjustment of the input sensitivity as well as for
controlling the various units for signal processing, acquisition and data
storage. The industrial computer runs with a specific software package
capable for both the acquisition of the stored raw data and the visualization
of the time-dependent input signal.
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Hugposi peeccmpysanvhi npucmpoi MaroTh HU3KY TEpeBar y mopie-
HSIHHI 3 aHAJIOTOBMMHU CHUCTEMaMHd. Pe3yibTaTH BUMIpIOBaHb HAJAIOTHCS Y
IUQPOBOMY BHIVISAAI 1 OOpOONIOIOTHCS ABTOMAaTHYHO 3a JOIOMOTOI0
KoMIT'10Tepa abo BOYIOBAaHOTO MpoLecopa 1 MOXKYTh 0e3MocepeAHbO BUKO-
PHUCTOBYBAaTHUCh Y MPOTOKOJIAX BUIIPOOyBaHb. BukopucTaHHS MaTeMaTHy-
HOTO amapara, 30kpeMa neperBopeHHs Dyp'e, dinbTpauis, HEHPOHHI Me-
PEXi, TEHETUYHI aNTOPUTMH, HEYiTKa JIOTiKa i T. J., I03BOJSE MPOBOJUTH
O1ITBIII TOYHY OILIHKY pe3yJIbTaTiB BUMPOOYBaHb Ta JiarHOCTHKH.

BigminHOIO 0cOOMMBICTIO IM(POBUX MPUCTPOIB € AUCKPETHICTH BUMi-
PIOBaHb, BHACIIIOK YOTO BUCOKOYACTOTHUH CUT'HAJI MOXKE OyTH HE 3apeecT-
pOBaHMUH, IO € iX HeAomiKoM. TOMy YacToTa AMCKpPETH3AIlil MPUCTPOIO IO~
BHUHHA OYTH 3HAYHO BUIIOIO 3@ 4YaCTOTY CUTrHay. Cilijl TAKOXK 3a3HAYNTH, 110
IUQPOBI peecTpyBalbHI NMPUCTPOI MOTPEOYIOTh PETENBLHOTO €KpaHyBaHHS
BiJl €JICKTPOMATHITHUX MTEPEIIKO/I.

Ha puc. 2.4. naganuii ouH 3 BapiaHTIB OJ0K-CXeMHU ITUPPOBOTO PEECT-
pyBanbHOTrO TipucTporo [20].

AreHiarop Anajioro-undgpopmit IIpomucioBuii baok
IMincnmoBay  neperBopioBay baok nam’ari Turepdeiic KoMI'10Tep BisyJrizanii

. )
Bxiz _._. T w e H e S

- I 1 1

I B0k KepyBaHHS ]-

Pucynok 2.4 — CripoeHa 6J0K-cxema (POBOTO PEECTPYIOUOTO TIPHCTPOIO

Ha Bxoi mpuCTpOI0 BCTAHOBIIEHO aTEHIOATOP (IUTHHUK) HATIPYTH, STKAN
3HIKYE HAIPyTy J10 PiBHS, SIK€ BUKOPUCTOBYETHCS Y HU(PPOBUX MPUCTPOSIX
(3a 3Brwaem 2 B). Jlani fiayTh MalonryMHHAHN ITiCHITIOBAY, aHAJIOTO-ITU(PO-
BUH MepeTBOpIoBay, OJOK MaM'sTi Ta MPOMHUCIOBHI KoMIT'toTep. biok kepy-
BaHHs (MIKPOKOHTPOJIEP) CIYTye JUISl PETYJIIOBAHHS BXiAHOI YyTJIMBOCTI, a
TaKOX ISl KepyBaHHS PI3HUMHU OJl0KaMu 0OpOOKU CUTHAIIB, 30MpaHHS Ta
30epiranHs gaHux. [IpoMHICIOBUI KOMITIOTED MPAIFOE 31 CIIeiAILHIM MPO-
rPaMHUM [AKETOM, 1110 3a0e3meuye 30UpaHHs JaHUX, a TAKOXK Bi3yali3alliio
YaCOBHX JliarpaM BXiJIHOTO CUTHATY.
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2.3 Measuring Transducers: Classification and Basic Performances

A measuring transducer is a mean of measurements intended to convert
an input measuring signal (i.e., the value being measured) into an output signal
convenient for further conversion, transmission, computer processing or
storage, but unsuitable for direct perception by an observer.

In general, a measuring transducer, like any other measuring facility, can
consist of several converting components. Each of them transforms the
measuring signal. The converting component, which directly perceives the
measured value, is a sensitive component usually called sensor.

As differentiated from a converting component, a transducer, as a mean
of measurements, is usually made as an individual independent unit having
specific metrological performances (accuracy rating, etc.). Along with the
term measuring transducer, the term sensor has become widely used.
However, these two terms should not be equated. A sensor is usually called
a constructively completed device, which for measurements is placed
directly in the zone of the object under investigation, and performs the
function of a measuring transducer.

Nowadays, there are many types of transducers; they have different
principles of operation and applications. It should be noted that a generally
accepted classification of transducers has not been developed to date. There
are several individual approaches to their classification, which have both
advantages and disadvantages.

Transducers are first distinguished according to the type of input and
output quantities. From this standpoint, there are transducers that convert:

- electrical quantity into electrical one, when both the input and output
guantities are electrical quantities; such transducers convert either the
magnitude of an electrical parameter (instrument transformers, voltage
dividers etc.), or an electrical quantity of one type into an electrical quantity
of another type (shunts, additional resistors, etc.);

- non-electrical quantity into non-electrical one: such transducers
also can be converters of the magnitude of one or another parameter
(levers, gears etc.) or converters of the input quantity type (cantilevers,
membranes, springs etc.);
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2.3 BumipoBajbHi neperBopioBayi: kiacudikauis, ocHOBHI
XapaKTepHCTHKH

Bumiprosanvuuil nepemeoprosau (BI1) — uie 3acib BUMiprOBaHb, PU3HA-
YeHU A7 IEpEeTBOPEHHSI BXiJHOIO BUMIpPIOBAIBHOTO CUTHANTY (BUMipIOBa-
HOI BETMYMHN) Y BUX1IHUH CUTHAI, OUTBII 3pydHUI IS TTIOJANBIIIOTO TIepe-
TBOPEHHS, TIepeaadi, KOMIT I0TepHOi 00poOKu abo 30epiranHs, ajie Hempuaa-
THHH 17151 0€3M0cepeHbOr0 CIPUHHATTS CIIOCTEpirayeM.

VY 3aranmsHOMY Bunanaky BII, sk 1 Oyap-akuii iHIIwiA 3aci® BIMipIOBaHb,
MO>KE CKJIQIaTUCh 3 ICKUTBKOX NepemaoplosalbHUX eiemMenmis, y KOKHOMY 3
AKUX BiZIOYBA€THCS OJTHE 3 MOCIIJOBHUX MEPETBOPEHb BUMIPIOBAILHOTO CHT-
Haiy. [lepeTBOproBasIbHIIA €JIEMEHT, KUK Oe3MocepeHbO CIpUMAae BUMI-
PIOBaHY BEIIMUNHY € YVIAUBUM e/IeMEHINOM.

Ha Bigminy Bix nmepetBoproBansHOro exementa, BII sik 3aci® Bumipro-
BaHb Ma€ HOPMOBAHI METPOJIOTIUHI XapaKTEPUCTUKH 1 BUKOHYETHCSI 38 3BH-
94aeM y BUIIIAII OKPEMOT0 HEe3aJIS)KHOT'O TIPUCTPOIO TIEBHOTO KIIACy TOYHO-
cti. [lopsia 3 TepMiHOM GuMipIo8anbHUL nepemBopiosay, IUPOKE PO3MOB-
CIOJDKEHHS Ha0yB TepMiH damuux. [Ipore, He CTij, OTOTOKHIOBATH I1i J[Ba
TepMiHH. JJaTYMKOM 3a 3BUYa€EM HA3MBAIOTh KOHCTPYKTHBHO 3aBEpPLICHUIT
MPUCTPIiN, IKUI PO3MINIYETHCS B MPOLIECI BUMIPIOBaHb 0Oe3MOCEPETHBO B
30H1 JOCIIKYBaHOTO 00’€KTa, 1 BUKOHY€E (PYHKIIIF0 BUMipPIOBAIBHOTO Tie-
peTBOprOBava.

VY Ham yac icHye OaraTo pisHoBuaiB BIl, BOHM MatOTh pi3HUIA MPUHIKI
Qi 1 mpu3HaveHHs. CiliJl 3a3HAYUTH, 1O J0 CHOTOJIHI 3araJIbHOIIPUIHSATA Kila-
cudikarrist BIT ve po3po0ieHa. IcHye Jekinbka iHIUBIIyaIbHUAX MiIXO/IB JI0
knacudikarii BII, siki MarOTh SIK IO3UTHBHI, TaK 1 HETaTHBHI CTOPOHH.

B 3anexxHoCTi Bif poay BXinHOI i BuXigHoi BenmuuH BII migpo3ainstoTs
Ha TaKi rpyImy, 0 BiIOBIIHO 3/1iHCHIOIOTh IIEPETBOPEHHS:

— eNeKMPUYHUX BeTUYUH 8 eNeKMPUYHI, B SKUX BXITHUMH 1 BUXIJTHUMUA
BEJIMYMHAMH € €JICKTPHYHI BennunHN; Taki BI1 31ilCHIOIOTH epeTBOpeHHS
PO3MIpY MEBHOI eIEKTPUYHOI BEIMYMHHU (BUMIPIOBaIBHI TpaHCc(hOpMAaTopH,
JTUIBHUKY CTPYMY 1 HanpyrH), ab0 eJEKTPUYHOT BEJIMYMHN OJJHOTO BHIY Y
BEJIMYMHY 1HIIOTO BUAY (LUIyHTH, 1OJJATKOBI OTIOPH).

— HeeleKMPUYHUX 6CeTUYUH 68 HeeleKmpPUYH, B SIKAX BXI/IHI 1 BUXIIHI Be-
JYUHH € HEeNEKTPUIHUMHE;, BOHU TaKOX MOXYTh OyTH TIepeTBOPIOBaYaMH
PO3MIpY TOT UM iHIIOI HEeEeKTPUUHOI BEJIMUMHU (BaKeNi, peayKTopH) abo
BULY BX1IHO1 BETMYMHH (KOHCOJIi, MeMOpaHH, IPY>KWHU Ta 1HII1 TPYy>KHI Me-
XaHIYHI IEPETBOPIOBAYI).
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- electrical quantity into non-electrical one: the main group of these
transducers is referred to measuring mechanisms of direct conversion
electromechanical devices, where input electrical quantity is converted into
the travel of the indicator (pointer); another group is referred to the so-called
reverse converters used in the feedback circuits of complex transducers;

- non-electrical quantity into electrical one: this variation of transducers
is the most numerous and various; this is explained, from the one hand, by
the multiplicity of non-electrical quantities and, from other hand, by the
advantages of electrical measurement methods and, correspondingly, by the
necessity to convert non-electrical quantities just into electrical ones.

According on the type of transformation function, measuring
transducers are shared into three big groups. The so-called scale transducers
refer the first group, changing the magnitude of input quantity by a certain
number of times with no change its physical nature. The second group is
referred by the so-called functional transducers, carrying out a single-valued
functional conversion of the input quantity with or no change its physical
nature. The third group is the so-called operational transducers, executing
with the input value mathematical operations of a high order, such as
differentiation or integration over time.

Measuring transducers are also distinguished according to the output
signal type; there are generating and parametrical transducers. The output
signal of the generating transducer possesses energetic properties; in
particular, such signal may be electromotive force, electric current,
mechanical force, pressure, etc. Parametrical transducer is a one, in which
a change in the input signal leads to a change in its certain parameter, such
as resistance, capacitance, inductance, elasticity, etc. In this case, to obtain
the output energetic signal, it is necessary to have supply source.

There is also a classification of transducers according to the physical
phenomena used for their functioning. Taking their wide variety into
account, let us consider the only main groups of transducers that are most
extensively used for testing and experimental research of electric and
power electronic apparatus.

Mechanical elastic transducers: their principle of operation is based
on the dependence between input mechanic forces and output travels or
mechanic stresses defined by the elastic properties of the material used
for the transducer.
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— eNIeKMPUYHUX 8ETUYUH 6 HeeJIeKMPUYHI. OCHOBHY I'PYILy LIUX IIE€peT-
BOPIOBaUiB CKJIaJalOTh BHMIPIOBANbHI MEXaHI3MHU €JIeKTPOMEXaHIYHUX
pHiIagiB 6e3mocepeHFOTO IEPETBOPEHHS, B IKMX BXiTHA €ICKTPUIHA Be-
JUYMHA TEPETBOPIOETHCS y MEPEeMIlleHHs] MOKaK4MKa. Jpyry Beluky
TpyIy CKJIaJaloTh TaK 3BaHi 3BOPOTHI MEPETBOPIOBaYi, 1[0 BUKOPHUCTOBY-
IOTBCS Y KOJIaX 3BOPOTHOTO 3B’s3Ky ckiagHux BII HeenekTpuuHux Benu-
YHH 3piBHOBaKYBAJIEHOTO MEPETBOPEHHSI.

— HeeeKMPUYHUX GeUYUH 6 eleKmPUYHi, Ki TPEICTABISAIOTh COO0I0
YUCENbHINTY 1 pi3HOMaHITHY rpyny BIL. Lle mosicHroeTbes, 3 0mHOTO OOKY,
YHUCENBHICTIO CAaMHUX HEENeKTPUYHUX BEJIHYHUH i, 3 1HIIOrO — IepeBaramMmu
SJICKTPUYHHUX METOJIIB BUMIPIOBaHb i, BIIMOBIIHO, HEOOXITHICTIO MTEPETBO-
PEHHS HEEJIEKTPUYHHUX BEJIMYMH CaMe y CJICKTPUUHI.

[o Buny ¢ynkuii neperBopenns BII po3ninsitoTs Ha TpU TPYIH: MACUL-
maobHi, 110 3MIHIOIOTh Y BU3HAUCHE YKCIIO Pa3 PO3MIp BXITHOI BEIMYMHH 0€3
3MiHm i1 pizuaHOl pupoan, @yHKyionaibHi, K 3AINCHIOIOTh OJHO3HAYHE
(GyHKIIOHANTBHE TIEPETBOPEHHS BX1HOI BENWYHMHU 31 3MiHOIO 11 (izmyHOl
npupoau abo 6e3 i 3MiHH, 1 onepayiiini, SIKi BAKOHYIOTh HaJl BX1JTHOIO BEJHU-
YUHOI0 MaTeMaTHYHi Oreparlii BUIOTO MOPSIKY — AuQepeHIiitoBaHHs abo
IHTETpyBaHHS 32 YACOBUM MapaMeTPOM.

B 3anexxHOCTI Bijil BUy BUXITHOT'O CUTHAJTY, PO3PI3HIOIOTh 2eHEPAMOpHI
it napamempuuni BIL. I'erepatopanmu € BII, BUXinHI CUTHANIN SKUX MaroTh
€HepreTUYHI BIIACTUBOCTI, SIKUMHU 30KpeMa MOXKYThb OYTH €.p.C., eIEKTPUIHHAN
CTpYM, MeXaHiuHa cuia, THCK 1 T. 1. [lapamerpuunnmu € BII, B akux 3miHa
BXiJJHOT'O CHT'HAJTy NPU3BOAMTE [0 3MiHH X IIEBHUX HapaMeTpiB — ONOPY, €M-
HOCTI, IHyKTUBHOCTI, IPYXHOCTI Ta iH. [1J1s1 300y TTs BUXiJJTHOTO €HEpreTHY-
HOTO CUTHAJTy B IIUX BUIAJKaX MOTPEOYIOTHCS JOIAaTKOBI JUKEepesa CHEeprii.

IcHye Takox Kiacudikarlisi BUMipIOBAIEHIX TIEPETBOPIOBAYIB B 3aJIE)KHO-
CTi BiJ] (Di3MYHMX MPHUHIMIIB 1X QYHKIIOHyBaHHS. BpaxoByroun ix Benmke pis-
HOMaHITTS pO3IJISIHEMO JIMILIE OCHOBHI I'PYNY BUMIpIOBAILHUX NEPETBOPIOBA-
4iB, SIKi HallyacTillle BUKOPUCTOBYIOTHCS P BUIIPOOYBAHHAX Ta €KCIIEPUMEH-
TaNBHUX JOCII/PKEHHSIX eJICKTPUYHHX Ta EIEKTPOHHUX araparis.

Mexaniuni npyscni nepemeopiosaui. OCHOBY 1X MPUHLIMIY Aii cKIaxa-
I0Th 3JIE)KHOCTI MK BXiJHUIMH MEXaHIYHUMH CHJIAMHU T BUXiJTHUMH TIepeMi-
HICHHAMH a00 MEXaHIYHUMH HANPYKEHOCTSIMH, SIKi BH3HAYAIOTHCS TIPYXK-
HHMH BJIACTHBOCTSIMH MaTepially epeTBopIoBaya.
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Resistive electrical and mechanical-electrical transducers: the carrier
of measuring information in resistive transducers is electric resistance. The
principle of conversion in this case is based on the dependence between
voltage, current and electrical resistance defined by Ohm's law. The
operational principle of resistive mechanic-electrical transducers is based
on the change in electrical resistance under the action of the input
mechanical quantity being converted.

Electro-static transducers: the carrier of the measuring information in
such transducers is an electric charge. There are two main variations of
electrostatic converters, capacitive and piezoelectric. The operation of
capacitive transducers is based on the interaction of two charged bodies.
Piezoelectric transducers function due to appearance of electric charge caused
by the action of mechanic forces, temperature changing or other factors.

Electro-mechanical transducers: their principle of operation
consists in travel of the movable components under the action of electric
current. Electrodynamic, ferrodynamic and magnetoelectric converters
refer this type of transducers.

Electromagnetic transducers: it is great and various group of
transducers in terms of principle of operation and purpose. They are united
by the common theory and principle of conversion based on the use of
electromagnetic phenomena. It is, first, scale electromagnetic transducers of
electrical voltage and current, such as instrument transformers, inductive
dividers and so forth, and secondly, induction (transformer and
autotransformer) converters of mechanical quantities.

Galvanomagnetic transducers: their principle of operation is based on
the use of galvanomagnetic effects consisting in changing the electric
quantities of the converters under the action of the magnetic field being
converted, in particular, in changing electric resistance (Gaussian effect) or
the generation of electromotive force (Hall Effect). Accordingly, the main
variations of galvanomagnetic transducers are magneto-resistive transducers
and Hall generator or Hall sensor.

Induction transducers: the principle of operation of such transducers is
based on the Faraday's law of induction. The input quantities in this case can
be the rate of change of the magnetic flux or speed of mechanical linear or
angular travel of the sensing coil.
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Pe3ucmueni enekmpuuni 1 mMexano-ea1eKmpuuHi nepemeoprosadi. 1e-
PEHOCHHUKOM BHUMIPIOBAIBHOI iH(OpMAITii B pe3UCTUBHUX IIEPETBOPIOBAYAX €
eJIEKTPUYHMH Orip. B OCHOBI MpHHIMITY IEPETBOPEHHS EEKTPUIHUX PE3UC-
THUBHHUX [IEPETBOPIOBAUiB MOJIATAE 3ICKHICTh MK HAPYTOI0, CTPYMOM 1 eJte-
KTPUYHUM OIIOPOM, SIKA BU3HA4Ya€eThcs 3aKOHOM Oma. IlpuHimn nii MexaHo-
eNeKTPUYHHAX PE3NCTHBHUX IEPETBOPIOBAYIB TOJIATAE Y 3MiHI EIIEKTPUIHOTO
OTIOPY MiJ Ai€10 BXiIHOI MEPEeTBOPIOBAHOI MEXaHIYHOI BETUUUHU.

Enexmpocmamuuni nepemeopirosaui’ 10 1aHOi TPy HaJISXaTh Iepe-
TBOPIOBAYi, IEPECHOCHUKOM BUMIPIOBAIBHOI iH(OPMAIIii B IKUX € EICKTPHY-
HUI 3apsa. Po3pi3HIOIOTH 1Ba OCHOBHUX PI3HOBUAY €JIEKTPOCTATHYHHX IIe-
PETBOPIOBAYIB: €MHICHI, TIPUHIIMIL Ji1 IKUX TIOJSITa€e y B3a€EMOIIT 1BOX 3apsi-
JDKEHUX Til, 1 1 °€30en1ekmpuyni, BAHUKHEHHS €JIEKTPUYHOTO 3apsALy B SKUX
€ HACJIIIKOM JIii Ha Yy TJIMBUH €JIEMEHT MEXaHIYHUX 3yCHJIb, 3MiHa TeMIIepa-
TypH a00 iHIIMX (QaKTopiB.

Enexmpomexaniuni nepemeopiogaui: 10 HUX HAJNEKATh IEPETBOPIO-
Badi, MPUHIIMII Aii SIKUX MOJIATAE€ y BAHUKHEHHI MEXaHIYHUX TePEMIIIeHb iX
PYXOMHUX €JIEMEHTIB ITiJ] BIUINBOM €JIEKTPHYHOr0 CTpyMy. Lle enexrpoanHa-
Mi4Hi, (hepoJHAMIYHI 1 MATHITOGIIEKTPUYHI IEpPETBOPIOBAYI.

T'anveanomaznimui nepemeoprogaui: TPUHIHII JTii IUX TIEPETBOPIOBA-
YiB MOJIATA€ y BUKOPHUCTaHHI TaJbBAHOMArHITHUX €(EKTIiB, CYTHICTb SIKHUX
MOJISITAE Y 3MiHI €NEKTPUYHUX MapaMeTpiB MEepPeTBOPIOBAUIB ITij] BILTUBOM
NIEPETBOPIOBAHOTO MarHiTHOrO MOJIs, 30KpeMa y 3MiHi €JIeKTPUYHOI0 OIIOPY
(edext 'ayca) abo 3’siBienHi e.p.c. (edpexkr Xomna). OCHOBHUMH Pi3HOBU-
JIAMH TaTbBaHOMATHITHHX NIEPETBOPIOBAYIB € BiJIIOBIHO MarHiTOPE3UCTH-
BHI NIEPETBOPIOBadi i mepeTBoproBadi Xosa.

Enexmpomaznimni nepemeoprosaui CKIIaJaroTh BEIHUKY 1 pi3HOMaHi-
THY 32 MIPUHIUIIOM i i 3a mpu3HaueHHsM rpyny BIL, 00’ eqna-HuX cHiibHi-
CTIO TeOpii Ta MPUHIIMITY IIEPETBOPEHHS, 3aCHOBAHOT'O HA BUKOPUCTAHHI eJie-
KTpOMarHiTHUX siBuMI. Lle MacTaOHi elleKTpoMartiTHi mepeTBOPIoBayi ele-
KTPUYHOT HANPYTH 1 CTpyMy (BUMipIOBalibHI TpaHchopMaTopH, iHIyKTUBHI
JUTBHUKY) 1 QYHKIIIOHANBHI IHAYKTUBHI (TpaHchopMaTopHi it aBToTpancdo-
pMaTopHi) IepeTBOPIOBaYl MEXaHIYHUX BEJINYHH.

Inoykuitini nepemeopiosaui. npunumn 1ii Takux BII 3acHoBanmii Ha 3a-
KOHI €JIEKTPOMArHITHOI iHAyKIIii. BXiJTHUMH BeTMYMHAMH B HUX MOXKYTh OyTH
IIBHJIKICTh 3MIHH MarHiTHOTO TTOTOKY 200 MIBUJIKICTh MEXaHIYHOT O JIIHIHHOTO
a00 KyTOBOT0O MepeMillieHHs! BUMipIOBAILHOT KOTYILIKH.
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Thermal transducers: the basis of their principle of operation is the use
of physical mechanisms defined by thermal phenomena. The basic variations
of thermal transducers are as follows: thermo-mechanical, thermo-resistive
and thermo-electric, which are mainly temperature converters, but they are
indirectly used for other non-electric quantities that are evident through
thermal phenomena and functionally associated with thermal quantities.

Optical transducers: their principle of operation consists in the
conversion of the optical (lighting and thermal) radiation flux. The
measuring information in this case converted by the way of modulating the
radiative source parameters or the optical channel. The functional
possibilities and application area of optical transducers significantly
extended due to achievements of optoelectronic and fiber-optic technologies.

It should be noted that there exists many other types of measuring
transducers. With the development of science and technology, they are
continuously improved and new types of transducers are created.

Main characteristics of transducers. In static conditions, i.e. at steady
state (time-invariable) values of the input and output quantities, the transfer
properties of the transducers are featured by the following basic parameters.

Function of transfer or transformation describes the dependence
between input X and output Y quantities of the transducer:

Y = F(X), (2.1)

where X and Y are real (averaged) magnitudes of the input and output
quantities, respectively.

This function for the transducer can be determined for its different
operating duties at certain points of the conversion range, both in normal
circumstances and under the action of external factors agreed by the
specifications. The function of transfer assigned to given transducer type is the
nominal (certificate) function of transfer or its calibrating characteristic. It can
be written analytically represented graphically or tabulated.

Ratio of transfer or conversion is the relation of the output value to
the input one:

F(X)
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Tennosi nepemeoprosayi: X MPUHIUI POOOTH TONSITaE y (HI3SUIHAX
3aKOHOMIPHOCTSX, SIKI BU3HAYAIOTHCS TEIUIOBUMHU IporiecamMu. OCHOBHUMU
Pi3HOBHIaMU TEMJIOBHUX TIEPETBOPIOBAYIB € TEPMOMEXAHIYHI, TEPMOpPE3HC-
THUBHI Ta TEPMOCJIEKTPUYHI MEPETBOPIOBayi. TemIoBi mepeTBoproBadi — 11e
MepeBaXHO MEePETBOPIOBAYl TEMIIEpaTypH, MPOTE OTOCEPEAKOBAHO BHKO-
PUCTOBYIOTHCS JUISI BUMIPIOBAHHS 1HIINX HEENEKTPUYHUX BEIUYHH, SKi
MPOSIBIISIOTHCS Yepe3 TEIUIOBI SIBHUIA 1 PYHKIIOHATBHO MOB’ I3aHUX 3 HUMH
TEIJIOBUMH BEIIMYNHAMH.

Onmuuni nepemeoprogadyi’ X MPUHINII [1ii TIOJIATAE Y TIEPETBOPEHHI TIO-
TOKY ONITHYHOTO (CBITOBOTO Ta TEIJIOBOT0) BUIIPOMiHIOBaHHS. Take mepeTso-
PCHHSI 311HCHIOETHCS 32 3BUYAEM MOYJISIIIEIO TTApaMeTPiB JKepesia BUIPOMi-
HIOBaHHS 200 ONTUYHOTO KaHATy. DYHKITIOHAIEHI MOXIIMBOCT] ONITUYHUX ITe-
PETBOPIOBAYIB Ta 00JIACTh 1X BUKOPUCTAHHSI 3HAYHO MOIIMPHIINCH Y 3B SI3KY 3
JIOCSATHEHHSIMU OTITOSICKTPOHHOT Ta ONITOBOJIOKOHHOT TEXHIKH.

Cuip 3a3Ha4mnTH, 1O icHye Oararo iHmux BB BIL 3 po3BuTKOM Hayku i
TEXHIKH Ma€ MICIIe TIOJIATIBIIE TX yIOCKOHAJICHHS, BHHUKAIOTh HOBI iX BUIIH.

OcnoBHui xapakrtepuctuku BIl. ¥V crarnunomy pexumi, To0TO Tpu
cTanux (Takux, 10 He 3MIHIOIOTHCS Y Yaci) 3HAUYSHHIX BXiTHOT Ta BUXiTHOI
BeJIMYWHAX, TIepeaaTouHi BnacTuBoCTi BII XxapakTepu3yoThCsl HACTYTHIUMHA
OCHOBHHMH TapaMeTpaMH:

Dyukyis nepedaui (nepemeopents). OMUCYE 3B’ A30K MIX BXiTHOIO X Ta
BuxinHorw Y BennynHamu BIT:

Y = F(X), (2.1)

ne Y 1 X — miiicHi (ycepeaHeHi) 3HAYeHHSI BXiJHOI M BUXiJHOI BEIWYNHH,
BIJITIOBITHO.

Busnauenns uiei ¢pynkuii s BIT moxke OyTy 31ilicHEHO y pi3HUX pe-
JKUMaXx 1X poOOTH y TIEBHUX TOUYKAaX Jiana3oHy MEpEeTBOPECHHS, SIK Y HOpMa-
JHHHUX YMOBaX, TaK i TpH Jii 30BHIIIHIX (haKkTOpiB, 3acTEpEKEHUX y HOpMa-
TUBHUX JNOoKyMmeHTaX. [IpucBoena ganomy BII gyHkiis nepenayi (nmepeTBo-
PEHHS) € HOMIHAIBHOIO (NACKOPMHOI0) PYHKYIEI nepemaeopents ado epady-
108aIbHOIO Xapakmepucmukoio. BoHa Moxxe OyTH 3amvcaHa aHaJiTHYHO, a
TaKO)X HaJaHa y BUIIIsLII TaOui abo rpadika.

Koegpivienm (nepedaui) nepemeopennsn. sBiisie coOOI BiTHOIICHHS
BHUX1IHOI BeIUYMHH Y 10 BX1JAHOI BEJIMYUHHU X, TOOTO

F(X)
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The nominal ratio of conversion is determined according to the nominal
conversion function:
Faom(X)
knom(X) = %-
If the function of transfer is linear and its graphic curve passes through
the origin of the coordinate system, then k,om (X) = const.
Sensitivity is the derivative on the function of transfer:
dy

S= = Fin(X), 23)

or in finite increments: S =ﬂ .
AX

Sensitivity characterizes the degree of response of the transducer to the
input value. The transducers, which possess linear function of transfer, have
constant sensitivity. If, besides, the output-input curve passes through the
origin of the coordinate system, then the nominal sensitivity will be equal to
the nominal ratio of transfer. If the function of transfer is non-linear, then the
sensitivity is a function of the input quantity.

There is also the notion of relative sensitivity that is the relation of the
relative change in the input quantity to the relative change in the output quantity:

AY)Y
relat AX/X '

Threshold of sensitivity or response is usually said as the lowest
magnitude of the input quantity, which can be reliably detected by the
transducer. However, such definition has no clear quantitative content. To
understand the essence of the notion of the sensitivity threshold, it should keep
in mind that the so-called zero error Ao does not enable to detect reliably the
small magnitudes of input quantity. Zero error behaves usually as random
value and manifests itself as interferences and noises, causing corresponding
changes in the output quantity. Therefore, threshold of response for a
transducer should be understood the value of input magnitude: X = Ao.

Errors: The errors of the transducers, as well as errors of their individual
components, can be classified according to different signs. In particular,
according to the manner of expression, the transducer errors are subdivided into
absolute, relative and reduced. Since, in general case, the ratio of conversion of
a transducer not equals one (as it take place in instrument devices), so the errors
of transducers can be reduced to an input or output quantity.

(2.4)
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HowminaneHuit koeillieHT epeTBOPEHHS BH3HAYAETHCS 110 HOMIHATIBHIN
(byHKLIT IEpeTBOPEHHSL:

E,on(X
Kyom X) = %()-

Sxmmo ¢yHKITS IepeTBOpEeHHs JiHiiHA 1 1i rpadik TPOXOaUTh Yepe3 moJa-

TOK CHCTEMH KOOPIUHAT, TO k., (X) = const.
Yymaugicms SBIIsIE COOOIO TOXITHY BiJl (PYHKIII] TEPETBOPEHHS:

dy

S = = Fion(X), (23)
. AY
a00 y KiHIIEBUX MPUPOILEHHAX: S = o

UyTnuBicTh XapakTepusye CTyIiHb pearyBaHHsS BIl Ha BXimHy Bemm-
YHHY . Jms BII, sxi MatoTs niHIAHY (YHKIIIO TIepeaadi, 4y TIHBICTh Oye To-
CTilHOI0. SIKIII0, OKpiM LIBOTO, rpa(bnc byHKLi F(X) TMPOXOIUTh Yepe3 noya-
TOK CUCTEMH KOOPJMHAT, TO HOMiHAJIbHA Yy TIIMBICTh Oy TOPiBHIOBATH HO-
MiHATBHOMY KOeQillieHTy nepeTBopeHHs. SIKIo >k (QyHKIIs mepeTBOpeHHs
HeJliHIlHA, TO YyTIUBICT € (QYHKII€I0 BXiTHOT BETUUNHH.

IcHye Takox MOHATTS 6i0HOCHA YymMAugicmy, IKa siBisie o000 Bif-
HOIIEHHS BIJHOCHOI 3MIHM BUXIJIHOI BEJIMYMHU OO0 BIAHOCHOI 3MIHHU BXi-
JTHO1 BEJTUYUHU:

AY )Y

Bi :m. (2.4)

Ilopiz yymaueocmi: nix noporom uytiuBocti BII 3a 3Buuaem posymi-
I0Th HalfMEHIIIe 3HAYCHHSI BXi/IHO1 BEIMYHMHH, SIKE MOXE OYTH yIIEBHEHO BH-
SIBJICHO I[UM TIepeTBOpIoBadeM. Take BU3HAUCHHS HE Ma€, OJJHAK, YiTKOTO Ki-
JBKICHOTO 3MicTy. {151 po3yMiHHS CYTTEBOCTI MOHSTTS MOPOTA YYTIMBOCTI
CIIiI MaTH Ha yBa3i, 0 BUSBIISATH YIIEBHEHO Mayi 3HAYEHHs BXIJIHOI BEJH-
YHHU 3aBAXAE T. 3. NOXUOKA Hyas Ao, IKa HOCUTH BHIIQJIKOBHI XapakTep i
MIPOSIBIISETHCS Y BUTIISAIL TIEPENIKO]] Ta NIYMiB, AKi BUKIUKAIOTH BiAMIOBIAHI
3MiHU BUX1IHOI BennuuHH. OTXe, mij nmoporom uytiausocti BII ciig posy-
MITH 3HAYEHHS BXiHOI BeMU4InHU X =Ag.

Ioxuoxu: noxudbku BII, sk i mOXHOKK OKpeMHUX 11 eIEMEHTIB, MOXYTh
OyTu KnacudikoBaHi 3a pi3HUMHU O3HaKaMH. 30KpeMa, 3a Croco0OM BHpasy
noxu6Oku BII miapo3ainstoTs Ha abCOOTHI, BiTHOCHI Ta nipuBeaeHi. Ocki-
JBKU Yy 3arajJbHOMY BUNAIKy KoediuieHT neperBopenHsi BII He nopiBHioe
OJIMHHMLI (K 1€ Ma€ Miclle Yy BUMIpIOBAJBHUX MpHiagax), To moxuoku BII
MOXYTh OyTH IPUBECHI /IO BUXiTHOT 200 BXiHOI BEIUYNHH:
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Thus, absolute errors relative to output and input, respectively, are
expressed as follows:

Y
Aout: Y_Fnom(X); Ain: k__X’ (25)
nom
where knom IS the nominal ratio of conversion of the transducer corresponding
to its calibration characteristic.
Relative or fractional errors of a transducer relative to output and input, re-
spectively:
A A
;'Ut; Sin = — (2.6)

Reduced or conventional errors:

Agut A
Yout = ﬁ; Yin = X;;" (2-7)

where xn, yn are the so-called normalizing quantities on output and input,
respectively; the conversion range is usually accepted as normalizing quantity.

Errors are also classified according to degree of uncertainty. By this
indication, it is distinguished systematic and random errors. Systematic or
constant error is the component of the transducer error, which is invariable in
magnitude under repetitive conversions of the quantity with the same magnitude.
Random or accidental error is the component, which is randomly variable under
repetitive conversions of the quantity with the same magnitude.

There are also such types of errors as basic and complementary. Basic
or fundamental error is the one inherent to the transducer operating in normal
circumstances, i.e. under conditions, when influencing quantities, such as
temperature, frequency etc., are normal in magnitudes or in the limits of
normal magnitude range. Complementary error is the one caused by the one
of influencing quantities deviating from normal magnitude or is beyond the
normal range. The permissible deviation range of the operating conditions
for the transducers is also specified and limited by the operating range of
magnitudes of the influencing quantity that must be correspond to
normalized complementary error.

A specific variation of error taking place in discrete transducers is the
so-called quantization error.

In dynamic conditions, i.e. when the input and output quantities are
time-variable, the transfer properties of the transducers are featured by the
following basic parameters.

Aoy =
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TakuMm auHOM, abcortomHi noxubky 1O BUXOMY Ta BXOAY, BIIIMOBIIHO
BU3HAYAIOTHCSI HACTYITHUME BUPa3aMHu:

A =Y ~Foy (X) 7 Apy =———X 2.5)

BX
KHOM

IIe Kuom — HOMIHATTBHUH KoedimieHT nepetBopents BII, mo Biamosimae fioro
rpaayroBaNIbHINA XapaKTepUCTHIIL;
Bionocni noxubxu BII o Buxoay 1 1o BXoay, BilMOBIIHO:

8y =_A$HX 8,y =_A;X : (2.6)
Ilpusedeni noxuodxu:
A A
Teux = ;nx » Vex = XB_X ) (27)
N N

Iie XN, YN — T.3. HOpMOBAHI 3HaueHHs TIO BXOIy a0o0 IO BHXOJY, BiIIOBIITHO, B
SKOCTI SIKMX 32 3BHYa€EM TIPUIMAEThCA JTialta30H IIePETBOPEHb.

B 3a5e:xHOCTI BiJ CTYICHIO HEBM3HAYECHOCTI MMOXHOKH IMiIPO3AUIAIOTH Ha
CHUCTeMAaTHUYHI Ta BUNIAAKOBI1. Cucmemamuinor noxuoxkow Ha3uBaloTh CKIIa-
nmoBy moxuOku BII, 3Ha4eHHs SKOi MPU TOBTOPHUX MEPETBOPEHHSAX BEIH-
YMHU 3 HE3MIHHUM PO3MIpOM 3aJTUIIAETHCS TIOCTIHHUM. Bunaoxoeow noxu-
6K010 Ha3UBAIOTh Ty ii CKJIAJIOBY, 3HAYEHHS SKOI1 MPH MOBTOPHUX MEPETBO-
PEHHSIX BEJIMYUHY 3 HE3MIHHUM PO3MipOM 3MiHIOETHCS BHITAIKOBO.

IcHytOTB TakoX ocHo8Ha noxubka, Bnactusa BII mpu HOpManbHUX yMO-
Bax HOro BUKOPUCTaHHS (TOOTO B YMOBAX, KOJIM BIUIMBOBI BEJIUUUHU: TEM-
neparypa, 4acToTa i T. 1. MaIOTh HOPMaJIbHI 3HAYEHHS 200 3HAXOIATHCS Y
MeXaxX HOPMaJBHOT 001acTi iX 3Ha4YeHb) 1 do0amKo8a noxudKa, BUKIMKaHa
BIJIXMJICHHSM OJIHI€] 3 BIUTMBOBUX BEJIMYMH BiJl HOPMAJIBHOTO 3HaUYEHHS a00
BUXOJIOM ii 3HAaUEHHS 3a MEX1 HOpMaITbHOT 00J1acTi. Mexi JOMyCTHMUX Bifl-
XHWJIEHb YMOB pOOOTH NIEPETBOPIOBAYIB BiJl HOPMaJIbHHUX TAK0XX HOPMYIOTHCS
1 OOMEXYIOThCS pOOOUOr0 00JIACTIO 3HAUCHD BILTUBOBOT BEJIMYMHHM, Y MEXKAX
SIKOT HOPMY€TBCS JI0aTKOBA IOXHOKa.

Crieru¢iyHUM Pi3HOBHIOM MTOXUOKH, 110 BUHUKAE y JTUCKPETHUX TIEpe-
TBOPIOBAYax, € T.3. HOXUOKA KAHMYBAHHSL.

Y nuHaMidyHOMY peskuMi, TOOTO BXiIHIN Ta BUXIAHIA BEJIMYMHAX, 110
3MIHIOIOTKECS Y 4aci, nmepenatouHi BiacTuBocti BII xapakTepusyroThcs Ha-
CTYITHUMHU OCHOBHHMH TTapaMETPaMHU.
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Transfer function is the following relation:

Y(p)

W (p) (0" (2.8)
where Y(p) and X(p) are the Laplace representations of the output and
input quantities, respectively.

The transfer function is a comprehensive characteristic of the dynamic
properties of the transducer. However, it should be pointed out that transfer
function is little representative and, in addition, there is difficult problem to
determine experimentally it. Therefore, in practical engineering other
characteristics are used. In particular, it is response of the transducer to an
excitation in the form of a unit step (or short impulse of a unit area), a steady-
state response to a linearly rising input excitation or a sine excitation. Let us
consider these characteristics.

The response of an unexcited (with zero initial conditions) transducer to
a unit step excitation is called the transient function. The most typical
transient functions are aperiodic (smoothing of front), shown in Figure 2.5a,
and oscillating (over-swings or over-shoots), shown in Figure 2.5b. Typical
example of a unit step exposure of an input signal is transition of a transducer
or other object from a medium with one temperature into a medium with
another temperature.

a) b)
xry X xrf X L

\ | CF

=~

t t

Figure 2.5 — Typical transient functions: a) aperiodic; b) oscillating

The steady state response to a sinusoidal input action in the general case
is a complex function of the parameters of the measuring transducer and is
described by the so-called frequency characteristics:

- amplitude response: Y = f;(w) or k = f; (w) and

- phase response: @ = f,(w), where o is the frequency of input signal;
¢ is the phase angle between the input and output quantities.
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Ilepeoamouna pynkuyia sBisic COOOIO BiTHOIICHHS:

w(p)= 2L, (28)
X(p)
ne Y(p) — 300paxenns (mo Jlamnacy) BuxigHoi Bemmyuuu; X(p) — 300pa-
xeHHs (o Jlamnacy) BXigHOT BETHUMHH.

[Mepenarouna dynkiuis W(P) € BHUSPIHOIO XapaKTEPUCTHKOIO TUHAMI-
yHux Bnactuocred BIL. [Ipore, ¢ Bin3HAYMTH, IO BOHA MAJIO HATJISIHA
I, KpiM TOTO, TPYOHO WiANA€THCA EKCIEPUMEHTAIFHOMY BHU3HAYEHHIO.
Tomy Ha TpakTHUIl OiTBII BUKOPUCTOBYIOTH 1HIII XapakTepucTuku. OmTHOI0
3 HUX € peakyis BII na 0iro 00unuuno2o ckauxka (KOPOTKOTO IMITYJIBCY OJTU-
HUYHOI IO ), cmaid peaxkyis Ha AiHIUHO HApOwyeaHy 6xioHy dito abo Ha
CUHyCcoi0anbHy 0iio.

Peakuis He30ymKeHOT0 (C HYILOBUMH IOYaTKOBUMHU yMoBaMu) BII Ha
IO y BUTIISAI OJUHUYHOTO CKauyKa HA3UBAETBHCS Nepexionoio (yHKYicr.
Haii6inp xapakTepHUMHU TepexiTHUMHU QYHKLisIMU (popMaMu peaxiiii) €
anepioouuna (3ruaukyBanis GpoHTy), puc. 2.5a, Ta koausanvra (BUKUIANA
Hanpyru), puc. 2.56. [puknagom cTpruOKONOAiOHOT Ail BXiIHOTO CUTHAILY
MOJKe OyTH IepexiJl 3 cCepeIOBHINA 3 OJTHIE€I0 TEMIIEPATYPOIO Y CEPEIOBHUIIIE
3 HIIIOIO TEMTIEPATYPOIO.

a) 0)

XY X X Y
\ - ;

x
k

Pucynok 2.5 — Peakiiii Ha /1if0 OTMHUYHOTO CKa4Ka: @) anepiogndHa; 6) KOIUBAIbHA

Crana peaxiiis Ha CHHYCOiaIbHY BXiJHY Jil0 y 3araJIbHOMY BUIIAJIKY €
ckiagHoIo QyHKuiero napamerpis BII i onucyeTbes T.3. yacmomuumu xapa-
KMepucmuKamu:

— amnaimyono-uacmomuow Y = f;(w) abo k = f;(w);

— ¢hazouacmommnoio @ = f,(w), e ® — 9acTOTa BXIJHOTO CHTHAIY; (P —
KYT 3CyBY (a3 Mk BXiIHOIO X Ta BUXITHOIO Y BEJIUUNHAMH.
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2.4 Voltage measurements

As already noted, in the course of testing electrical and power electronic
apparatuses, there is necessity to measure the voltages that are different not
only in magnitude, but in a number of other parameters. Low voltages (below
1000 V) are usually measured by direct connection of the recording
instrument (mostly oscilloscope) to the object being investigated. The
measurements of high voltages in test set-ups are usually taken with two
measuring system types.

The measuring systems allowing direct voltage measurements refer to the
first type. This type of measuring systems is based on use of such devices as
electrostatic and rotating voltmeters, sphere gaps, klydonographs (surge
voltage recorders) etc. The second type of measuring systems (where indirect
measurements are performed) is those in which converting devices (measuring
transducers) are applied (see Figure 2.1). For voltage measurements, the
following types of transducers are used: inductive and capacitive voltage
transformers, series impedances, measuring capacitors, voltage dividers etc.
Let us consider the main measuring systems and transducers that are most
extensively used for voltage measurements in research and testing electrical
and power electronic apparatus.

Electrostatic voltmeters are extensively used for direct
measurements of high voltages of power frequency or rectified voltages.
The general principle of their operation consists in the travel of the
movable component that undergo the action of the electrostatic field
forces in compliance with Coulomb’s law. The interaction force of two
conductors in the direction of coordinate x having potential difference U
is determined by the following expression:

0 (cu?
ox\ 2

where C is the capacitance of the system.
If the voltage U is not dependent on the coordinate x, then the force will
be determined as follows

, (2.9)

X

x =

u? oo

> x| (2.10)
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2.4 BuMipioBaHHAl HANIPYT

Sk 3a3HavaNOCh, B POLIEC] JOCTIHKEHb Ta BUTIPOOYBaHb €JICKTPUUHIX
Ta eNEKTPOHHUX arapariB Ay)Ke 4acTo JOBOJIUTHCS BUMIPIOBATH HANpYTH,
IO CYTTEBO BiJIPI3HAIOTHCS HE TIIHKU 32 BETMYUHOIO, aJIe 1 sy 1HIIUX Ta-
pametpiB. BumiproBanus Hu3pkux Harpyr (o 1000 B) 3mpificHIOETBCS, SIK
NpaBuIIo, 6e3MmocepeHIM MiJKII0UEHHIM PEECTPYBAIBHOTO MpUiIany (OCu-
norpada) go mocmimkyBaHoro 00’ exty. [lpn BUMiproBaHHI BUCOKHX HANIPYT
3aCTOCOBYIOTH [1Ba TUIIM BUMIpPIOBaIbHUX IPUCTPOIB.

[epmuii — ne BUMipIOBanbHI IPUCTPOT, SIKi TO3BOJSIOTH Oe3nocepe/-
HBO BHU3HAUUTH BUMIpIOBaHy Hanpyry. Jlo naHoro Tuiry mpucTpoiB BigHO-
CATH €NEKTPOCTATUYHI Ta POTOPHI BOJIBTMETPH, BUMIPIOBAIBHI PO3PS-
HUKH, KIigoHorpadu Ta iH. Jlo Ipyroro THUIly BiZHOCSATH BHMipIOBaJIbHI
MPHUCTPOT, B IKUX BUKOPUCTOBYIOTHCSI BUMIPIOBaIIbHI IEPETBOPIOBaYi (JIUB.
puc. 2.1). OCHOBHUMH THITAMH BUMiPIOBAILHUX MEPETBOPIOBAUIB /IS BU-
MIpIOBaHHS HAMPYTH € BUMIPIOBaIbHI KOHICHCATOPH, NITFHUKHA HANPYTH,
IHAYKTHBHI Ta EMHICHI TpaHC(OPMATOPHU HANIPYTH, TOJATKOBI OMOPH 1 T. II.
PosrnssHeMO OCHOBHI BUMIipIOBaIbHI MPUCTPOI, IO HAMOUTBIIT YaCTO 3aCTO-
COBYIOTb JUIsI BUMIPIOBaHHS HANPYT MIPH TOCIIHKEHHAX Ta BUNPOOYBaHHIX
CJICKTPUYHUX Ta eIEKTPOHHUX anapaTiB.

Enexmpocmamuuni eonsmmempu MHAPOKO BUKOPHCTOBYIOTHCS IS
IPSMOT0 BUMipIOBaHHS BUCOKOI HANIPYT'H IIPOMHUCIIOBO] YaCTOTH 200 BUIIPSI-
MJICHOT HAaIIPyTH. 3arajlbHUM IIPUHITUIIOM iX JIii € IepeMillieHHs] PyXOMOi ya-
CTHHH T €0 MEXaHIYHUX CUJI €JICKTPUYHOTO ITOJIs BIAMOBIIHO JI0 3aKOHY
Kynona. Cuna B3aemoaii JBOX MPOBIAHUKIB y HANIPSIMKY X, SIKi 3HAXOISTHCS
mij pi3HicTIO ToTeHianiB U, BU3HAYA€ThCS 32 TAKUM CITiBBiTHOIIEHHIM

o (CUZJ , 2.9)

*“loax| 2

e C — eMHICTb CUCTEMH.
Sximo manpyra U He 3aneXuTh BiJ KOOPAUHATH X, TO CHIIa Oyie BU3HA-
YaTUCh 32 HACTYITHAM BHUPA30M:
( _|u?ac

=5 axl (2.10)
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Accordingly, the magnitude of the voltage U is determined by the
measurement of the force fx between the electrodes. In the process, the
geometrical parameters of the system that enable to determine the
magnitude of 6C/0x must be known. As a rule, one of the electrodes of an
electrostatic voltmeter is rigidly fixed, whereas the other is allowed to
move a small distance (a fraction of a millimeter to a few millimeters),
otherwise the value of 0C/ox can change significantly and affect the
measurement results. Since the force is proportional to the square of U, the
electrostatic voltmeter can be used to measure both DC and rms of AC
voltages, but the instrument’s scale is non-linear.

An essential feature of electrostatic voltmeters is a high input resistance,
since their capacitance is from 5 to 50 pF, and the leakage resistance can be
as high as 10*® Ohms. Therefore, the instruments practically do not affect the
measured circuit, which is their important advantage, especially when
measuring DC voltage and electrostatic charges [46].

There are exist two variations of electrostatic voltmeters. It is firstly
absolute voltmeters, in which the interaction forces are measured at a fixed
distance between the electrodes, and secondly, relative or conventional
voltmeters, in which the measure of the voltage to be measured is the shift of the
movable electrode relative to the fixed one. It should be noted that in technical
voltmeters, not the whole electrode carries out the travel, but only its small plate
located in the round cutout of one of the electrodes. The electrostatic interaction
force between the electrodes in this case is balanced by the elastic forces of
springs, the gravitational forces of weights etc. The scale of these instruments is
calibrated with the help of reference instruments and devices.

Figure 2.6 shows the simplest schematic diagram of an electrostatic
voltmeter, the so-called Abraham voltmeter, which, however, is the most
commonly used meter in test setups.

- The main components of the
voltmeter are two hollow metal electrodes

[V that produce an almost uniform electric

N field under applied a measured high
voltage between them. Electrode 1 is at

1 high potential, while grounded electrode 2
) in the central part has a hole in which a
small movable disk 3 is arranged and is

Figure 2.6 — Schematic diagram of ~ geared to pointer 4 of the instrument.
the Abraham electrostatic voltmeter

101



Otxe, BenmmunHa Hampyru U Moke OyTH BU3HA4Y€HAa BHUMIPIOBAHHIM
cunn fy Mk enekrponamu. [lpu 11boMy MOBUHHI OyTH BiJIOMi reOMETpUYHI
napaMeTpH CUCTEMH, sIKi T03BOJISIFOTH BU3HAUNTH 3HaYeHHs1 OC/0X. Sk mpa-
BUJIO, OJTUH 3 €JIEKTPO/IB EIEKTPOCTATHYHOTO BOJIBTMETPA KOPCTKO 3aKpil-
JICHWH, a THIINIH MOXe MepeMilllyBaTUCh Ha HEBEJIUKY BiJICTaHb (YaCTKU abo
OJIMHHMIII MiJIIMETpa), B MPOTUBHOMY BUMAAKY BennynHa 0C/OX Moxe icTo-
THO 3MiHUTHCS 1 BIUTMHYTH Ha pe3yIbTaTH BUMiptoBaHb. OCKiIbKH CHIIa IIPO-
nopuiiiHa kBaapaty U, eneKkTpocTaTHYHHI BOJTBTMETP MOKE OYTH BUKOpPHC-
TaHWH T BAMIPIOBAHHS K ITOCTIHHOI, TaK 1 IFOY0T0 3HAUCHHS 3MiHHOT Ha-
TIPYTH, aJie MIKaJla Ipuiary HeliHiiHa.

CyTTEBOIO OCOOIMBICTIO €IEKTPOCTATHYHHUX BOJIBTMETPIB € BETUKHUIT BXi-
JTHHI OTIip, OCKITBKY TX €eMHICTB cKianae Bix S 1o 50 nd, a omip BUTOKY MOXKe
cxiaamatu 10 101 Om. Omke MIPYTAIH PAKTUYHO HE YHHATH BIUTMB HA BUMI-
pIOBaHE KOJIO, IO € BAYXIIMBOKO iX TMEpEeBaror, 0COOIMBO MPH BUMIpIOBaHHI
HOCTIHOI HATIPYTH Ta €JIEKTPOCTATUYHUX 3apsiaiB [46].

[cHyIOTB IBa THIM €NEKTPOCTATHYHUX BOJNBTMETpIB. Lle, mo-nepie, ao-
COMOMMI 60TbMMEmPU, B SIKMX EIIEKTPOCTATHYHI CUJIM BUMIPIOIOTHCS ITPU He-
3MIHHIHM BIJICTaHI MK €JICKTPOAAMH, 1, TIO-APYTEC. MEXHIUHI 60IbMMEMPU, B
SKAX MipOI0 BUMIipIOBaHOT HAIIPYTH € BEIWYMHA 3MILLIEHHS PYXOMOTO €JICKT-
pona BigHOCHO Hepyxomoro. Citifl BiZI3HAYUTH, 10 B TEXHIYHUX BOJIBTMETPAX
MepeMIIIy€eThCsl HE BECh €IIEKTPO/I, a JIMIIE HEBEJIMKA TUIACTHHKA, SIKa 3HAXO-
JUTBCA Y KPYTIIOMY BUPI3i OJTHOTO 3 eNeKTpo1iB. CHJIH €1eKTPOCTATUYHOT B3a-
€MOJIIT MIX eIeKTPOaMH YPiBHOBaXKYETHCS TPYKHUMH CHIAMH IPYKUH, CH-
JIOIO TSDKKOCTI BaxkeniB 1 T. 1. lIkana nux npuiagiB rpagyoeThes 3a JOIOMO-
TOI0 €TAJIOHHUX NPUJIAIIB Ta IPUCTPOIB.

Ha puc. 2.6 Hamana HalimpocTima cxema eIeKTPOCTaTHIHOTO BOJIhTMeE-

Tpa, T. 3. gobmmemp Abpaxama, sIKMA, OAHAK, HAHOUIBII YaCTO BUKOPHUCTO-
BY€THCS Y BUIPOOHUX yCTaHOBKAX.
r OCHOBHHMH €JIEMEHTaMH BOJIbTME-
Tpa € JiBa TMOPOYKHUCTI METAJICBI EJIEKT-
PO, SKi YTBOPIOIOTH MPAKTUYHO PiBHO-
MipHe eJleKTpHYHE T0JIe 33 HASBHOCTI MiXK
HUMH BHMIPIOBAaHOI BHCOKOi HaIpPyTH.
Enextpon 1 3HaXoaMThCs MiJ BHCOKHM
MOTEHIIIa]IOM, a 3a3eMJICHUH eJIeKTpo] 2 B
\. LEHTPATbHIH YaCTHHI Ma€ OTBIp, B IKOMY
BCTAHOBJIEHO HEBEIUKUN PyXOMHMHI JUCK
3, MOB'SI3aHU 31 CTPIIKOIO BHUMIpPIOBaJb-
HOTO npunany 4.

~
O‘Z:

PucyHok 2.6 — Cxema enektpocra-
TUYHOTO BOJILTMETpa AOpaxama
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Under the action of the electric field, the disc moves and turns the pointer
of the instrument. The measurement range of the voltmeter depends on the
distance between the electrodes and is usually from 3 to 500 kV [22].

Rotating (generating) voltmeters. The operational principle of such
instruments is based on the use of the phenomenon of electrostatic induction.
This device is essentially an electrostatic generator containing a capacitor of
variable capacitance and generates a current proportional to the applied
voltage. The charge stored in a capacitor of capacitance C is determined by
the following expression:

q=C-U.
If the capacitance of the capacitor changes with time and the applied
voltage U is constant, a current through the capacitor will be:

U dc
L= dt .

Figure 2.7 shows a schematic diagram of a
generating voltmeter with a cylindrical rotor driven
by a synch motor at a constant speed. The voltage
being measured is applied to fixed electrodes A and
B that excite the electric field. The rotor is separated
into semi-cylinders 1 and 2 isolated from its core and
each other. When the rotor is rotated at a speed of n
rpm, the capacities of the semi-cylinders relative to
the electrodes periodically change by the value AC,
so0 an alternating current will flow between them. The meanvalue of the current is
determined by the following expression:

Figure 2.7 — Outline of
rotating voltmeter

1= AcU
30 '

With the help of collector 3, 4 and brushes 5 and 6, the current is
rectified and measured by a galvanometer G. The value of AC is usually
determined by calibration.

Measuring sphere gaps are extensively used in research and test
setups. They are simple and ensure sufficient accuracy under condition of
correct measuring procedure. Sphere gaps perform two main functions. The
first is adjusting the test circuit to the required magnitude of test voltage;
the second function is the protection of testing equipment and test object
against sudden voltage rise.

103



[Tig miero cuim eIEKTPUYHOTO OIS JUCK 3IHCHIOE TIEPEMIIICHHS 1 TTOBe-
pTae CTpuIKy npuiamy. Jliana3zoH BUMiprOBaHHS BOJIETMETPA 3JICHKHTH BiJl Bi-
JCTaHi MiK eJIEKTpOIaMu, SKuit ckiamae Bix 3 mo 500 kB [22].

Pomopni (zenepamopni) éonvmmempu. IX IpUHIUD i1 IPyHTYETHCS
Ha BUKOPHUCTAaHHI SBUIIA eNEKTpocTaTH4HOi iHaykmii. Lled mpuman mo
CYTi € eNeKTPOCTATUYHUM T'SHEePATOPOM, SIKHUHM MICTUTh KOHJICHCATOP 31
3MIHHOI0O €MHICTIO 1 T€HEepye CTPYM, HPOMOPIHHANA MPHUKIaJACHINA Ha-
npy3i. 3apsn, 0 HAKOMUYYEThCS Y KOHAeHcaTopi eMHicTio C, BU3Ha4a-
€THCS 32 HACTYITHUM BHPA30M:

q=C-U.
SIk1o eMHICTB 3MIHIOETRCS Y Yaci, a mpukiagena Hanpyra U mocriifHa,
y KOH/IGHCATOPi BUHUKAE CTPYM:

U dc
i i
Ha puc. 2.7 noka3ana cxema reHeparop-
HOTO BOJIBTMETpa 3 LWIHAPHYHUM POTOPOM,
KU 00epTa€eThCs 32 IOTIOMOTOI0 CHHXPOHHOT'O
JIBUT'YHA 3 MIOCTIMHOO MIBUIIKICTIO. BUMiproBaHa
HAIpyTa IMoJA€ThCsl Ha HEPYXOMi eJIeKTpoIH A i
B, sii cTBOPIOIOTH eneKTpuyHe moje. Potop, po-
3IEHNH Ha HAMBIPUTHAPH 1 12, 301150BaHi Bif
oci poropa i oJiiH Bija oxHOro. B mporieci o0ep-
TaHHS POTOpA 31 MBHUIKICTIO N 00/XB EMHOCTI Ha-
MIBIWTIHAPIB BIIHOCHO €JIEKTPOJIIB MEPIOAUMIHO
3MiHIOIOTBCS Ha BenmmuuHy AC, 0TKe MK HUMH OyZe TEeKTH 3MiHHHM CTpyM.
CepenHs BeMYMHA CTPYMY BU3HAYAETHCS 32 HACTYITHUM BHPA30M:

I=2LAcU
30 '

3a monomororo Kojekropa 3, 4 Ta WTOK 5, 6 cTpyM BUIPAMIISETHCA 1
BUMIpsIOThCs ranbBaHoMerpoM G. Benmumna AC 3a 3BUYaeM BU3HAYA-
€TBCS EKCIIEPUMEHTANBHO.

Kynvosi eumiprosanvhi po3paoHuKu IMpOKO BUKOPUCTOBYIOTHCS Y Ha-
YKOBO-JOCIITHUX Ta MPOMHUCIOBHX JIAOOPATOPIsIX, 3aBASKM MPOCTOTI MpH-
CTPOIO 1 MPUUHSATHOIO JUTS IPAKTHKH TOYHICTIO, Ky MOYKHA JIOCSATHYTH JI0-
TPUMYIOUYHUCH TPABUIBHOI METOAMKH BUMipIOBaHH. 3 iX 1OIOMOTOI0 31ikcC-
HIOETHCS] HACTPOIOBAHHS BUIIPOOHOT CXeMU HA MOTPIOHY BETMUHHY BHIIPOO-
Hoi Hanpyru. KpiM Toro, BOHM BUKOPUCTOBYIOTBHCS SIK 3aXMCHI IPUCTPOI Bix
parnToBOTO MiBUIIEHHS HAPYTH.

Pucynok 2.7 — CtpykTypHa
CXeMa POTOPHOTO BOJIBTMETPA
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The measure of voltage in this case is the length of the air gap between
two electrodes of a certain (spherical) shape when a breakdown occurs. The
essence of voltage measurement with sphere gaps is that a discharge in a
slightly non-uniform electric field in sphere-to-sphere gap in air occurs under
a certain voltage with a low dispersion and a small delay. The discharge
voltage depends on the sphere-to-sphere gap magnitude, the diameter of the
sphere and that how the electrodes are connected.

Measuring sphere gaps are structurally simple devices, but at the same
time they provide measurement of the amplitude of AC, DC, and impulse
voltages with an error of the order of 2...3%. This accuracy is sufficient for
most technical measurements. Attempts to find calculation formulas for the
breakdown voltages of sphere-to-sphere gaps did not yield a satisfactory
solution. The official document for determining the breakdown voltages of
sphere gaps are the IEC tables [31], compiled by the way comparison of the
experimental findings conducted by leading HV laboratories.

In measuring DC or AC voltage, the balls are at first pre-arranged at bit
more distance than expected discharge gap. Then, the voltage being measured
is applied to the gap that is started to decrease down to appearance of the
discharge between the balls. At this moment, the gap magnitude is recorded
between the balls, by which the measured voltage is determined. The peak of
impulse voltages is measured similarly. As the balls are driven closer together,
the impulse being measured is applied to the gap with particular frequency and
at the discharge moment, the gap is recorded.

To eliminate oscillatory processes, a damping resistor is inserted into the
measuring circuit. To obtain stable measurement results, it is necessary to
irradiate the discharge gap with ultraviolet radiation or radioactive isotopes,
especially at small gaps between the spheres. The surfaces shall be smooth
with maximum roughness below 10 Im and free of irregularities in the region
of the sparking point. The curvature has to be as uniform as possible,
characterized by the difference of the diameter of no more than 2%.

It should be noted that for a long time sphere gaps have been an
important component of HV laboratories, but voltage measurement with the
gaps is associated with a number of problems. This is, first, necessity to
maintain clean surfaces of the spheres, determining corrections to
environmental parameters, and others. Today, they do not play such an
important role and are used only to check measuring means that in use.
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Mipoto HanpyTH y AAHOMY BUTIAJIKY € TOBKHHA TIOBITPSIHOTO MPOMIXKKY
MK JBOMa eNleKTpoJaMH NeBHOI (opMu mpu BHHUKHEHHI Tpoboro. CyT-
HICTh BHMIPIOBaHHS BHCOKOI HAlpyTH 3a JOMOMOTOI0 KYJIBOBOTO PO3PSA-
HUKa MOJISTaE y TOMY, IO PO3PsiA Y c1abKo HEOAHOPITHOMY TIOJTi MiXK TBOMA
KyJIbOBUMH €JIEKTPOIaMHt y TIOBITPI BUHHUKAE TPH MEBHIN HANpy3i 3 MaJIuM
PO3KHIOM 1 ManuM 3arizHeHHsIM. Po3psiiHa HanpyTa 3ajeXuTh Bifl BiacTaHi
MK KyJISIMH, AiaMeTpy KyJib Ta CIIOCO0Y IX BKIIOUCHHSI.

KynboBi po3psagHUKH € KOHCTPYKTUBHO MPOCTHUMU MPHUIIaIaMH, ajie TIpU
BOMY 320€3MeUyI0Th BUMIPIOBaHHS aMILTITYy 1 3MiHHUX, IOCTIHHUX Ta M-
MYJIbCHUX HAIPYT 3 NOXHOKOI Mopsiaky 2...3 %. Taka TOUHICTH 1OCTaTHA
JUTSI IPOBEICHHS O1IBIIOCTI TEXHIYHUX BUMIpIOBaHb. CripoOu 3HAWTH po3pa-
XYHKOB1 pOpMyH 1l TPOOMBHUX HANpPYT KYJIbOBOI'O PO3PAOHHMKA HE JAIN
3a710BiIbHOTO pimeHHs. OQiniiHIM JOKYMEHTOM JIJIsl BU3HAYECHHS TPOOHB-
HUX HaNpyT KyJIbOBUX po3psinHUKiB € Tadbmuui MEK [31], cknageni Ha mif-
CTaBi MOPIBHSIHHSA 1 CIIBCTABJICHHSI PE3yJIbTATIB TOCIIIKECHb KyIbOBUX PO3-
PSIHUKIB, MPOBEICHUX POBIIHIUMH J1A00PATOPISIME BHCOKOI HAIIPYTH.

[Tpu BUMiprOBaHHI TIOCTIHHOT Ta 3MIHHOI HAIPYTH KYJIi BUMiPIOBAIIEHOTO
PO3psIHUKA, TIONIEPETHFO BCTAHOBIIOIOTH HA BIJICTaHI JeKiIbKa OiibIne odi-
KyBaHOI PO3PSAHOI BiICTaHi, a MOTIM 30JIMKAIOTh IO BAHUKHEHHSI MiXK HUMU
po3psny. B 1eli MOMEHT peecTpyeThCs BIZICTaHb MK KYJISIMH, 32 SKOT BU3HA-
YalOTh BEJIMYHHY HAMPYTH, IO BUMIPIOETHCS. AHAIOTIYHO BUMIPIOETHCS aM-
TUTITYja iIMITYJIbCHUX HanpyT. [Ipu 3MiHi BificTaH] MK KYJISIMH JTO pO3PSAHOTO
NPOMDKKY 3 BU3HAUCHOIO YACTOTOIO NMPHKJIAJAETCS IMITYJIbC, 10 BUMIPIO-
€TBCS, 1 B MOMEHT pO3psy BiKCyeThCs BIICTaHD MK KYJISIMH.

Jiist yCyHEHHS KOJIMBAILHUX TPOIIECiB Y BUMIPIOBAIBHE KOJIO BKIFOYa-
eThcs Aemndysanbauii pesuctop. L1[o0 orpumyBaTH cTabiIbHI pe3yibTaTH
BUMIpIOBaHb MOTPIOHO OMPOMIHIOBATH PO3PSIIHUI MPOMIXKOK yiIbTpadioe-
TOBHMH ITPOMEHAMH 200 palioaKTHBHUMH 130TONAMH, OCOOJIMBO MIPU MAIHX
BificTaHsIX Mix Kyismu. [loBepxHi cep po3psiiHUKA MOBUHHI MaTH IIOPCT-
KicTh He Oinbiie 10 MKM, OCOOIMBO 1€ CTOCYETHCS TIOBEPXOHB, 110 CTHKA-
I0ThCS 3 po3psiaamu. KprBru3Ha moBepxHi cep NOBUHHI OyTH PiBHOMIPHOIO
3 BIAXWIICHHAM JiaMeTpa He Ouibiie 2%.

Co1izt 3a3HAYMTH, 10 TPUBAIUHN Yac KyJIbOBI PO3PSIHUKHU OYJIH BAYKHOFO
CKJIa[JOBOI0 YaCTUHOIO JIAOOpaTOpiii BUCOKOI HANpyTH, ajieé BUMipIOBaHHS
HaNnpyru KyJbOBHMH PO3PSAHUKAMH IIOB’s3aHO 3 HU3KOW mpobiem. Lle, y
NepILy Yepry, miATPUMaHHS YUCTOTH NOBEPXOHB Cep, BU3HAUECHHS Monpa-
BOK Ha IIapaMeTPH HaBKOJIMIITHLOIO cepeioBuIia Ta iHii. ChOroHi BOHH HE
BIJIIrPalOTh TaKOT BAXKJIMBOI POJIi 1 BAKOPUCTOBYIOTHCS JIUIIE JUIS TIEPEBIPKU
HasIBHUX BUMIPIOBAJIbHHUX 3aC00iB.
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Series impedances are the simplest measuring transducers used for low
and high voltage measurements. For DC voltage measurements, a high ohmic
series resistance (few hundreds of megohms) is usually used, which is
connected in series to a conventional measuring device (usually a moving-
coil instrument) as shown in Figure 2.8.

In this case, the instrument (microammeter) PA
measures the current | flowing through a high series
resistance R. Hence, the measured voltage applied to the
measuring circuit will be equal to U =1IR. In the
process, the voltage drop across the instrument is
neglected, which is quite acceptable, because its internal
resistance is very small. In parallel with the instrument,

- a protective device (gas discharger) FU is connected to
Figure 2.8 - Circuit  protect the instrument against high voltages in case the
Ir?gats)li:rﬂletﬁ?sewith series resistance R fails or flashes over. To increase the
series resistance response spged of the protective device, it is connected

at one end directly to the terminal of the resistance.

The magnitude of the series resistance is chosen so that at full voltage
the current through the resistor is of the order of hundreds of microamps
depending on the internal resistance of the voltage source. A high ohmic
resistor is usually constructed of a large number of series-connected elements
made of carbon or metal films, or wire resistors.

In AC voltage measurements, the use of capacitive series reactance is
more suitable. In this case, a circuit similar to the one shown in Figure 2.8 is
used. The rms value of the current in this case is measured, as a rule, by an
moving-iron instrument. The main disadvantage of utilizing capacitive series
reactance is the presence of significant errors when the voltage to be
measured contains higher harmonic components.

Voltage transformers are extensively used in relay protections and
automatics as transducers. They transform high voltage to voltage
convenient for direct measurements. The main advantage of voltage
transformers is reliable galvanic isolation (full decoupling) of the measuring
circuit from high voltage subcircuit. Along with conventional inductive
voltage transformers at voltages of 100 kV and higher, it is economically
feasible to use the so-called capacitive voltage transformer, which is a
combination of capacitive voltage divider and inductive voltage transformer.
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Jlooamxoei onopu € HAOUTBIT TPOCTUMH BUMIPIOBAIEHUMH TIEPETBO-
proBauamH, sSiKi BAKOPUCTOBYIOTBCS Il BUMIPIOBAaHHSI HU3bKUX Ta BUCOKHX
Hanpyr. s BUMIpIOBaHHS MOCTiHHOT HANIPYTH 3a 3BUYAa€EM BHKOPHUCTOBY-
€TBCS BUCOKOOMHULL pe3Ucmop BiAMOBITHOTO ONIOPY (COTHI METOM), SIKHH Ti-
JKJTIOYAETHCS TOCIIIOBHO 10 CTAaHJAPTHOTO BUMIPIOBAJIHLHOTO MpHIIaLy SIK
MPaBUJIO MAarHiTOEIEKTPHUYHOT CHCTEMH, pHC. 2.8.

VY 1poMy BHMAJAKY MpHIanoM (MiKpOaMIepMeT-

pom) PA BuMiproeTsest ctpyM |, mo mportikae yepe3

R BHCOKOOMHUI pe3ucTop mesHoro onopy R. OTxe Bu-

U MipIOBaHa HAIPyTa, [0 MPUKJIAeHAa 10 BUMIPIOBaIIb-

HOro mpucTpoto Oyme nopiBaioBatu: U = IR. Ilpu

I FU  npoMy mafiHHSM Halpyr'd Ha BUMIpIOBAIbHOMY MPHU-

JIaal HEXTYIOTh, IO MUTKOM JOMyCTUMO, 00 HOTO BHY-

TpimHi# omip myxe manuid. [lapanensHO 10 BUMIipro-

BAJIBHOTO TMPUIJIAAY BKIOYAIOTh 3amOODKHUK (ra3o-

S BUll po3psanuk) FU st 3axucty npunaay Bij mou-

e —— KOJUKEHHS Y BUTIaJIKY poboro a6o. MIEPEKPUTTS pe3u-

JIOTIOMOTOO JOAT- cropy. s miABHUIIIEHHS IBUIKOIi1 CTIPAlbOBYBaHHS

KOBOT'O PE3HCTOpa 3a00KHMKA WOT0 IIKIFYaTh OJHUM KIHLIEM 0e3-
MOCEPEHBO 10 BiZIBOY PE3UCTOpa.

Bemianuy 101aTKOBOrO 0mopy BUOMPAIOTh TAKUM YHMHOM, 100 MpH
MOBHIH HaMpy3i CTPYM 4Yepe3 Pe3HCTOp CKJIA/aB HOPSIKY COTCHb MiKpoaM-
nep B 3aJI€KHOCTI BiJl BHYTPIIIHBOTO OIMOPY JoKeperna Hanpyru. Bucokoo-
MHHH pe3UCTOp 3a 3BUYAEM CKJIAJIAETHCS 3 BEJIMKOI KUIBKOCTI MOCIiIOBHO
3'€HAHUX €JIEMEHTIB, BUKOHAHMUX 3 BYIJIELEBUX a00 MeTaJeBUX ILIiBOK,
abo IPOTSHUX PE3UCTOPIB.

[Ipu BuUMiproBaHHI 3MIHHUX HANPYT OUTBII PaIliOHATLHUM € BUKOPHC-
TaHHA EMHICHUX 000amxogux onopis. Ilpn 1bOMy 3aCTOCOBYETBCS cXema
aHaJIOTivHa TOH, 110 HajaHa Ha puc. 2.8. [litoye 3HaUeHHS CTPyMY y IbOMY
BUNAJIKy BUMIPIOIOTh, SIK NIPAaBUJIO, aMIIEPMETPOM €JIEKTPOMArHiTHOI CHC-
Temu. OCHOBHUM HEJIOJIIKOM BUKOPHCTAHHS EMHICHHX JOJAaTKOBHX OIOPiB
€ HasIBHICTh CYyTTEBHX MOXHOOK MpPU HASBHOCTI BUIIMX TapMOHIWHUX CKJIa-
JIOBHX y BUMIpIOBaHIl HaIpy3i.

Tpaucgopmamopu nanpyeu (TH) HaOynu mmpoke MOMUPEHHS K BU-
MIpIOBaJIbHI €JIEMEHTH PUCTPOIB PEIeHHOr0 3aXUCTY i aBTOMaTHKK. BoHM
3JIIHCHIOIOTH TIEPETBOPEHHS BHCOKOI HANIPYTH Y HANpPYTy, 3py4YHY JJIS BH-
Mipy. OCHOBHOIO iX TIepeBarolo € MOBHA rajibBaHiuHa PO3B’s3Ka BUMIpIOBa-
npHOTO NpUcTporo. [lopsix 31 3Buuaitnumu iHgykTuBHUMU TH mipu Hampyrax
100 kB i Bume eKOHOMIYHO JOLITHHUM € BUKOPUCTAHHSA T.3. eMHicHux TH,
K1 SBJISIOTH C0000 crioy4eHHs emHicHOTO JIH 1 inmykTuBHOTO TH.

Pucynok 2.8 — Cxema
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However, the experience shows that application of voltage transformers
as transducers in test setups is possible only with consideration of certain
conditions. First and foremost, the magnetic circuit of the transformer during
the all testing cycle should not be saturated. Therefore, it is necessary to apply
the voltage transformers with higher voltage ratings and lower rated frequency
(at least by 2 times less than the frequency of the voltage to be measured). It
should be also noted that impulse voltages as well as arc drop are transformed
with considerable distortions because they contains a wide range of harmonics
which are transformed with different errors; in the process, near-resonant
frequency harmonics are considerably amplified. Thus, accurate recording arc
voltage using a voltage transformer is impossible.

As for the use of voltage transformers in test installations for HYAC
measurements, it should be noted their higher price compared to other
measuring transducers, especially at voltages above 500 kV. Therefore,
measuring transformers, like other inductive transducers, are
recommended for use in test installations exclusively for the calibration
of available transducers.

Voltage dividers are extensively used in HV laboratories since it
provides sufficiently high accuracy of high frequency and impulse
voltage measurements. A voltage (or potential) divider is a scale
transducer that reduces the voltage being measured by a certain number
of times, called the divider ratio:

n=—1, (2.11)

where U is the voltage to be measured; U, is the voltage to be applied to the
recording instrument.

The conceptual shortcoming of voltage dividers is the availability of a
galvanic coupling between the test object, applied by high voltage, and the
measuring circuit. Therefore, in order to ensure safety of the test setup, one
of the points of the measuring circuit must be grounded. If the test object has
grounded point, a one-arm circuit of voltage divider is used that is shown in
Figure 2.9a. If the object has no grounded points, two-arm circuit of voltage
is used that is shown in Figure 2.9b.

109



OpHak, K TOKa3aB A0CBi, BukopuctanHs TH y BUIpOOHHUX yCTaHOB-
Kax MOXKJIMBO JIMIIE 3 ypaxyBaHHAM psity yMoB. [lo-iepur 3a Bce, MarHito-
IPOBiA HNPOTATOM yChOTO LUKy BUIPOOYBaHb HE MOBMHEH HACHYYBaTHUCH,
TOMY BapTo 3acTocoByBatd TH Ha GiNBII BUCOKI KJIAaCH HAINPYTH Ta OLIBII
HU3BKY YacTOTYy (HE MEHII SIK y 2 pa3u HIWK4Ye YaCTOTH HAIPYTH, IO BHMi-
proeTsest). Cltijy TaKOK 3a3HAYUTH, 110 IMITyJIECHI HATIPYTH, @ TAKOXK HAIpyra
Ha eNIeKTPUUHil 1y3i nepenatoTbes TH 31 3HAUHMMHU CIIOTBOPEHHSIMH, OCKi-
JIBKU MICTATH IIMPOKUN CHEKTP TAPMOHIK, SIKi EpeAaloThCs 3 PI3HUMH T10-
xubkamu. [Ipy 1IpbOMy 3HAYHO MiACHITIOIOTHCS TAPMOHIKH, YAaCTOTH SKHAX
ONU3BKI 1O PE30HAHCHOI, TOMY TOYHE OCHHIOrpadyBaHHs HAIIPYTH Ha AYyTi
Ta IMITyTLCHUX HANpYT 3a JonoMoroto TH HeMoxHBoO.

o crocyetbes BukopucTanas TH y BUIPOOHUX ycTaHOBKAX /ISl BUMi-
PIOBaHHS YMCTO CUHYCOIAaIbHOT HAPYTH, TO CJIiJ] 3a3HAYUTH OUTBII BUCOKY
iX WiHy y MOPiBHSAHHI 3 IHIIMMH BUMipIOBaJIbHUMH TIEPETBOPIOBAYAMH, OCO-
6mmBo npu Hanpyrax Buie 3a 500 kB. Orxe, TH, sk 1 iHII iHAYKTHUBHI Tie-
PETBOpIOBaYi, PEKOMEHIYIOTHCSI 1O BUKOPUCTAHHS BUKIIOYHO [T Kamiopy-
BaHHS HasIBHUX BUMIPIOBAJILHUX IIEPETBOPIOBAYIB.

Hinonuxu nanpyeu (/TH) HaOynu MIXPOKOTO PO3MOBCIOKEHHS y J1a60-
paTopisix BUCOKOI HANPYTH, OCKLIBKH 3a0€3Meuyr0Th JOCTaTHBO BUCOKY TO-
YHICTh TPU BHMIPIOBAHHSIX BUCOKOYACTOTHUX Ta iMITyJbcHUX Hampyr. JJH
sBIIsie cOO0I0 MacIITaOHUI BUMIPIOBATBHHUN IIEPETBOPIOBAY, SIKUH 31IIHCHIOE
3MEHIIIEHHS HANPYTH, 10 BUMIPIOETHCS, Y JEsIKE YHCIIO Pa3iB, sIKe Ha3MBa-
I0Th KOC(II[IEHTOM MOALTY

n=J1 (2.11)
U,
ne Ui — BumiproBana Hanpyra; Uz — Hanpyra, 10 HOAA€THCS 10 PEECTPY-
BaJIbHOTO MPUIIATY.

[IpuanumoBuM HenonikoMm JIH € HasBHICTH TallbBaHIYHOTO 3B S3KY
BHUMIpIOBAJILHOTO KOJIa 3 JOCIII)KYBaHUM 00’ €KTOM, TOMY AJis 3a0e3re-
4yeHHs 0e3IeKH 0JIHA 3 TOUOK BUMIPIOBAILHOI CXEeMU IIOBHHHA OYTH 3a3e-
MJIeHa. SIKII0 01Ha 3 TOYOK 00’ €KTa, 110 JOCHIIKY€EThCS, 3a3eMiIeHa, BH-
KopuctoByeThca onHoruieueBuil JIH, puc. 2.9a. fkmo xonHa 3 TO4YOK
00’€eKTa, 110 TOCTIIKYEThCS, HE 3a3eMJICHA — BUKOPUCTOBYETHCS ABOILIE-
ueBwuii JIH, puc. 2.96.
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The main components of voltage
divider are a low voltage arm Z; and high
voltage arm Z;. Points 1 and 2 of the
voltage divider are connected to the test
object; points 3 and 4 are connected to the
recording instrument.

The main requirement imposed upon
= voltage divider (and in general upon a

Figure 2.9 — Voltage divider cir- ~ measuring system with a voltage divider) is
cuits: a) one-arm; b) two-arm non-distorting transmission of the voltage
being measured from the investigate object
to the recording instrument. This is possible only in the case when the high-
voltage and measuring parts of the circuit are fully identical. However, this
cannot be achieved in actual measuring systems, because the one, besides a
voltage divider and recording instrument, contains connecting wires,
transmission system, shielding and matching components. Thus, one of the
main problem to design a measuring system is to ensure the minimum
distortions of the voltage being measured.

It should be noted also that the accuracy of measurements with a voltage
divider essentially depends on the presence of partial discharges (PD).
Therefore, the top and grading electrodes, and the column of the divider must
be PD-free due to dust and pollution, especially in case of high air humidity.

Another important requirement, imposed upon measuring system with
voltage divider, is the absence of influence on the process being investigated.
For example, when the recovery voltage is measured, input impedance of the
divider should be sufficiently high and its input capacitance should not be
great. Otherwise, the recovery voltage parameters being measured can be
considerably distorted.

Research and testing experience shows that the voltage divider
practically does not effect on the recovery voltage process if its input
impedance in excess of 100 kOm, and the input capacitance does not
exceed 10...15 pF [42].

There exist several varieties of voltage dividers according to the type
of elemental base used. The most extensive application in research and test
setups has resistive, capacitive and resistive-capacitive voltage dividers.
The application of this or that type is defined by the type and parameters
of the voltage measured.
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OcHoBHuMH enemMeHTamu JIH € Hu-
3bKOBOJIBTHE IIIeUE Z2, 1O STKOTO TIPHE-
HYETBhCSl PEECTPYBAILHUEN Tpwiaj, (To-

a)

Z 4yku 3—4) 1 BUCOKOBOJBTHE TUICYE Z1, IO

3 MAKII0YAETHCS 0 00’ €KTa, 10 JOCI-
JOKY€eThes (Touku 1-2).

Zs OCHOBHOIO 1 TOJOBHOIO BHMOI'OIO

2 4 1o JIH ta BUMiproBaJIBHOTO TIPUCTPOIO B

= IIJIOMY € BIICYTHICTb CTIOTBOPEHB BHMi-
Pucynok 2.9 — Cxemu migkmodeHns  proBaHOi Hanpyru. Lle MoxiuBo mwmine
JUIBHUKIB HAIIPYTH: @) OJHOILIEYEBOrO; pu TOUHI# 01061 YaCTHHU CXEMH, 110
0) wonedesoro 3HAXOMUTHCS Mifl BUCOKOIO HATPYTOIO i
MOJKJIMBO, OCKIJIbKH BUMIpIOBaIbHUHN MPHUCTPil, okpiM JIH, MicTuTb 3’ €aHy-
BaJbHI MPOBOAM, KaOelli, IMOTO/KYBalbHI €IEMEHTH Ta PEeECTPYBaIbHHMA
npunaa. OTxe, 3a1a4€f0 CTBOPSHHS BUMipIOBAILHOTO MPUCTPOFO € BUOIp Ta-
paMeTpiB, TP SKAX BIIXWICHHS HANPYTH, IO PEECTPYETHCS OCIMIIOrpa-
(oM, BiJ BUMipIOBaHOI HATIPYTH, (3 ypaxyBaHHSIM Koe(imieHTa MoaiTy) 3Ha-
XOIUJIOCS Y IPUITYCTUMHUX MEXkKax.

Ciil TakoK 3a3HAYUTH, [0 TOYHICTH BUMiptoBaHHs /IH cyTTeBo 3a-
JIEKHUTh TaKOX BiJ| HASBHOCTI YacTKOBHX po3psaliB. OTxe, BOHH HE IO-
BHHHI BUHHKATH Ha MMOBEPXHSAX BEPXHHOTO TA EKPAHYBAIBHOI'O €IEKTPO-
JliB, & TAKOK KOPITYCi BHACTIZOK MUY Ta 3a0pyAHEHb, OCOOJIMBO MIPH BH-
COKili BOJIOTOCTI MOBITPSI.

He MeHI Ba)kIMBOIO BUMOIOIO 10 BUMiptoBanbHUX cxeM 3 [IH € Bin-
CYTHICTh BIUIMBY Ha JNOCHiIKyBaHWMU mpouec. Hampukman, npu BUMipio-
BaHHI IIOHOBJICHOI HANPYTH Ha KOHTAKTaX, HEJOCTATHBO BUCOKUHN BXiTHUM
omip i BenuKa BXilHA eMHIicTh JIH Moke mpuBecTH 10 iCTOTHOTO CIIOTBO-
PEHHS Oro mapameTpis.

Sk mokazana mpakTHKa J0CIipkeHb, J|H mpakTHyHO He BIUIMBaE Ha
npoIiec MOHOBIICHHS HANIPYTH, SIKIIO HOTOo BXiaHUH omip He MeHie 100 kKO,
a BXiZJHa eMHICTb He nepeBuiye 10—15 nd [42].

Icaye nmexinpka pizHOBUAiB JIH B 3aJ€KHOCTI Bil THUIYy €IEMEHTHOI
0a3u. HailOinbin mupoKoro BUKOPUCTAHHS Yy BHUMIPIOBAILHUX MPHCTPOSIX
BUIPOOHHUX Ta EKCIIEPUMEHTAIbHUX yCTAaHOBOK OTPUMAIM OMi4Hi, EMHICHI
Ta eMHicHO-oMiuHi JIH. BukopucranHs Toro abo iHIIOro By BU3HAYAETHCS
BUJIOM Ta IapaMeTpaMH BUMIPIOBaHOI HANPYTH.
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Resistive (or ohmic) dividers. In this case, both arms are pure resistances.
Resistive dividers have usually an aperiodic response to a voltage step, i.e.,
their main type of distortion is front smoothing. The frequency characteristics
of resistive dividers have specific fall (roll-off) in the high frequency range, as
shown in Figure 2.10a; therefore, they are used mainly for HVDC
measurements. To measure the parameters of lightning impulses, resistive
dividers with low input resistance (low-resistive dividers) are used, but their
use is impractical at voltages higher than one MV.

a) b)

n7(p

I
<>
e

=

I
SIS
e

Figure 2.10 — Typical frequency response of resistive (a)
and capacitive (b) voltage dividers

Capacitive dividers. In this case, both arms have capacitive reactance.
Capacitive dividers have usually oscillating response on a voltage step and,
correspondingly, their main type of distortions are overshoots. Hence, the
inductance of the wires that connect the divider with the voltage source
should be minimal that is the main reason for the limited application of
purely capacitive DNs. An equally important reason for their limited
application in test installations is they affect the process under investigation
(for example, the recovery voltage parameters).

The frequency characteristics have specific fall (roll-off) in the range of
low frequencies, as shown in Figure 2.10b; therefore, they are used for
HVAC and switching impulse measurements. To measure the parameters of
lightning impulses, capacitive dividers with damping resistors are used.

Capacitive-resistive (universal) dividers are extensively used in
testing setups for switching tests, since they provide a sufficiently high
transmission accuracy of the voltage being measured in a wide frequency
range. Their main disadvantage is a more complex construction compared
to resistive or capacitive dividers. The measuring circuit with capacitive-
resistive divider is shown in Figure 2.11.
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Owmiyni /[H. Y npoMy BHUINAAKy OOM/IBa TUIEYi SBISIFOTH COOOI0 aKTHBHI
onopu. OMiuni JIH MaroTs , K paBmIIo, anmepioIuIHAN XapakTep peakilii Ha
NPSMOKYTHHH IMITYJILC HAaIlPyrd, TOOTO OCHOBHHI BHJI CIIOTBOPEHHS € 3IJIa-
JoKyBaHHS (poHTY. YacToTHI XapakTepucTuku omiunux J[H maroTh xapakre-
PHI «3aBaM» B 00JacTi BUCOKUX 4acToT, puc. 2.10a, oT:ke BUKOPHUCTOBY-
I0ThCs1, TOJIOBHUM YMHOM, JJIs1 BAMIpY MOCTIHHOT HanpyTu. J{J1st BUMiptoBaHHS
napaMeTpiB rPO30BUX IMITYJIHCiB BUKOPUCTOBYIOTH oMiuHi JIH 3 mamum Bxin-
HUM omopoM (Hu3bkooMHi JIH), ane npu Hampyrax 6inpmie 1 MB ix Bukopu-
CTaHHS € HeJIONLIHHIM.

a) 0)

n7(P n= U2 n7(p

(o
Pucynok 2.10 — TunoBi 4acTOTHI XapaKTEPHUCTUKH
oMiuHUX (a) Ta emHicHUX (0) JIH

Emnicni /[H. Y npoMy BUMaIKy OOMIBA IJICUi SBJISIOTH COOOI0 EMHICHI
onopu. €mHicHI JIH MaroTh, Sk mpaBuIiI0, KOTHBAIFHUIN XapaKTep peakiii Ha
NPSAMOKYTHHUH iMITyJIBC HAmpyru, TOOTO OCHOBHHMH BHJ CIIOTBOPEHHS € BH-
Kyu Hanpyru. ToMy, iIHIYKTUBHICTE IPOBOJIIB, sKi 3’ €Hy0Th [IH 3 mxepe-
JIOM HarpyTH, TOBUHHA OYTH MiHIMaJIBHOIO, 1[0 € OCHOBHOK IMTPHUYHUHOIO 00-
MEXEHOI'0 BUKOPUCTAaHHS 4YnucTO eMHiCHUX JIH. He MeHI BaxJIMBOIO MpH-
YHHOIO 00MEKEHOTO BUKOPHUCTaHHS eMHICHUX [IH y BUTIpOOHMX ycTaHOBKaX
€ BIUIMB Ha MPOIIEC, 110 JOCTIDKYETHCS (HAIPUKIA[, TapaMeTpH IIOHOBIIIO-
BaHOI HaIIPyTH).

YactoTHi XapakTepucTHKu eMHICHHX JIH MaroTh «3aBanm» B 00JacTi
HU3BKUX 4acToT, puc. 2.100, oT)ke BUKOPUCTOBYIOTHCS JUIsl BUMIPIOBAHHS
3MIHHOI HAalIPyTH, a TAKOX TapaMeTpiB KOMYTaI[iHUX IMITYJIbCiB. J{71s BUMi-
PIOBaHHSA MapaMETPiB IPO30BHX IMITYJIECiB BUKOPUCTOBYIOThCA eMHicHI J{H
3 JeMi(yBaTbHIMHU PE3UCTOPAMH.

Emnuicno-omiuni (yHieepcanvni) J{H BUKOPUCTOBYIOTHCS U BUMIpY Ha-
NPYrH y HNIMPOKOMY JIialia30Hi YacToT 1 YCiX BHJIB BUIIPOOHUX Hanpyr. Bonn
HaOYJH IIMPOKOTO MONIHPEHHS npH NPOBEICHHI KOMyTaHIHHHX 1 IHIIUX BH-
npoOyBaHb ENIEKTPUYHUX anapaTlB IX OCHOBHMM HEOMKOM € GiNbII CKIIajIHA
KOHCTPYKIIisl y OPiBHSIHHI 3 pe3ucTuBHUME a00 emHicHumu JIH. Bumiprosa-
JbHA cxeMa 3 eMHicHo-oMiuHuM JIH Hanana va puc. 2.11.
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The main component of the
measuring circuit is the capacitive-
resistive voltage divider with the
following parameters: C1, Cz, R1, Ry,
which define its ratio; ri, r, are the
so-called damping resistors intended
to limit currents in the event of
voltage chopping; Ziine, Co, | are the
parameters of the transmission

Figure_2.11—Mga}suring circui_t\{vith resis- system: wave impedance, running
tive-capacitive voltage divider capacitance, and coaxial cable
length, respectively; rn is the matching resistor; ry is the damping resistor.

The divider parameters are selected according to its ratio:

S R0 (2.12)
G R n

Resistance of the low-voltage arm R, must be at least two orders more
than the cable wave impedance. Its capacitance C, should be by 50-100
times more than capacity of the line Col. The magnitudes of damping resis-
tors are selected in compliance with the following condition: r, << Z, (mini-
mum by two orders) and divider ratio.

The total height of the voltage divider is determined by the requirements
related to its external insulation, that is, the electrical strength of the
surrounding air. The height of the divider can be significantly reduced by
optimizing the shape and size of the electrodes, but the average voltages are
chosen moderately high to take into account the specific insulation problems
that arise at different types of measured voltage.

The specific heights of voltage dividers are usually chosen according to
the type of measured voltage:

- HVDC -2.5..3.0 m/MV;

- lightning impulse — 2.0...2.5 m/;

- switching impulse — 4.0...5.0 m/MV;

- HVAC (rms value) — 4.0...5.0 m/MV.

When a voltage of several hundreds of kilovolts is measured, usually no
problem to choose the size of the divider, since the required area is small. In
ultra-high voltage ranges, very large sizes of a divider is required because
the dependence of the discharge voltage on the distance between the elec-
trodes is highly nonlinear.
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OCHOBHUM €IIEMEHTOM BH-

G MIPIOBAJIFHOI CXEMH € €MHICHO-

Ry, 7. Co. | ] pe3uctuBHuil /IH 3 HacTynmHUMHU

== A napametpamu: Ci, Cz, R, Ro, siki

2 G, BH3HAYAIOTh HOTO KOEQIIiEHT

ZEFZ PII{  mominy; ri, r; — nemndysanbHi
L

lJBMM

pe3ucTopy, sIKi TpU3HAuUCHI JIs
OOMEKeHHSI CTPYMIB IIpH 3pi3ax
Hanpyru; Z,, Co, | — mapamerpu
Pucynox 2.11 — BumipropanibHa cxema JIHIL Hepenatl BHMIPIO Ba'J'IL HOTo
3 emmicHo-omiurnM J{H CUTHAJTy: XBWJIBOBHH OIIp, IO-
TOHHA EMHICTH Ta JOBXXHHA, Bif-
MOBITHO; I'c — MOTOKYBATBHUN PE3UCTOP; Iy — NeMII(yBaTbHUMA PE3UCTOP.
[Napametpu JIH BUOMparOTHCS BUXOISUH 3 3a1aHOT0 Koe(illieHTa Mo iy
Co_Ri_n

=1, 2.12
G R n (212)

Omnip HU3BKOBOJBTHOIO IJIeYa Ry MOBHHEH, SIK MiHIMYM Ha 2 MOPSAKH
TIepEBHIyBATH XBUIILOBHIA ortip iHii. oro emuicts Co moBuHHA GyTH B 50—
100 pasiB 6inbiie emuocti dinii Col. Bennunuu nemndysansaux omnopis JJH
BUOMPAIOTHCS 3 YMOBH 2 << Z,,.

3aranpHa Bucora JIH BH3HAuyaeThCss HEOOXITHOIO 30BHIIIHBOIO 130J15-
1i€10, TOOTO ENEKTPUYHOIO MIITHICTIO HABKOIHUIIIHBOTO MOBITps. Bucora JIH
MOJKe OYTH CYTTEBO 3MEHIIICHA 3a PaxXyHOK ONTHUMi3allii (hopMHu Ta po3MipiB
€JICKTPO/IIB, aJie CePEe/IHI HAITPYKEHOCTI OOUPAIOTh HE JY’KE BUCOKUMHU, 11100
ypaxyBatu crienndivHi i305AiHHI TPOOIeMH, IKi BHHUKAIOTH MPU PiI3HUX
BUJIaX BUMiPIOBaHOT HAIPYTH.

3a 3Bu4aem nutoMi Bucot J{H BUOMparoTh HACTYITHUMHU:

- 2,5...3,0 M/MB nipu nocTiiiHii Harnpysi;

-2,0...2,5 M/MB nipu Tp030BHUX IMITyJIbCAX;

-4,0...5,0 /MB npu KOMyTaIliiHIX IMITYJIbCAX;

- 4,0...5,0 M/MB (zmiroue 3Ha4eHHS) IPU 3MIHHIH HANIPY3i.

[Ipu BUMiprOBaHHI HAPYTH y AEKJIbKa COTEHb KiJIOBOJBT MpoOiieMu
BuOOpy po3MipiB /JIH 3BuuaiiHO He BHHHMKAE, OCKIILKHM MOTPiOHA TUIOMIA
HeBenuKa. B o0nacTi ynpTpaBHCOKHX HANpPyr CHIIbHA HENiHiMHA 3aIex-
HICTh PO3PALHOI HANPYTH BiJ BiJICTAHI MiX €JIEKTPOJaMH OOYMOBIIIOE
Iye Benuki po3mipu JJH.
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As an example, a photograph of a 2.2 MV
o gy resistive voltage divider is shown in Figure
’:‘ - !,' W— 2.12 [20]. Working elements of the divider
high-voltage arm are arranged in a cylindrical
insulating case of relatively small diameter,
filled with transformer oil, which provides
insulation between the elements, driving out
heat, and eliminates discharges on the surface
of the elements that can appear on the side of
high potential at high field strength. Recently,
Se-gas is used instead of oil. Working
elements of the divider low-voltage arm and

- matching resistor are placed in a steel

— screening box, which is located at the divider
ﬂ'&#_‘w bottom and is grounded.

Figure 2.12 — Photograph of
a2.2-MV resistive 2.5 Current measurements

voltage divider . L
The structure of a measuring circuit for
current measurements is defined by its magnitude and the behavior over
time. The steady-state currents of relatively small magnitudes (below 50
A) are measured at once by conventional ammeters of the relevant systems
and accuracy ratings, according to the responsibility of the measurements
being carried out.

However, in the course of research and testing in short-circuit conditions
there is frequently necessity to measure sufficiently high currents (tens of
kiloamperes). It should be noted also that in research and testing electric and
power electronic apparatus current measurements could perform not only in
steady state, but also in transient conditions. In such cases, various types of
measuring transducers are used, such as low-inductive shunts, magnetic and
non-magnetic cored current transformers, as well as current transducers with
employment of various effects (optical Faraday Effect, Hall Effect etc.). Let
us consider the most extensively used transducers in research and test setups.

[
[

L
———- ~
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Sx mpuknan, Ha puc. 2.12 Hagana poTorpa-
¢ist pesuctusnoro JIH Ha 2,2 MB [20]. Po6oui
enementy J{H, Kk mpaBuio. po3MimIyloTbCA y
OUTIHAPUYHOMY 130JISIIHHOMY KOPITyCi MOpiB-
HSHO HeBenukoro aiamerpa. Kopryc 3amoBHo-
; €TBCS TPaHC(HOPMATOPHUM MAaciIoM, sIKe 3a0e3-
: MeYye 130JISIII0 MiXK €IeMEHTaMH, BiJBEICHHS
TEIIa, a TAKOX YCyBa€ PO3PSIU MO MOBEPXHI
€JICMEHTIB, SIKi BUHUKAIOTh HA CTOPOHI BHCO-
KOTO TOTEHIIaNy MpU BEJHKii HampyKeHOCTi
nosst. OcTaHHIM YacoM 3aMiCTh Maciia BUKOPHC-
TOBY€ThCS enera3. Po6odi eneMeHTH HU3bKOBO-
apTHOTO Tuteya JIH 1 y3romkyBanbHHN pe3HC-
TOp, SIK MPABUIIO, PO3MIILIYIOTECSI B CTAJI€BOMY
EKPaHyIUOMY KOXYCi, SKHH PO3TalIOBY€EThCS Y
HWkHiK yactuni JIH 1 3a3eMimtoeThesl.

Pucynok 2.12 — ®oro pe-
suctuHoro JIH Ha 2.2 MB

2.5 BumiproBaHHs CTpyMiB

CTpyKTypa BHUMIpPIOBAIBHOTO MPUCTPOIO
JUISl BUMIPIOBaHHS CTPYMY BH3HAYAa€ThCS HOTO BETMYMHOIO TA XapaKTEPOM
3MiHHN y 4yaci. Craji 3HaueHHs BIIHOCHO HEBEJIMKUX cTpyMiB (10 50 A) Bu-
MIpIOIOTh, SIK MTPaBUIIO, 0€3M0CePeHbO CTaHAAPTHUMH aMIIepMETPaMH Bifl-
MOBIIHUX CHCTEM 1 KJaciB TOYHOCTI, B 3aJ€KHOCTI BiJ BIAIIOBIAAJbHOCTI
NPOBEICHUX BUMIpPIOBAHb.

OnHak, MpH JTOCTKCHHAX Ta BUIPOOYBaHHIX B PEXKHMaX KOPOTKOTO
3aMHKaHHS HEOOXiTHO BUMIPIOBATH CTPYMH, IO JOCATAOTH JAECATKIB 1 CO-
TeHb Kimoammep. CiiJl TakoX 3a3HAYNTH, IO B TPOIIECi TOCIiIKEHb Ta BH-
npoOyBaHb EJIEKTPHYHHUX Ta ENEKTPOHHUX anapaTiB BHMIPIOBAHHS YacToO
3IHCHIOIOTBCS HE TUIBKH Y CTaJINX, ajle i y nepexiHuX pekumax. B takux
BUIIAJIKaX BUKOPHCTOBYIOTH PI3HOTO POJy BHMIpIOBaJIbHI IEPETBOPIOBAYI.
Haii0inpm mmpoke pO3MOBCIOKEHHS Y JIOCIHIIHUIBKUX Ta BHIIPOOHUX
yCTaHOBKax HaOysu: Oe31HAYKTHBHI IIYHTH, TPAHC(HOPMATOPH CTPYMY 3 Ce-
pACYHUKOM 1 Oe3 ceplieyHHKa (3 HEMArHiTHUM CEPJICYHUKOM), & TAKOXK BH-
MIpIOBaJIbHI 3aCO0M 3 BUKOPHCTAHHAM Pi3HUX e(eKTiB (onTHyHHU edekT
Dapanes, epext XomnaiT. 1.).
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Low-inductive shunts refers to resistive converting devices and provide
sufficiently high accuracy of current measurements, while they are the most
suitable and simple ones. Therefore, this type of measuring transducers is
widely used in research and test setups. An essential shortcoming resulted
from application of shunts is available galvanic coupling between power and
measuring circuits. By this why, the use of instrument shunts is possible only
in the case the subcircuit, where a current is measured, is grounded. Two
main variations of instrument shunts are used in test setups:

- high-resistive shunts, with a resistance of about milliohms and voltage
drop in the range of 1 to 2 V, applied usually in testing insulation structures
of HV apparatus;

- low-resistive shunts, with a resistance of about microohms and voltage
drop in the range of 50 to 100 mV, used usually for high current
measurements.

The instrument shunt is a certainly

al s Im Line N shapeq condyctor made of high_ resistive
R E _____%C material (nichrome, manganin etc.).

| RI|  Measuring system with application of
S instrument shunt is shown in Figure 2.13.

It contains a shunt Ry, connected into a
circuit, where a current i(t) is measured.
Certain points of the shunt A-B are
connected to the measuring circuit that usually includes the following
components: a line (usually HF cable) to transmit the measuring signal to
recording instrument RI (usually millivolt meter, oscilloscope or digital
recorder) and matching resistor Rm. The resistance for matching resistor is
taken equal to wave impedance of the line, becauseRy;, << Zjine, Where Rsh is
the resistance of the shunt; Zjin is the wave impedance of the line.

The main requirement imposed upon the measuring circuit with
instrument shunt is the voltage applied to the recording instrument should be
accurately proportional to the current being measured:

ucp (t)=K-i(t), (2.13)

where K is the conversion ratio, independent on the magnitude of the current
and its rate of time-change.

Figure 2.13 — Measuring circuit with
instrument shunt
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be3indykmueni wiyynmu € pe3riCTUBHIMU TIEPETBOPIOBAYaMHU 1 3a0e311e-
YYyIOTh JIOCTAaTHBO BUCOKY TOYHICTH BUMIPIOBaHb CTPyMiB. BOHM € HaiO1 b1
3pYYHUMH Ta BiTHOCHO MPOCTHMH BUMIipIOBAIEHUMHU IEPETBOPIOBAYaAMH,
TOMYy HaOyJH HIMPOKOTO BUKOPUCTAaHHS y BUIPOOHHX ycTaHOBKax. CyTTe-
BAM HEIOJIKOM BHKOPHUCTAHHS UIYHTIB € BIJCYTHICTh TaJbBaHIYHOL
PO3B’SI3KM MK CHIIOBHM KOJIOM Ta BHMipIOBaJbHIM KOHTYPOM, TOMY HOTO
BUKOPUCTaHHS MOXKJIMBO TUTBKH Y TOMY BHMAJKY, KOJH TUISHKA KOJjia, Ha
AKifl BAMIPIOETBCA CTPYM, 3a3emiieHa. [Ipu BUmpoOyBaHHAX €IEKTPUIHHX Ta
CJICKTPOHHMX arapaTiB 3aCTOCOBYETHCS ABA BHIH IIYHTIB:

- BUCOKOOMHI WyHmMU 3 OTIOPOM TIOPSAKY MUTIOM i MaAiHHSIM HamlpyrH
1-2 B, siki BUKOPHCTOBYIOTHCS, TOIOBHUM YHHOM, TIPY BUIIPOOYBAHHSX 130-
TSAIAHIX KOHCTPYKIIIH BUCOKOBOJIBTHHX alaparis;

- HU3LKOOMHT uyHmuy 3 OTIOPOM TOPAIKY MIKPOOM i HaJiHHSIM HapyTH
50-100 MB, siki BHKOPUCTOBYIOTBCSI IS BUMipIOBaHHS BEJTMKUX CTPYMIB, Y
TOMY YHCII CTPYMiB KOPOTKOTO 3aMHUKAHHS.

it be3inaykTuBHUIT BHUMIpIOBAITH-

) L b HUH IIYHT SBJSE COOOI0 MPOBITHUK
R - ___)C I MEBHOI (dbopmMu, BUTOTOBJICHUH 3 Ma-

PII| repiamy 3 BHCOKMM HHTOMHM OIIO-
A | poM (HIXpoM, MaHTaHiH 1 T.IL).

g Cxema BUMIPIOBAJILHOTO TPUCTPOIO
3 BUKOPUCTAHHSIM BHMIpPIOBAJILHOTO
nryHTa Hajgana Ha puc. 2.13. Bona
MICTUTh IIYHT Ry, sSKWii BKIFOYa-
€THCSL Y KOJIO, B SIKOMY BUMIpIO€THCS cTpyM i(t). TTeBHi Touku myHTa A Ta B
T IKTFOYAI0TECS 0 BUMIPIOBAIBHOTO KOJA, SIKE MICTHUThH: JIHIIO Mepenadi
BHUMIPIOBAJIBHOIO CUTHATY (BUCOKOYACTOTHHI Ka0eJih) 10 PEECTPYBAILHOTO
npuiany PIT (miniBonsT™MeTp, ocpmorpad ado nudposuii peectpyBaabHHAN
MPUCTPIH), a TAKOXK MOTOKYBATLHUIA pe3UCTOP Rc. 0mopu moroixyBaibHUX
PE3UCTOPIB MPUUMAIOTHCS TAKUMH, 1110 JIOPiBHIOIOTH XBUJIBOBOMY OIIOPY Ka-
Oemto. ockinbku Z, >> Ry, ae Ry — omip myHTa; Zi — XBUJILOBUH OMip JiHii

Pucynok 2.13 — Cxema BUMiproBaHHS
CTPYMY 3 BUKOPHCTaHHSM IIYHTa

niepeadi BUMipIOBaJIbHOTO CUTHAITY.
OCHOBHOIO BMMOTOIO JI0 BUMIPIOBAJILHOTO IIIYHTA € TIOBHA BiJIIIOBIIHICTh
HAIPYTU Ha 3aTHCKaX BHMiPIOBAIEHOTO KOJIa CTPYMY, [0 BUMIPIOETHCSL:

ucp ()= K-i(t), (2.13)

ne K — xoedinieHT nponopiifHOCTi, 10 HE 3aJIe)KUTH BiJl BETUUMHH CTPYMY
i(t) i mBUIKOCTI HOTO 3MiHU.

120



In the cases of direct current and low its rate of change (including power
frequency alternating currents), this condition is always fulfilled because:

Ugp t =Ry i t (2.14)

where Rgh is the shunt pure resistance.

In the cases of high frequency and high rate of current measurements (in-
cluding impulse current measurements) this compliance is violated. The volt-
age drop applied to the recording instrument in transient conditions will satisfy
by the following equation:

dv
ucplt)= UAB(t)"’E , (2.15)
It has two components. The first one is determined by the voltage drop

between points A and B caused by the shunt active resistance:
Upg t =Ry -1 L, (2.16)

The second component is resulted from the self-inductance of the
shunt’s conductor, as well as flux linkage of the ABE (see Figure 2.13)
inductive loop with the magnetic field excited by the shunt, as well as
extraneous fields (sections of the current ducts attached to the shunt). In
addition, the condition (2.16) is not always fulfilled due to the skin effect.

Thus, the voltage drop ucp(t) applied to recording instrument is defined not
only by the magnitude of the current being measured, but also its rate of change.
Hence, the requirement of proportionality between i(t) and ucp(t) in this situation
is not fulfilled. At the same time, it should be pointed out that the self-inductance
of a shunt is usually very small and in most cases is not taken into consideration,
but the influence of other factors is quite appreciable.

To enhance the accuracy of the measurements, first and foremost, it
should be reduced the area bounded by the ABE loop as it is possible. The
more difficult problem is to preclude influence of skin-effect. This problem
is usually solved by constructive means, namely, the application of thin-
walled conductors. The main condition of no influence of skin-effect is the
conductor wall thickness must be much less than penetration depth evaluated
by the following expression:

2p
WUy’

A= (2.17)
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[Ipu BUMipIOBaHHI MOCTIHHUX CTPYMIB 1 TaKUX, IO MOBUIBHO 3MIiHIO-
IOTBCSI, 151 BUMOTA 3aBXK/IH BUKOHYETHCS

Ucp (t)= Ry -i(t), (2.14)
ne Ry — akTUBHHMH Omip mIyHTa.

[Ipu BuMipioBaHHI 3MIHHUX, IMIYJIBCHHUX 1 MEPEXiTHUX CTPYMIB, IO
IIBUIKO 3MIHIOIOTHCS, TaKa BiIMOBIAHICTE MOpyIryeThes. [laginas HanpyTHy,
IO PEECTPYETHCS MPUIIAJIOM, Y TIEPEXiTHOMY peXKHMi Oy/ie BiAMOBIgaTH Ha-
CTYITHOMY PiBHSHHIO

ucplt)= UAB(t)"'dd_‘f : (2.15)

Bono mictuth 1Bi cknanoBi. [lepia Bu3HavYaeThes MagiHHAM HANPYTH
MiX Toukamu A Ta B, ke 00yMOBIIEHO aKTHBHUM OTIOPOM IIIyHTa:

U t =R, it , (2.16)

Jpyra ckiamoBa 0oOyMOBJIEHa BJIACHOK IHJIYKTHBHICTIO IPOBITHHKA
IIyHTA, a TAKOXK IMOTOKO34eTuieHHsM 3 KoHTypoM ABE (aus. puc. 2.13) Bna-
CHOT'O MAarHiTHOTO IOJIS IIIYHTa 1 CTOPOHHIX MOJIB (IUISHOK CTPYyMOIPO-
BOMly, IIO TMPWIATalOTh A0 ImyHTa). KpiM TOro, He 3aBXIM BHKOHYETHCS
ymoBa (2.16) BHacTiAOK MOBEPXHEBOTO EEKTY.

TakuM 4MHOM NaiHHs HAPYTH Ucp(t), 0 HATXOAUTH 10 PEECTPYBa-
JIBHOTO IPUCTPOIO, BU3HAYAETHCS HE TUNBKH BEITMUYHUHOIO CTPYyMY, IO BU-
MIPIOEThCS, ajie W MIBUAKICTIO HOTo 3MiHM. OT)KEe BUMOTra IIOA0 MPOIOp-
niitnocTi Mixk I(t) Ta Ucp(t) y 1IbOMy BUTIAZIKY HE BUKOHYETHCS. [Ipu iboMy
CJIiJl 3ayBa)XMTH, L0 BJIACHA 1HAYKTHBHICTb LIYHTA, K MPaBUIIO, € AYXKe
MaJo W y OUTBIIOCTI BUMAIKIB He BpaxoByeThcs. OJHAK BIUIMB iHIIUX
YUHHUKIB Iy’K€ TIOMITHUH.

Jlia migBUINEHHS TOYHOCTI BHMIpIOBAaHb IMOTPIOHO, TOIEpe] 3a Bce,
3MEHIIUTH TUIOILY, SIKYy OXOIuntoe KoHTYyp ABE, Hackinbku 1ie MOMIJIHBO.
binbm cknazHO0 NpoOIEeMOI0 € YHUKHYTH BIUIUBY IIOBEPXHEBOTO €(EKTY.
Bona BUpIlIy€eThCS TOJIOBHUM YHHOM KOHCTPYKTHBHUMH METO/IAMH, & CaMe
BUKOPUCTAaHHIM TOHKOCTIHHMX HpOBiIHUKIB. OCHOBHA YMOBa BiJICYTHOCTI
BIUIMBY TIOBEPXHEBOTO €(eKTy € TaKOIO: TOBLIMHA CTIHKHM HPOBIIHHUKA IIIy-
HTa NMOBHHHA OyTH HAa0arato MEHIIe TJIMOMHN IPOHUKHEHHS €JIEKTPOMarHi-
THOI XBHJIi, SIKa BU3HAYAETHCSI 32 HACTYITHUM BHPA30M:

2
A= | 2P (2.17)
WHiLo
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where p, p are the electrical and magnetic properties of the shunt’s material:
resistivity and relative permeability, respectively; o is the angular frequency
of the current being measured.

The basic design solutions of low-inductive shunts intended for high fre-
quency and impulse current measurements are represented in a Figure 2.14.

a) b) C)
U 1
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Figure 2.14 — Basic design solutions of low-inductive shunts:
a) loop-shaped; b) tubular-shaped; c) disc-shaped

Current transformers represent inductive measuring transducers. As
differentiated from a shunt, current transformer ensures a full galvanic
decoupling between power circuit, and measuring one, which is significant
their advantage. There are two variations of current transformers. The first is
iron-cored transformers extensively used in relay protection and automatic
systems. However, it should be noted that they are practically unsuitable for
precise measurements of short-circuit currents because of great errors.
Therefore, in research and test set-ups, they are mainly used only for the
gualitative estimation of the fault processes.

Another variation of current transformers is non-magnetic-cored trans-
formers also known as Rogowski coil. Such devices are extensively used for
measurements of impulse currents and currents changing with high rate. Re-
cently Rogowski coil finds application in microprocessor-based automatic
and relay protection systems. The circuit for recording current with the help
of Rogowski coil is shown in Figure 2.15.

= mstrument

Figure 2.15 — Measuring circuit with Rogowski coil
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Iie p, |\ — eNEeKTPHYHI Ta MarHiTHI BIIaCTUBOCTI MaTepialy IIyHTa: TUTOMUI
omip Ta BiJIHOCHA MarHiTHa MPOHHUKHICTb, BIAMOBIAHO; (0 — KyTOBa Y4acTOTa
BUMIPIOBAHOTO CTPYMY.

OCHOBHI KOHCTPYKTHBHI pilI€HHS BUMipIOBaJbHUX IIYHTIB MpU3HA-
YEHUX JIJI BUMIPIOBaHHS BUCOKOYACTOTHHUX Ta IMIYJIbCHHUX CTPYMIB Ha-
nani Ha puc. 2.14.

a) 0) B)
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Pucynok 2.14 — OcHOBHI KOHCTPYKTHBHI PIllICHHS BUMiPIOBAaJIbHUX IIYHTIB:
a) MeTABOBUI IIYHT; 0) TpyOYacTHil IIYHT; B) AUCKOBHHN IIYHT

T paucd)opmamopu CMpymy SBJISIOTH c00010 IHAYKTHBHI BUMIpIOBa-
TbHI mepeTBoproBadi. Ha Bigminy Bin IHyHTlB Tpchq)opMaTopH cTpyMy
(TC) 3abe3mneuytoTh HaJiiHy raJibBaHigYHY PO3B’ 13Ky MK CHJIOBOIO Ta BUMi-
PIOBAJILHOIO KOJIaMH, 1[0 € CYTTEBOIO 1X IepeBarolo. IcHye aBa pi3HOBUAM
TC. Iepumii — e TC 3 pepomacnimuum cepoeuruxom, siki HaOyJIU MUPOKO
BUKOPUCTOBYIOTBCSI Y IPHUCTPOSX AaBTOMATHKH Ta PEIEHHOIO 3aXHCTY.
IIpoTe, BOHM NPaKTUYHO HENIPUIATHI AJIs1 TOYHUX BUMIPIOBaHb CTPYMIB KO-
POTKOr0 3aMHKaHHSI BHACIIIOK HasBHOCTI BEMMKHX nmoxuOok. [Ipu moci-
JOKEHHSIX Ta BUIIPOOYBAHHSIX anapariB BOHM BUKOPUCTOBYIOTHCS, TOJIOBHUM
YUHOM, JIJIS SIKICHOI OIIIHKH MTEePEXiHIX MPOIIECiB.

[ammit piznoBug TC — 11e TpaHchOpPMaTOPU 3 HEMACHIMHUM CEPOSHHUKOM,
BIZIOMi TaKOX SIK nosic a0 komyuika Poeoecbkozo), sKi MHPOKO 3aCTOCOBY-
IOTBCS JIJIsl BAMIPIOBaHHS IMITYJIbCHUX CTPYMIiB Ta CTPYMIB, 1110 IIBUIKO 3MiHIO-
I0TBCS y 4aci. B ocranHiil yac koTymika POroBcbKoro mmpoko BHKOPHCTOBY-
€TBhCS TAKOXK 1 B MIKPOTIPOIIECOPHUX MPHUCTPOSIX peieHoro 3axucty. Cxema pe-
€CTpallii CTpyMy 3a JIOIIOMOTOXO 10sicy Poroecbkoro Hajana Ha puc. 2.15.

ro L _
=
PI1
L]

Pucynok 2.15 — Cxema BUMIpIOBaHHS CTPyMy 3a JJOIIOMOTOIO TToscy Poroscekoro
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The current being measured i(t) passes through the bus (see Figure 2.15).
In compliance with Faraday’s law of induction, electromotive force is in-
duced in secondary winding w; that is expressed as follows:
av, ()

— (2.18)

ey (D =

where W(t) is the flux linkage of the secondary winding.

Since in this case the core is not ferrous, the flux linkage will behave in
the same manner as the current to be measured, and electromotive force in-
duced in secondary winding will be expressed as follows:

dai(t)
dt '’

e, () =K (2.19)

where K is the constant value.

Thus, the electromotive force generated by the secondary winding is
proportional to derivative of the current to be measured. In order to record the
trace i(t), the measuring circuit is connected to the secondary winding via an
integrating circuit IC with a fairly long (more than one second) time-constant.

Structurally, the Rogowski coil design is similar to iron-cored current
transformer, but it is imposed by additional requirements that consist in
the following. It is firstly uniform and dense wrap of turns on the form
and, the second requirement is the availability of an internal loop to
compensate the effect of external magnetic fields directed towards
perpendicular to the plane of the drawing.

Hall generators refer to measuring element, in which the Hall Effect is
employed consisting in the following. When a metallic strip carrying an
electric current is in magnetic field, then moving charge carriers, experienced
by Lorenz's force, deflect to a side. It result in generation of a potential
difference called the Hall voltage or Hall electromotive force directed
perpendicularly to both the current flow and magnetic field lines. Because of
its very small magnitude, the Hall Effect during a long time had purely
scientific interest. However, with the advance of semiconductor technology,
it has been found that a number of elements and their compounds have a
sufficiently high Hall's electromotive force. It has resulted in extensive
employment of Hall Effect in measuring systems of research and test setups.
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BuwmiproBanwuii ctpym i(t) mpoxoauts no mmuHi I (muB. puc. 2.15). ¥V
BIJIMIOBIAHOCTI 10 3aKOHY €JIeKTPOMArHiTHOI iHAYKLii Y BTOPHHHIN 0OMOTII
W IHAYKYETBCS €.p.C.
d¥,(t)

dt
ne Wo(t) — moToxoszuerurenss BropuHHoi 06MoTky TC.

Ockinbku cepaeunnk TC HedepoMarHiTHHHN, BETHMYWHA MTOTOKO3YETI-
JICHHsI Oy/ie 3MIHIOBATUCH IPOTIOPIIIITHO BUMIPIOBAHOMY CTPYMY, OTXKE €.p.C.
Oyze BiAMOBiAaTH HACTYITHOMY BHpa3y:

ex( = : (2.18)

di(t)
dt ’

e, () =K (2.19)

ne K — mocriiiHa Benmn4uHa.

TakuM 9uHOM, eJIeKTpOopyIIiiHA CHIIa, IO 1HIAYKYETHCS Y BTOPUHHIN
oOMOTII MponopiiiiHa MOXigHIM BUMiproBaHOTO cTpyMy. s oTpumanHs
ocrmiorpamu i(t) 10 BTOPMHHOT 0OMOTKH MiaKIIOUaeThes inTerparop IK 3
BiJTHOCHO BeJIMKOIO (Oibie 1 ¢) mOoCTIHHOO Yacy.

3a koHCTpyKIIi€et nosic PoroBebkoro ananoriuauii TC i3 cepIeyHUKOM.
BimMiHHUME pricaMu HOTO BTOPUHHOT OOMOTKH €, TO-TIepIiie, piBHOMIpHA 1
HIiJTbHA HAMOTKA BUTKIB Ha Kapkac, i, MO-Apyre, HasiBHICTh BHYTPIIIHBOI
MEeTII, M0 HeoOXigHa JUIs KOMIICHCAIll BIUIUBY 30BHIIIHHOTO MAarHiTHOTO
MOJISI, IEPIICHIUKYIISIPHOTO TJIOMIMHU KPECIICHHSI.

Ilepemeoprosaui Xonna sBASIOTH COOOK BUMIPIOBAIBHI CIIEMEHTH, B
SKAX BUKOPHCTOBYETHCS eghexm Xoiana, CyTHICTh TOJSTaE B HACTYITHOMY.
SK1o MeralneBa TIIACTHHKA 31 CTPYMOM pO3TallloBaHa Y MarHiTHOMY IIOJIi, TO
Ha €JICKTPOHU Jiie cuia JIopeHIa, y pe3yJbTaTi Yoro BUHUKAE 3CYB 3apsjliB
BHACJIIJIOK YOT'O BUHHMKAE Pi3HULIS MOTEHINANIB (e.p.c. Xoia), HanpaBiieHa 1ie-
PIICHIUKYIISPHO JIIHISIM CTPyMYy 1 MarHiTHOro mois. Yepes myxe many ii Be-
nurHy edekT XoIa TOBrUi Yac MpeICTaBIIsIB JIMIIE HayKoBui iHTepec. O-
HaK, 3 PO3BUTKOM HAITiBIPOBIIHUKOBOT TEXHIKH 3’ACYBAJIOCH, 10 P eJieMe-
HTIB 1 TX CIIOJIYK MalOTh JOCHTb BEJIHKY €.p.C. X0JIIa, 110 MPHUBEJIO J0 IIUPO-
KOT'O TIPAKTUYHOTO BUKOPHCTAaHHS edekTy Xoula y BUMIPIOBaJIbHUX TPHCT-
POSIX TOCHITHAIPKHUX Ta BUTIPOOHUX YCTaHOBOK.
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The main component of Hall generator is a
wafer or a semiconductor film fitted with two pairs
of barrier-free contacts shown in Figure 2.16.
Contacts 1-1' are current electrodes; 2-2' are Hall
electrodes or output ones. When a current | flows
between contacts 1-1' of the wafer located in a
magnetic field with flux density B that is
perpendicular its plane, the electromotive force
induced between electrodes 2-2" will be:

Figure 2.16 — Hall Effect in e=x-1-B, (2.19)
semiconductor wafer

where k is the constant for the given wafer.

This relationship is the base to construct measuring circuits, in
particular current transducers or magnetic field sensors. Let us consider
an example of an outline for current measurement with use of a Hall
generator shown in Figure 2.17.

Hall generator is placed in the
air gap of a toroidal magnetic core
that envelopes the bus carrying
the current being measured i(t).
Invariable in value direct current I¢
passes between the current
electrodes 1-1° of the Hall
generator. If the ~core is
unsaturated in the measurement
process, the magnetic flux (and flux density B) are proportional only to the
current. Hence, Hall electromotive force between contacts 2-2' will be
proportional to the current being measured i(t).

Utilization of Faraday Effect. Magneto-optical effect also known as
Faraday Effect is the phenomenon consisting in that the polarization plane of a
polarized light wave that passes through an optically transparent dielectric
material (for instance, fiber optic channel) turns at the presence of a magnetic
field. A linear light wave can be represented as a pair of light waves with left
and right circular polarization, which jointly propagate in the medium. In a
magnetic field, these waves propagate at different speeds, and thus a phase
difference accumulates between them resulting in rotation of the resultant wave
with linear polarization by an angle expressed as follows:

A¢p = 4VN $ Hdl, (2.19)
where V is the Verdot constant dependent on the material

Figure 2.17 — Current measurement with
Hall generator
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OCHOBHHM eJIeMEHTOM ITepeTBOproBada Xo-
JIjIa € HaIliBIPOBITHUKOBA TUTACTHHKA a00 TUTIBKa
3 JIBOMa IapaMy HEBHUIPSMIIIOBAILHUX KOHTAaK-
TiB, puc. 2.16. Konraktu 1-1 — € ctpymMoBUMH
eIEeKTpoiaMu; 2-2 — BUXITHUMH €JICKTPOJaMHU.
SAxmo mix koHTaktamu 1-1 mporikae ctpym | i
TUTACTHHA PO3TAIIOBYETHCSA B MAarHITHOMY TIOJI 3
IHIYKIN€E B NepreHAUKYISIpHiH 1 IIIOIHH, TO

Ha eJICKTpoJax 2-2 BUHUKAE €.p.C.

Pucynok 2.16 — Edexr

Xosia y HalliBIPOBiTHUKOBIH e=x-1-B, (2'19)
nacTuHi Jie K — IOCTiliHA A7l JaHOT MJIaCTUHH.
JlaHe CITiBBiJHOIIICHHS JIGKUTH B OCHOBI CTBOPEHHSI BUMIPIOBATLHHUX TIPH-
CTPOiB, 30KpeMa JaT4MKiB CTpyMy. SIK HPHKJIad PO3IIITHEMO JaTYHUK CTPyMY
JUTSL BUMIpY BEITUKHX CTPYMIB, puc. 2.17.

IleperBoproBay Xoiia BCTaHOB-
JIHO y TIOBITPSHHMI 3a30p TOpOinaib-
HOTO CEpACYHHKA, B IKOMY MarHiTHHUI
MOTIK (I Mar”iTHa iHAYKINS) TPOTOp-
iliHI cTpyMy, 110 BHMIproeThes i(t).
Yepes miacTHHyY MPOIYCKAIOTh MOCTii-

Pucynok 2.17 — Bumiptoanus cTpyMY  gyrif 33 BetuanHO0 cTpyM ly. SIkimo ce-

3a IOTIOMOI'010 EPETBOPrOBavda Xomna p):[elIHI/IK B HpOL[eCi BI/IMipIOBaHHﬂ He
HACHUYY€EThCS, TO MAarHITHHHN MOTIK (Ta iHAYKIIis) Oy/ie POITOPIIiHHIM JIHIIE Be-
muuHi ctpyMmy. OTxe, e.p.c. Xoia, 10 3HIMAeThCsl 3 KOHTaKTiB 2-2 Oyze npo-
nopiiiitHa cTpymy, 1o BuMiproersest i(t).

Bukopucmannsa epexmy @apades. Edext Dapanest abo marsiToonTid-
HUH eeKT 1e SBHIIE TTOBOPOTY IUIOMIMHH MOJISpU3aIlii MOJISPU30BaHOT CBITO-
BOI XBWIII, SIKa TIPOXOJIUTh Yepe3 MPo30py JieNeKTPUIHY PEUOBHHY (HAIPH-
KJIaJl, OTNITOBOJIOKOHHUM KaHall), MPH HasBHOCTI MarHiTHoro mois. JliHifiHa
CBITJIOBa XBHJISI MOKe OyTH HaJJaHA TAPOIO CBITIIOBUX XBHJIb 3 JIIBOIO 1 IPABOIO
KPYTOBOIO MOJISAPHU3ALIEL0, SIKi CHUJIBHO MOMIMPIOIOTHCS Y CEPEAOBHIIL. Y Mar-
HITHOMY TIOJII JIBi XBUJIi 3 KPYTOBOIO MOJISIPH3AIIIEI0 TIOMIUPIOIOTHCS 3 Pi3HOIO
HIBMJIKICTIO, 1 THM CAMHUM MK HUMH HAaKOIIMYYEThCS Pi3HMLS (a3, 1110 Ipu3-
BOJUTE JI0 IOBOPOTY PE3YJILTYIOUOi XBWIII 3 JITHIMHOIO TOJISIPU3ALIIEI0 HA KYT,
SIKAY BU3HAYAETHCS 32 HACTYITHUM BUPA30OM:

A¢p = 4VN $ Hdl, (2.19)
ne V —nocriiina Bepio, sika 3a/ie:KuTh BiJl MaTepiay.
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M ) Figure 2.18 shows a schematic
/\ /\/\ ’(’)> diagram of current measurement using
[V the magneto-optical effect. A beam of
\ light from a stabilized light source LS
P, \ passes via the polarizer P; and enters the
L B medium M, where under the action of the
M2 magnetic field produced by the current to
|X] be measured i(t), undergoes rotation of its

\ plane of polarization. In this case, the light
LS F _ beam must pass parallel to the magnetic
P k- Ry force lines. After passing through the
‘ analyzer P2 and filter F, which allows to
transmit only monochromatic light, the
Figure 2.18 — Schematic diagram of  heam enters the photoelectric multiplier
current mteasurt'?mf“tﬁw'tth mag- pM, from the output of which it passes to
neto-optical ettee the recording instrument RI. The main
advantage of the method is the reliable galvanic isolation of the measurement
circuit from the circuit of the current being measured.

Recently, this effect began to be widely used in measuring technology, in
particular for measuring large currents. The so-called optical-electronic current
transformers, various current sensors are developed. For example, the ABB
company has developed an optical fiber current sensor FOCS (fiber optic
current sensor), which enables to measure currents up to 600 kA, providing
high measurement accuracy of +0.1% [27].

2.6 Electrical Power and Energy Measurements

In this case, also as in voltage and current measurements, i.e. in steady
state conditions, the electrical power and energy being consumed over
relatively long time span are usually measured with standard meters. In the
process, if this is necessary (in the cases of high currents or voltages)
appropriate transducers are applied, (see subsections 2.4 and 2.5).

However, during research and testing of electrical and power electronic
apparatus, it is frequently necessary to measure power and energy in transient
conditions. For example, the power and energy of an electric arc or a power
semiconductor device. In such cases, the measurement technique is
significantly different, it is necessary to provide simultaneous recording
current and voltage and their physical multiplication, which is the main
problem of power measurement. In order to energy recording, it is necessary
to ensure additionally the physical integration of the power signal.
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Ha puc. 2.18 moka3zana mpuHITAIIOBA

M ' ;
MA@ CXeMa BHMIPIOBaHHS CTPyMy 3 BHUKOPHC-
-

[V TaHHAM MarHiToontTuuHoro edexty. Ily-
\ YOK CBiTJIa Bil CTaOLTI30BaHOTO JDKeperna

\ .
P \ LS npoxoauts uepes noisipuzarop Pi i mo-
L B Tparuisie y CepesioBHIIe M, e i z[iefq Ma-
(ot THITHOTO TOJISI, IO YTBOPIOETHCS BUMIpIO-
|X] BaHUM cTpyMoM i(t), BimOyBa€eThCsi MOBO-
] - \ pOT IJIOIIMHH nossipuzanii. [Ipu npomy
LS T MPOMIHb CBITJIa TOBUHEH MPOXOIUTH NIapa-
paf k- gy | TemeHO MAarHiTHUM CUJIOBUM JiHisM. Tlics
i MIPOXOJDKEHHST depe3 adamizatop Po i

¢ineTp F, sikuit mporyckae TiIbKM MOHOX-

Pucynok 2.18 — Cxema BUMIpIO-  pomMaTH4HE CBITIO, Iy4OK MOTpAILISE Ha

BatHA CTPYMY 3 BUKOPUCTAHHAM — (horoenekTpuuHUil TOMHOKYBad PM, 3 Bu-

eexry Papanes X0y AKOTO HAJXOIWTh HA PEECTPYBalb-

Huit npuian RI. OCHOBHOO TiepeBaror0 METOMY € HajliliHa rajlbBaHiuHa PO-
3B'AI3Ka KiJl BUMIPIOBaHHS Ta BUMIPIOBAHOTO CTPYMY.

OcraHHIM YacoM [eif e(eKT moyaB MHUPOKO BUKOPHCTOBYBATHCS Y BU-
MipIOBaJIbHIN TEXHIlli, 30KpeMa JJisl BUMipIOBaHHS BEUKUX CTPYMiB. Po3po-
OIArOTHCA T.3. onmuko-erekmponui TT, pi3Hi JaTauku ctpyMmy. Hampuxian,
kommanisi ABB po3pobuia onroBonokonuui garunk crpymy FOCS (fiber
optic current sensor), sikuit 103BoJIsiE BUMiproBaTh cTpymH 10 600 KA, 3a06€3-
NEeYYI04H BUCOKY TOYHICTh BUMiptoBaHb £0,1% [27].

2.6 BumiproBaHHs eJIeKTPMYHOI OTYKHOCTI i eHeprii

VY naHoMy BHUTIaJIKy, TAKOX SIK 1 IPH BUMIipIOBaHHI HAIIPYTH Ta CTPyMY,
JUISl BU3HAYCHHS CTAJIMX 3HAYCHB SJICKTPHYHOI MOTYKHOCTI, @ TAKOXK CHEp-
Tii, 0 CIIOYKUBAETHCS 32 BITHOCHO TPUBAIWH Yac, K MPAaBHIIO, 3aCTOCOBY-
I0Th CTaHAAPTHI BUMIPIOBaIIbHI npmiaan. [Ipu HeoOXiqHoCTI (P BETUKUX
3HAYEHHSX CTPYMY Ta HAPYyT'H) BAKOPUCTOBYIOTH BiATIOBIIHI BUMipIOBaJIbHI
nepeTBOproBayl (AMB. migpo3ainu 2.4 ta 2.5).

OpnHak, IpH TOCTiIKEHHIX 1 BUIPOOYBAHHSAX EIEKTPUYHUX Ta €JICKT-
POHHUX amnapartiB JIOCHTh 4acTO HEOOXiJHO BHUMIPIOBATH MOTYXHOCTI U
eHeprii y nepexigHomy pexxumi. Hanpukmazn, mOTyXHICTb 1 €HEprilo enek-
TPUYHOI JyTH a00 CHIIOBOTO HAITIBIIPOBIIHUKOBOTO MpUiIaLy. Y TaKUX BU-
najKax METOAMKa BUMIPIOBaHb CYTTEBO BiApi3HIETHCA, HEOOXiTHO 3a0e3-
NEYUTH OJIHOYACHE ocIiiiorpadyBaHHS CTpyMy 1 Hampyru 1 ix ¢izuuHe
NEPEMHOKYBaHHS, 10 i1 € OCHOBHOIO MPOOJIEMOI0 BUMIipIOBaHHS TOTYX-
HoCTi. JIJist OTpUMaHHs eHeprii HeoOX1HO JT0AaTKOBO 3a0e3neunT (izu-
YHE IHTErPyBaHHS CUTHATY HOTY>KHOCTI.
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There are several techniques to measure the instantaneous power value
[39]. However, none of them gives satisfactory results in respect to the
accuracy to multiply current and voltage, especially when the two
phenomena being multiplied are highly different in magnitude. The
exception is the use of the Hall Effect to multiply two electrical quantities.
This technique is widely used today to measure power, especially at high
rates of change in current and voltage, i.e. it provides non-delay operation
and ease of use. One of the variants of the power measurement outline with
utilization of a Hall generator is given in Figure 2.19.

The Hall generator is placed in the air

O\ gap of a magnetic circuit with magnetic

LTI >~ flux density B. If the magnetic circuit is

L _zu non-saturated in the process of recording,

the flux density will be proportional to

10 u(t) i. instantaneous value of the current i(t)

flowing through the investigate object 10.

The current passing between contacts 1-1' i¢

Figure 2.19 — Outline of recording  js proportional to the voltage drop across
electric power using Hall generator the investigate object u(t).

Thus, the Hall electromotive force between contacts 2-2' will be
proportional to electric power generated by the investigate object. This
voltage is applied to recording instrument RI via the amplifier. If the current
flowing through the investigate object is sufficiently high (above 1 kA), the
magnetic core is not required to apply; the Hall generator in such case is
placed in the vicinity of the current-carrying bus. To measure instantaneous
values of electrical energy, the measuring circuit should be supplemented by
an integrating circuit with sufficiently long time constant.

Y
To RI

!

2.7 Measurement of VVolt-ampere Characteristics

In studying the components of electrical and electronic devices, in
particular, electric arc discharges, power semiconductor devices, etc., there
is often a need to analyze their current-voltage characteristics. They
provide extensive information about the processes taking place in this
component and allow analyzing the influence of external factors (circuit
parameters, environment) on it.
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IcHye mexinpKka METO/IB BUMIPIOBAaHHS MUTTEBOTO 3HAYECHHS ITOTY>KHOCTI
[39]. TIpoTe xo0/eH 3 HUX HE Ja€ 3aJ0BUILHUX PE3YJIBTATIB IIOJ0 TOYHOCTI
MEPEMHOKEHHSI IBOX EJIEKTPUYHHUX BEMYUH CTPYMY Ta HApPyTr'H, 0COOIUBO
KOJIH JIBa SIBHIIA, 1110 TIEPEMHOKYIOTHCS MAIOTh BENUKY Pi3HHLIIO 32 BEIUYH-
HOI0. BUKITIOUEHHS CKJ1aJ1ae METO/] TIepPEeMHOKEHHS JIBOX BEJIMIHH 32 JOTIOMO-
roto edexTy Xoiuia, SKHi MUPOKO BUKOPUCTOBYETHCS YV JAHWN Yac IS BH-
Mipy HOTY>KHOCTi, OCOOJIMBO MPY BEJMKHUX MIBUAKOCTSX 3MiHU CTPyMYy Ta Ha-
MpyTu, TOOTO 3abe3mneduye Oe3IHepIiiHICTh Ta MPOCTOTY Y BHKOPHCTAHHI.
OpuH 3 BapiaHTIB CXeMH BAMIPIOBaHHS MOTY>KHOCTI 3 BUKOPUCTAHHSM Tiepe-
TBOprOBaua XoJuia HajaHui Ha puc. 2.19.

[TepeTrBoproBa4Y MICTHTBHCS Y TOBIT-
i(1) pSHOMY 3a30pi TOPOINANBLHOTO Ccepley-
10T > HHKA 3 MarHiTHOIO iHIyKIi€w B. Skimo B
mpoleci peectpanii cepieyHUK HE HACH-
qyeThes, 11 BennunHa Oy/ie mporopIiiiiHa
AL u(?) MHUTTEBOMY 3HAYCHHIO CTPYMY, 110 BHMi-
proetses i(t). Uepe3 mmacTuHy aaTdnrka
MPOMYCKAIOTh CTPYM, BEJIHYWHA SKOTO
Pucynok 2.19 — Cxema Bumipio-  miporopuiifHa maJiHHIO HaIPYTd Ha J0C-
BaHHsl NOTY)KHOCTI 33 IONOMOTOI0 i noxeypapomy enementi JE u(t).
nepersoproeaa Xoita Hanpyra, 1o 3HIMaeTbCst 3 KOHTAKTIB
2-2, mpomnopIiiiiHa MOTYXHOCTI, 0 BUAUISAETCSA B J[FE, depe3 MiICHIoBad
MOJAEThCSI HA PEECTPYBAIBHUN mpwian. SIKIo CTpym, IO MPOTIKAE B
00’€KTi, JOCUTh BEUKUH (TTOPSAKY OJUHHIIL-JIECATKIB KiJloamIiep), To cep-
JICUHUK He TIOTPIOEH, 1aTYMK X0JU1a B TAKOMY BUIIAJIKy PO3TANIOBYETHCS M0-
05u3y cTpyMOBey4Ooi muHK. J[s peecTpariii MUTTEBUX 3HAUCHD CIEKTPHY-
HOT eHeprii Ha BXOJi IMiJICHIF0BaYa HEOOXITHO BKJIFOUUTH IHTETPYIOYE KOJIO
3 IOCUTh BEJIMKOIO MOCTIHHOIO Yacy.

Ha PIT

2.7 3HATTS BOJBTAMIIEPHUX XaPAKTEPUCTHK

[Ipu mocnijkeHH] eJIeMEHTIB eIEKTPUYHUX Ta eJIEKTPOHHUX allapaTis,
30KpeMa eIEeKTPOAYTOBUX PO3PAIiB, CHIOBUX HAIIBIPOBITHUKOBUX MpHJIa-
IiB Ta iH., 4aCTO BUHUKA€E HEOOX1IHICTh aHaJIi3y iX BOJBT-aMIEPHUX XapaK-
tepuctuk (BAX). Bonu naroth mupoxy iHGOpMAIiio Mpo MPOIIECH, 110 Bifl-
OyBaroTbcs y JAHOMY €JIEMEHTI, 1 103BOJISIFOTH aHaJi3yBaTH BIUIMB HA HHOTO
30BHIIIHIX (aKkTOpiB (MapamMeTpu KoJia, HAaBKOJIHUIIHHOIO CEPEOBUILA).
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It is known that volt-ampere or current-voltage characteristic of any ele-
ment is the dependency the voltage drop across the element vs current passing
through the element. Accordingly, a current-voltage characteristic is usually
measured by simultaneous recording the current and voltage either directly or
with application of appropriate transducers discussed above. There are distin-
guished static volt-ampere characteristics, measured at time-invariable current
and voltage of the element, and dynamic characteristics measured under
changing these quantities in time.

Static characteristic is usually measured by the point-by-point method
under steady state current and voltage across the investigate object. The current
through the object is changed discretely and corresponding values of the voltage
across the object are recorded. In such manner, the curve U = f (i) is plotted
according to the points with coordinates I;, Ui. The change of the current is usually
carried out either by variation of the active resistance in the circuit or with the
help of additional source in the load circuit. The first method is some simpler in
realizing, therefore it is used more frequently, but necessitates to utilize very
powerful, which is a grave drawback of this method. Since processes can have
statistic behavior, multiple measurements are made for each point.

Measurement of a dynamic characteristic requires simultaneous
recording both current and voltage drop of the object. In such cases, the
oscilloscopes with horizontal and vertical sweep are usually used. The time-
changing current with required rate of change is usually provided by the
discharge of a capacitor bank connected to the circuit with semiconductor-
based or electromechanical switch. The rate of change of the current is adjusted
by changing the bank capacitance. In such a way, a set of dynamic
characteristics at different rates of change of the current can be measured.

2.8 Measurements of Dielectric Recovery and Post-Arc Current

Dielectric recovery and residual (post-arc) current characterize the
properties of the contact gap of a switching device during the critical period of
AC circuit interruption, namely immediately after arc current-zero. To date, it
has been reliably established that just these parameters determine one of the most
important performance of the switching device, its breaking capacity.
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Bigomo, 1o BobT-aMIIEpHA XapaKTEPUCTHKA SBJISE COOOI0 3aJICKHICTD
NajiHHS HAIPYTH HAa JaHOMY €JIEMEHTI BiJl BEIMYMHU CTPYyMY, IO POTiKae
gyepe3 Hboro. Omke 3HATTS BAX 31MCHIOETHCS OJHOYACHOIO PEECTPAILIEID
CTpyMy Ta HanpyTu abo Oe3mocepesHbO a00 3 BUKOPUCTAHHIM BiIMTOBITHAX
BUMIPIOBAIBFHUX TIEPETBOPIOBaUiB. Po3pi3HsIOTE cratnudi BAX, 3HATI TIpH
BiJICYTHOCTI 3MiHM CTPYMY Ta Hampyru JOCHIPKyBaHOTO €JIeMEHTY i AuHa-
MiYHi, [0 3HIMAIOTHCS B MPOLEC iX 3MiHEHHS y Yaci.

3HATTS cmamuyHuX XapakTePUCTUK 3IHCHIOETBCS TIPU CTATNX 3HAYCH-
HSIX CTPYMY Ta HAIpPYTH €NEMEHTY, 0 JOCHIDKY€EThCs. 3MiHa CTpyMy Y BH-
MPOOHOMY KOJIi 311HCHIOETHCS AUCKPETHO 1 (PiKCYIOTHCS BiATIOBIIHI CTaIi 3HA-
YeHHS HAalpyT'y Ha IAHOMY €JIEMEHTI 1, TAKMM YHHOM, 110 TOYKaX 3 KOOp/HHa-
tamu li, Ui Oynyetbest kpuBa U = f(t). 3MiHa CTpyMy 3IIHCHIOETBCS 200 3Mi-
HOIO aKTHBHOTO OIIOPY Y KOJi, a00 3a JOIIOMOTOIO J0JIaTKOBOTO JKEepena y
KOJIi HaBaHTaxeHHs. [leprmii crioci0 Aeno mpocTiiie B peatisailii, ToMmy Ha
MPaKTHLl BUKOPUCTOBYETHLCS YACTIllIe, alle BAMArae 3aCTOCyBaHHS JIyXKe I10-
TY)XHHX PE3UCTOPIB, IO € CYTTEBUM HEIONIKOM I[h0r0 Metomy. [Ipu 3HSTTI
cratnaHoi BAX BHKOHY€ThCS JEKITbKa BUMIPIB I KOKHOI TOYKH, TOMY IIIO
MPOLIECH MOXKYTh HOCUTH CTATUCTUYHHM XapaKTep.

3HATTS OUHAMIYHUX XaPAKTEPUCTHUK MOTPeOye OTHOYACHOTO OCIIIIOrpa-
(yBaHHS CTpyMYy 1 HAIPYTH €IIEMEHTa, 0 JOCIKY€EThes. J{Js Iboro BUKO-
PHUCTOBYIOTBhCS OCITIIIOTpady 3 PO3TOPTKOIO IO TOPHU30HTANI 1 BEPTHKAI.
3MiHa CTpyMy 3 HEOOXiTHOIO MIBHKICTIO 320€3MeUy€eThCS PO3PSIOM KOH/IEH-
catopHoi OaTapei, 110 MiIKITI0YAETHCS B CXEMY 3a JJOTIOMOTOI0 HaIliBIPOBi-
HHUKOBOT'O 200 €IEeKTPOMEXaHIYHOr0 KOMyTaTopa. 3MiHIOIOUYHM €eMHICTh Oara-
pei, MOXKHA KepyBaTH MBUAKICTIO 3MiHU CTPYMY 1, TAKUM YHHOM, 3HIMAaTH Ci-
MeWcTBO qrHaMivHUX BAX nipu pi3HHUX MIBUAKOCTSX 3MIiHU CTPYMY.

2.8 BuMiproBaHHs IOHOBJIIOBAHOI MiTHOCTI Ta 3aJMIIKOBUX CTPYMiB

[NoHoBMIOBaHA MIITHICTB Ta 3aJUIIKOBHI CTPYM XapaKTEpU3yIOTh Biac-
THUBOCTI MI’)KKOHTAKTHOT'O IPOMIXKKY KOMYTAIIHHOTO anapara y KpUTHYHHH
nepioJl BUMHKAHHS €JIEKTPUYHOTO KOJIa 3MiHHOTO CTpyMYy, a came Oe3moce-
PEIHBO 32 IEPEX0A0M CTPYMY AYTH uepe3 HyJIboBe 3HadeHHs. Ha cboronHi-
IIHIK JeHb JOCTOBIPHO BCTAHOBJICHO, IO CaMe IIi TapaMeTPU BU3HAYAIOThH
OJIHY 3 HAWBaKJIMBINIMX TEXHIYHHX XapaKTEPUCTHK KOMYTAIIHHOTO ama-
para, ioro BUMHKaJIbHY CIIPOMOKHICTb.
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The dielectric recovery features time-growing the dielectric strength of
the residual arc (post-arc) space as the current passes through the zero value
after the electric arc has extinguished. The dielectric recovery at this period
"resists" the recovery voltage and is defined by the minimal voltage, which is
capable to disrupt the post-arc space thereby transfer it to the state of thermal
arc plasma, that is, a valuable arc discharge. This property is the basis for all
experimental techniques to measure the recovery of dielectric strength. All
experimental techniques can be conventionally united into two groups: method
of one-time breakdowns and method of repetitive (multiple) breakdowns. The
first method is realized with the circuit shown in Figure 2.20.

L The circuit, supplied from

o—/ Y'Y I 2  AC source, consists of the
~U < 0., =*~Gu 2 following components. It is,

R I K 2 first, L, R, C that are the
o— 1 2

components simulating
Figure 2.20.— Cirquit for. measurement of recov- parameters of the circuit being
ery dielectric by single breakdowns interrupted by switching
device Qust. Capacitor Cqqq is adjustable capacitance, which ensure required
rate of rise of the recovery voltage.

The measurement of the recovery dielectric is carried out as follows. An
arc discharge is initiated in the inter-contact gap of the test device, which
burns during a few half-cycles. The current-zero moment followed by the arc
reignition is recorded by an oscilloscope. The arc discharge is reignites at the
instant, when the recovery voltage becomes as high as the dielectric strength
of the gap. The measured ignition voltage Uign1 corresponding to instant t;
will be one of points of the recovery dielectric curve.

Changing the rate of rise of the recovery
voltage with capacitor Cagq, Other points of
this curve can be measured in other trials,
when the arc reignites at other instants under
other voltages. The dielectric recovery curve

t  Us(t) is constructed from the measured
points as shown in Figure 2.21.

Figure 2.21 — Construction of The principal drawback of this method
dielectric recovery curve is that the recovery strength curve is meas-
by single breakdowns ured in different experiments in which the

conditions may be non-identical.
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Ilonoenweana miynicms XapaKTepU3ye 130JSII1HI BIACTHBOCTI MIXKKO-
HTAaKTHOTO MPOMIXKKY, 1[0 YTBOPIOIOTHCS 1 3pOCTAIOTh y Yaci 3a Mepexo oM
CTpyMy 4epe3 HyJIbOBE 3HaYCHHS Micysl 3racaHHs eNeKTpuuHoi Ayru. [loHo-
BJIIOBaHA MILHICTh «POTHCTOITH» MOHOBIIOBAHIM HAIpy3i Ta BU3HAYAETHCS
TOIO MiHIMAJILHOIO HAIIPYTOIO, 110 3aTHa MPOOUTH 3aJTMILIKOBUH CTOBOYD ere-
KTPUYHOI IYTY i THM CaMUM TIePEBECTH HOTO B CTaH TEPMIUHOI €IEeKTPOIYTO-
BOI IJIa3MH, TOOTO MOBHOIIIHHOTO €JIEKTPOAYTroBoro po3psiny. Ha miei oocra-
BUHI 0a3yIOTbCS yCi METOJIU EKCTIEPUMEHTAIBHOTO BU3HAYCHHS TIOHOBITIOBA-
HOI MIITHOCTI, 1X MOXKHa YMOBHO 00’ €/THATH B JB1 TPYITH: METO OOHOKPATNHUX
npobois Ta METO bazamoxkpamuux npobois. llepmmii MeTon peaizyeTbest
CXEMOI0, 1110 HajJaHa Ha puc. 2.20

1 Cxema XKUBHTBHCS BiJ| IpKepema

o— Y Y\ »2z  3MIHHOTO CTPyMy ¥ MICTUTh HACTy-
| G E :
U C ' Om = x £ mHi enementu. Le, mo-meprre, KoH-
= (v
R | = 1yp L-R-C, sixuit 3abe3neuye napa-
o—  }— >3 METPH eJIEKTPUUHOrO KOja, Ky BHU-

Pucynok 2.20 — Cxema peanisanii merogy ~ MHMKA€ JIOCII/DKYBAHMH KOMyTallii-
OJJHOKPaTHHX IPo0OiB 1305071 ariapat QBH. C, — nomatkoBa pe-
T'yJIbOBaHa €MHICTb, sika 3a0e3mnedye
MOTPiOHY IIBUKICTH 3pOCTaHHS IOHOBJIFOBAHOI HATIPYTH.
BumiproBaHHS TOHOBITIOBAHOI MIITHOCTI BiIOYBa€ThCSl HACTYITHUM YHHOM.
Y MiKKOHTaKTHOMY MPOMIXKKY JIOCIIJDKYBaHOTO arapara CTBOPIOETBCS JyTa,
SKa 1CHy€ MPOTIIOM JEKiTbKOX HariBIEpPioAiB. 3a JOMOMOIO0 ocuuiorpada
(iKCyeTBCSI MOMEHT IIEPEXOy CTPYMY Yepe3 HyJIbOBE 3HAUCHHS, 3a SKUM Bij-
OyBa€ThCs MOBTOPHE 3allalOBaHH Ayrd. BoHO BiOyBaeThCs B TOH MOMEHT,
KOJIM MIOHOBJIIOBaHA HAMPYTa J0CArae BEIMUMHH, SIKa BiJIOBIa€ IIOHOBIIOBA-
Hi¥f MiHOCTI. BU3HAUMBINM HANpyT'y 3aMafoBaHHs Us; 1 BiIMOBIIHUHI HOMY 4ac
t1, 3100y1EMO OZIHY 3 TOUOK KPHBOI IIOHOBITFOBAHOI MILTHOCTI.
" oy 3MiHIOIOYM HIBHUAKICTH IOHOBIIOBAHOT
Us HAIpyTH 3a JOMOMOT'OI0 I0JIATKOBOI €MHOCTI,
3alaJIFOBaHHsI JIyTH Oy/ie BinOyBaTHCS IIpH iH-
MIMX Hampyrax i iHin MOMeHTH 4acy. Takum
YUHOM B IHIIMX JOCIIZax MOYHA OJepIKaTH
! 1HIIT TOYKH KPUBOT Uyn(t), 32 sikuME OyLy€eThCst
KpHBa IMOHOBJFOBAHOI MIITHOCTI MI>KKOHTAKT-
HOI'O TIPOMIXKKY, s 11€ ITOKa3aHo Ha puc. 2.21.
OCHOBHUM HEJIOJIKOM PO3IISTHYTOTO
METOJY € Te, 110 KpUBa Ugy(t) 3100yBaeThCs
3a pe3yJbTaTOM MPOBEJIEHHS AEKIJIbKOX TOCIIi/iB, YMOBH B SIKUX MOXYTb
OyTH HEiACHTUYHUMU.

tl tZ t3
PucyHok 2.21 — TloGynoBa kprBoi
[TIOHOBJIFOBAHOT MII[HOCTI 3a METO-
JIOM OJTHOKPATHHX MPOOOIB
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The multiple breakdowns method enables us to derive a dielectric
strength curve at one current-zero crossing. This is carried out by the use of
the charge of a capacitor, which discharges through the investigate gap a few
times. The circuit realizing this method is shown in Figure 2.22.

o_rvgm Pay L R L
_lc -
~U R —l_ Qtest —l_ dis UCh
o—7 -3

Figure 2.22 — Circuit for measurement of dielectric recovery by multiple breakdowns

To oscillograph

'_+

In this case, the circuit is also supplied from ac source and has the same
parameters L, R, C. As differentiated from the foregoing circuit, this circuit
contains three series gaps 1, 2, and Qxst, as well as discharge capacitance Cais
and, respectively, discharge and charge resistors Ri, Ra.

At the current-zero instant the arc extinguishes in all gaps. In the
process, gaps 1 and 2 separate the investigate gap Quest from the power
source. Capacitor Cgis is charged from a dc power source Uch and breaks
down the gap Qst at certain voltage followed by the voltage fall. This
process is iterated several times. The rates of charging and discharging of
capacitance Cyjs is adjusted by resistors R, and Ry, respectively. The curve
Usn(t) is plotted on vertexes of resultant oscilloscope trace (point 1,2
and 3), as shown in Figure 2.23.

u ", R The principal drawback of this
/4 method is the fact that because of the
1L_* breakdown, the initial state of the post-
arc space is disturbed. The energy is
generated in this space, and it is
/ considerably ionized. Hence, its
strength  measured at subsequent
Figure 2.23 — Construction of reignitions is determined when the
dielectric recovery curve by the method conditions a|ready have some Changed_
of multiple breakdowns Currently, more advanced circuits have
been developed that ensure reduction of generated energy in residual arc
space under reignition. However, it cannot be precluded fully; therefore,
dielectric strength curve is usually constructed by the way of combination
of both methods [44].
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Metop GararokpaTHHX POOOIB T03BOJISIE 3000YTH KPHUBY Usn(t) 32 OHIM
MePEX0JIOM CTPYyMY 4Yepe3 HyJIboBe 3HaYeHHs. le nocsraeThess BHKOPUCTAHHIM
3apsily EMHOCTI, SIKa JCKIIbKA pa3 PO3PsKAETHCS Uepe3 NOCHiKYBaHUH MTPo-
MikOK. Cxema, ITI0 peatizye IaHui METOI, HaJlaHa Ha puc. 2.22.

L R R o

— YT —
C >

~U —_— ? =G y 5
R | c
— +—"r o| %

Pucynok 2.22 — Cxema peanizarii MeTony 6araTokpaTHUX po0oiB

VY nmaHoMy BHIAJKy CXeMa TaKOXK >KUBHTBCS Bill JDKepesia 3MiHHOTO
CTpyMy 1 Mae Taki xx mapamerpu R, L, C. Ha BiaMiHy Bij onepeaHboi CXeMH,
1151 CXeMa MICTUTh TpH po3pHBH 1, 2, 3, a Takox po3psany emHicts Cp 1, Bif-
TIOBITHO, PO3PATHUI Ta 3apsaaHuil pesuctopu Ry, Ra.

Upn [Ipu mepexoxai cTpymy dYepe3 Hy-

u , 2 JHOBE 3HAYCHHS yTra y BCiX PO3pUBax

1 racHe. [Ipu ipomy pospusu 1 1 3 Bimo-

KPEeMIIIOIOTh  JIOCTIKYBaHUN TIPOMi-

JKOK 2 BiJ] JpKepelia )KUBJICHHS. CMHICTh

C), 3apspKaeThes 1 IpU AesIKii Hanpy3i

! npo6uBae mpoMixkoK 2, 3a IKHM Bia0Oy-

BAa€ThCSl 3HWKEHHs Hanpyru. [loTim

Prcyrok 2.23 — [1oGynoBa KpuBOi N0- 3H0BY BigOYBAKOTHCS 1 HOMH HAIPYTH

HOBITIOBAHOT MILIHOCT] METOZOM Gararo- i mpo6oi. LIBrAKicTs 3apsiy i po3psLy

KpaTHHX Mpo0oiB .

eMHOCTI Cp, PETYIIOETHCS PE3UCTOPAMH

R1 1 Ro. KpuBa Uss(t) OyayeTsest 1Mo BeprimHax 37100yTOi OCIHUIOTPaMH
(Toukwm 1, 2 i 3), puc. 2.23.

OCHOBHUM HEJIOJIKOM JaHOTO METOJY € T€, IO BHACIIIOK MPOOOIO Io-
YaTKOBUH CTaH 3QJIUIIIKOBOTO CTOBOYpa AYTH MOPYIIYETHCS. Y HBOMY BHILIS-
€THCSI CHEPTis, 1 BiH 3HAYHO 10HI3yeThCs. TOMY MPU HACTYIHHX MPOOOSX TM0-
HOBJIIOBaHA MILIHICTh OyJie BU3HAUEHA B)KE MPH ACKIIbKa IHIINX YMOBaX.

B manuit yac icHyIOTb OUIBII JOCKOHAI CXEMH, B SKUX ICTOTHO 3HHU-
’KeHe BHJUICHHS eHeprii mpu mpo0oi, 0JJHaK IIIKOM 030y TUCH IOTO He-
MOXJIMBO. ToMy mpu 1moOym0Bi KPUBOi Ugq(t), K MpaBuiio, COIYYarOTh
oOunBa metoau [44].
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Post-arc current is the current flowing through the intercontact gap
under action of the recovery voltage after the arc has extinguished in the
current-zero crossing. The post-arc current curve is shifted relative to the
current-zero level and oscillates with the frequency that follows to the
frequency of the transient recovery voltage. Experimental determination of
the post-arc currents is of considerable interest in research and testing of
switching capability of the apparatus.

However, it should be noted that its measurement involves in significant
difficulties because immediately prior to this current, comprising from a few to
tens of amperes, a high short-circuit current of 50 Hz (tens of kiloamperes) flows
through this gap. Hence, the measured current is less than the let through current,
which cannot be measured, by an average of 10° times.

There are many techniques of experimental determination of residual
currents, but the method based on the use of a non-inductive shunt with
the use of a limiting amplifier received the most widespread recognition
[44]. The structural diagram of a power circuit with such a measuring
system is given in Figure 2.24.

] The main components of the
measuring system are a shunt, a limiter
10 and an amplifier. A distinctive feature of

shunts for these purposes is their high
(up to 0.2 Ohm) resistance, so flat shunts
with increased heat transfer are used.
The limiter must to ensure passage of
= the signal without distortion (i.e.,
Figure 2.24 — Structural diagram for  proportional to the measured residual
residual current measurement current) when its value is not excess of
the limiting level, and to saturate when short-circuit current passes through
the investigate object 10 and shunt. The limiting level is chosen depending
on the specific measurement conditions, that is, the expected level of
residual currents. Both a DC and an AC amplifier can be utilized in the
circuit. It is advisable to use an AC amplifier only in those cases when the
duration of the short-circuit current, containing an aperiodic component,
does not exceed several hundredths of a second. The DC amplifier can be
used at any duration of the short-circuit current.

to recording
mstrument

Limiter
Amplifier
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3anuwikoeuii cmpym — 1e CTPYM, SKHAN MPOTIKAE Y MIKKOHTaKTHOMY
TIPOMIKKY TIi/T TI€F0 TTOHOBITFOBAHOI HAIIPYTH MICIIS 3TaCaHHA TyTH TP TIPO-
XOMKEHHSI CTPyMY 4epe3 HyJbOBe 3HaueHHS. KpuBa 3aiUIIKOBOrO CTpyMy
3MillleHa BiIHOCHO HYJIBOBOI JIiHIT CTPyMY 1 KOIUBA€ETHCS 3 YACTOTOIO, AKa Bi-
JIMOBIZIA€ YacTOTI MepexiHOI OHOBIIOBAaHO! HampyrH. ExcriepruMeHTa bHe
BHU3HAYEHHSI 3AJIAIIIKOBOTO CTPYMY SIBJISIE COOOO0 YMMaTy HIHHICTB TIPH AOCITi-
JUKEHHSIX 1 BUIPOOYBaHHX KOMYTalilHOT CIPOMOYKHOCTI anaparis.

[Ipore, cmix 3a3HaYNTH, 10 HOTO BUMIPIOBAHHS BUKITUKAE CYTTEBI TPY-
JTHOCTI, TIOB’513aHi 3 THM, II0 oMY 0e3mocepeiHbO Mepey€e BEMUKHI CTPyM
KOPOTKOTO 3aMuKkaHHs yacTtoTd 50 'y (mecsaTku Kioammep), B TOH 4ac siK
BEJIMYHMHA 3aJIUIIKOBOTO CTPYMY JIEKHUTD Y MEXax BiJl YaCTOK amIiepa 1o Je-
caTKiB amnep. OTe BUMIPIOBAaHUHA CTPYM MEHIIE 32 KPI3HUN CTPYM, SIKUI
He ITiUIrac BAMIPIOBaHHIO, y cepefinboMy y 10° pasis.

IcHye GaraTo MeToJliB eKCIIEpUMEHTAIBHOTO BU3HAYCHHS 3aIHITKOBHX
CTPYMIB, ajie HAaHOUTBII MUPOKE BU3HAHHS OTPUMaB METOJ], 3aCHOBaHUH Ha
BUKOPHCTaHHI O0€31HIyKTHBHOTO IIIYHTA 3 3aCTOCYBAHHSM ITiICHITIOBada-00-
MexHuKa [44]. [IpuHImMnoBa cxeMa CHIOBOIO KOjla 3 TAKMM BHMipIOBaJIb-
HUM IIPUCTPOEM HaaHa Ha puc. 2.24.

— OCHOBHHMH €JIEMEHTAMH BHMIpIO-
10 i BaJIbHOI'O IMPHUCTPOI0 € IIYHT, OOMEKY-

= 5 Bad4 Ta NiJICWIIOBa4Y. BiIMiHHOIO pUCOIO

= ! % é g_ IIYHTIB JUIS X el € iX BUCOKHHA (10

= “g 52 0,2 Owm) omip, TOMy 3aCTOCOBYIOTHCS

| 8 f = IJIOCKI IIIYHTH 3 MiJIBHIIEHOO TEILJIOBII-

1 e nadero. OOMexyBau 3a0e3medye npoxo-
JoKeHHS 0e3 CIOTBOpEHb CUTHANyY, pi-
PucyHok 2.24 — CtpykTypHa cxeMa BEHb SIKOFO HW)KUE 3a pIBEHb OOMe-
BUMIpIOBAHHSI 3AMIIKOBOTO CTPYMY  5eHHS, TOOTO MPOMOPLIHHOTO BUMIpIO-
BaHOMY 3aJIMIIKOBOMY CTYMY, i HACHYyBaTUCh IPU MPOXOKEHHI CTPyMy
K.3. y gociimkyBaHoMmy 06’exti 1O Ta myHTi. PiBeHb 0OMexeHHs1 oOupa-
€TBCSI B 3aJIGKHOCTI BiJl KOHKPETHHX YMOB BUMIpIOBaHHS, TOOTO OUiKyBa-
HOT'O PiBHS 3aJIMILIKOBHUX CTPYMiB. B cxeMi MO>ke BUKOPHUCTOBYBATHUCH SIK ITi-
JCHJIIOBAY IMOCTIHHOTO Tak 1 3MiHHOro crpymy. llincumioBau 3MiHHOTO
CTPYMY JOIIIBHO BUKOPUCTOBYBATH TUIBKH y THX BHIIQJIKax, KOJU TPHUBA-
JICTb CTPYMY K.3., KA MICTHTB allepioIM4Hy CKJIaJI0BY, HE TICPEBUILYE JIe-
KUTBKOX COTHX YacTOK ceKyHIu. IlincmitoBad NoCTiHOTo CTpyMy MOXKe BH-
KOPUCTOBYBAaTUCH MPU Oy Ib-SIKOT TPUBAIIOCTI CTPYMY K.3.
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2.9 Measurement of Non-Electrical Parameters

Magnetic measurements. For a long time the main type of the transducer
(sensor) used for magnetic measurements was so-called induction converter.
The main its component is the sensing coil. If all turns of the sensing coil
linkage with time-changing magnetic flux ®(t), then according to Faraday's
law of induction the electromotive force induced by the coil is:
do(t)

dt '
where ws is the number of turns in the coil.

Thus, an electromotive force induced by the sensing coil is proportional to
the rate of change of the magnetic flux to be measured. To obtain an oscillograph
trace of the magnetic flux, the measuring circuit should be supplemented with
an integrating circuit with a sufficiently long time constant.

The main requirements that ensure accuracy of the measurements with
an induction converter are as follows. Firstly, the sensing coil must be
arranged so that the plane of its turns would be perpendicular to the magnetic
flux lines. Secondly, when measuring the magnetic flux in the magnetic flux
guide, the sensing coil turns should be located as close as possible to its
surface. Therefore, the best variant is the turns is wound directly on a
magnetic flux guide or thin-walled frame.

When the winding, exciting the magnetic flux measured, carries DC
current, then in steady state conditions the value of this flux will be
invariable. Hence, the electromotive force induced by the sensing coil will
equal to zero that makes impossible to measure the magnetic flux in steady
state conditions. If the magnetic flux is excited by only one magnetizing
winding in the magnetic circuit, then it can be measured by the way of
stepwise change (switching) of the winding power supply polarity. The
change in magnetic flux is recorded by a ballistic galvanometer or
fluxmeter connected to the sensing coil. The flux magnitude is found from
the following expression:

esc = Wy (2.20)

aav
b =C0——7 2.21
2Wq, ( )

where C is the instrument constant; aa iS average deflection of the
instruments’ pointer.
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2.9 BumipioBaHHS HeeJeKTPHYHUX NapaMeTpiB

BumipoBanusi MarHiTHuX BeJH4uH. TpHUBanuii 4yac OCHOBHHM TH-
MOM BHMIPIOBAIBHOTO MEPETBOPIOBaYa JIJIsl BUMIPIOBaHHSI MarHiTHUX Be-
TU4rH (MardHiTHOTO TOTOKY, MarHiTHOI 1HAYKIII1) SK IIpU 3MIiHHOMY, TaK i
NP OCTIHHOMY CTpyMi OYB T.3. iHOyKyitHuil nepemgoprogay. OCHOBHUM
HOTO eTeMeHTOM € BHMiproBajbHa KOTYIIKA. SIKIIO BCI BUTKH BUMIpIOBa-
JBHOT KOTYIIKY 34YiMTIOIOTHCS 31 3MIHIOBAaHUM Y Yaci MarHiTHUM IMMOTOKOM
@(t), To BIAMOBIZHO 10 3aKOHY €JIEKTPOMArHiTHOI 1HAYKWIi y Hili HaBO-
JUTHCS eIEKTPOPYIIiliHa chiIa:

dd(t)
dat '
i€ Wi — KITTBKICTh BUTKIB BUMIPIOBAIIbHOT KOTYIITKH.

TakuM 4YMHOM, y BUMIipIOBaJIbHII KOTYIIII HABOJUTHCS €.p.C., IPOIIOP-
iliHa MBUIKOCTI 3MiHM Mar"iTHOro motoky. I1lo6 3700yTH ociunorpamu
MarHiTHOTO MOTOKY BUMIipIOBAIbHUM MPHUCTPiii HEOOXiTHO MTOTIOBHUTH iHTE-
IpYBaJIbHAM KOJIOM 3 JIOCTATHBO BEJIMKOIO MOCTIHHOIO Yacy.

OCHOBHMMH BUIMOTAaMH, IO 3a0€3M€YyI0Th TOYHICTh BHUMIpIB 3a JIOTIO-
MOTOI0 1HIYKIIITHOTO TIepeTBOpIoBava, € HacTymHi. [lo-meprre, BumiproBa-
JIbHA KOTYIIKA MOBUHHA PO3TALIOBYBATUCS TAKHM CIIOCOO0OM, 11100 IIOMIMHA
BUTKIB OyJla MEepHeHIUKYISIpHA CHIOBUM JIiHISM MarHiTHOTO mois. I mo-
JIpyre, IpU BUMIPIOBAHHI MarHiTHOTO MIOTOKY Y MarHITOIIPOBO/Ii, BUTKU BH-
MIpIOBaJIbHOT KOTYIIIKM MOBHHHI PO3TAIlIOBYBAaTHCS SIKHAHOMMKYe 10 HOro
HOBEpPXHi; TOMY IX Kpalle HaMOTyBaTH O€3MOCEepeHbO Ha MAarHiTOIPOBIJ
a00 TOHKOCTIHHUH KapKac.

Ipu nocmitinomy cmpymi B 0OMOTIII HaMarHiuyyBaHHs (y CTaJIOMy pe-
JKUMi) BEJIMYMHA MarHiTHOTO TIOTOKY Y MarHiTOnpoBoji Oyje HE3MiHHOIO.
OTxe e.p.c. y BUMIpIOBaJIbHIA KOTYLILi OyJie JOPiBHIOBATH HYJIIO, L0 PO-
OWTHh HEMOXIIMBUM BUMIpH MarHiTHOTO TIOTOKY Yy cTaioMy pexkumi. [Ipu Ha-
SIBHOCTI OJTHi€i OOMOTKM HaMarHiuyyBaHHs BEJTMYHMHA HE3MIHHOTO IOTOKY
MO’ke OyTH BU3Ha4YeHA 0 HOTo 3MiHiI IPW CTPUOKOIIONIOH M 3MiHi MOJISPHO-
CTI JKepea )KUBJICHHS. 3MiHA MarHiTHOT'O MOTOKY B I[bOMY BHIIAAKY (BiKCy-
€TBCS MIIKITFOYSHHSIM JI0 BUMiPIOBAIIbHOT KOTYIIIKH OaJIiCTHYHOTO T'ajlbBaHO-
MeTpa abo BeOepMmeTpa. BenuunHa K MarHiTHOTO MOTOKY BH3HAYAETHCS Y
BIJIMIOBIZIHOCTI JI0 HACTYITHOTO BHpPa3y:

Coc = Wi (2.20)

acep
d=K——, 2.21
2Wgy ( )

ne K — mocrifiHa nmpuiajy; Olcep — CEPEHE BiIXUICHHS CTPIJIKH MIPHIIATY.
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When the winding (or several windings), exciting the magnetic flux
measured, carry AC sine current, then its amplitude value in steady state con-
ditions can be found from the well-known expression:
_ €sc
C 444fwg,
where f is the frequency of time-changing magnetic flux; ®n is the amplitude
value of the flux.

Hence, the amplitude value of the flux being measured is proportional to
the electromotive force of the sensing coil, which can be measured by a
standard millivoltmeter. In this case, application of digital voltmeter with high
input impedance is most preferable for the purpose to mitigate the error.

The sensing coil can also be used to measure the magnetic flux in transient
conditions. In this case, the same circuit can be used as for current
measurement with a Rogowsky coil (see Figure 2.13). In this case, the
electromotive force of the coil is proportional to the rate of change of the
magnetic flux. To obtain the magnetic flux time diagram, the circuit must also
contain an integrator with a sufficiently long time constant. The recording
device in this case can also be an oscilloscope or a digital recorder.

Along with the application of sensing coils, the Hall generator is
frequently applied for magnetic measurements. In the process, the same
circuit can be used as for current measurements (see Figure 2.15). A time-
invariable current is passed between the electrodes 1-1' of Hall generator,
then the Hall's electromotive force will be proportional to the value of the
magnetic flux density.

Mechanical measurements. Switching (make-break) operations in
power electric circuits is mainly carried out by electromechanical switching
devices, therefore, in one way or another, it is related to various types of
mechanical movement. It should also be noted between the mechanical
movements of the apparatus components and the switching operations under
current exists an inseparable causal-and-consecutive relationship. That is
why during researches and testing that require to ascertain the functional
characteristics of the devices, along with the analysis of the switching
processes, there is a need to study the movement parameters, as well as the
force interaction of the apparatus components.

D, (2.22)
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SIK110 BUMiprOBaHHMI MarHiTHHIA MOTIK YTBOPIOETHCS 0OMOTKOO (200 J1eKi-
JIEKOMa 00MOTKaMH) 31 3MiHHUM CHHYCOIAJIbHUM CTPYMOM, TO HOTO aMILTiTy-
JIHE 3HAYCHHS MOykKe OyTH BU3HAUECHO 3a 100pE BIIOMHUM CITiBBIHOIICHHIM:

eBK
Pm = 4.44fwy, (2:22)
ne f—gacrora 3mMiHHOTO CTPyMY.

Takum 9MHOM, aMITTITY/IHE 3HAUYEHHS MarHiTHOTO MTOTOKY P Oye mpo-
TIOPIIIHUM €.p.C. BUMIPIOBAIbHOI KOTYIIIKH, SIKa MOXKe OyTH BUMIpsIHA CTaH-
JapTHUM MiJTiBOJILTMETPOM. J[7is1 3MEHIIeHHS! TOXUOKH Y AaHOMY BUIAIKY
Kpalle BUKOPUCTOBYBAaTH IM(POBUI BOJIBTMETP 3 BEIUKUM BXIJHUM OIIOPOM.

BumiproBanpHa KOTyIIKa MOXe OyTH BUKOPHUCTaHA TaKOX 1 JJISI BUMi-
PIOBaHHS MAarHiTHOTO TIOTOKY y TMEPEXiAHUX peXUMax. Y TaKOMY BHUIAAKY
MoOke OyTH BHUKOPUCTAaHA TaKa X caMma CXeMa, IO W Ui BUMipIOBaHHS
CTPyMY 3 BUKOPUCTAHHAM KOTYIIKH PoroBcekoro (auB. puc. 2.13). Y mpomy
BUTIAJIKy €.p.C. BHMIPIOBAJIbHOI KOTYIIKW TMPOIOPIIiifHA IIBHUAKOCTI 3Mi-
HEHHS MarHiTHOTO MOTOKY. /lJi OTpuMaHHS OCUMIOrPaMy MAarHiTHOTO I10-
TOKY CX€Ma TaKO)X IOBUHHA MICTUTH 1HTErpaTop 3 AOCTaTHHO BEJIMKOIO I10-
CTil{HOIO yacy. PeecTpyBaIbHUM MIPHUIIAIOM yJAaHOMY BHITJKY TAKOXK MOXKE
OyTu ocrmorpad adbo nudpoBuil peecTpyBaATBHAN TPUCTPIM.

[Topsin 3 BUKOPUCTAHHSAM BUMiPIOBAIBHUX KOTYIIOK ITPH BUMIPIOBaHH1
MarHiTHOI IHAYKIIT JOCUTh YaCTO BUKOPUCTOBYIOTh ITEPETBOPrOBaY X0JIa.
ITpu poMy, MOke OyTH BUKOpHCTaHa TaKa )X caMa cxema, 110 | 11 BUMi-
proBaHHs cTpyMy (auB. puc. 2.15). Mix enextpogamu 1-1' meperBoproBaua
MPOITYCKAEThCS TOCTIMHUN TI0 BEJIMYMHI CTPYM, TOAI €.p.c. Xoiuia Oyne
MPOIIOPIIifiHA BETWYNHI 1HAYKIII].

BumipoBanus mexaniynux napamerpis. Komyraiis ctpymy y cu-
JIOBUX €JIEKTPUYHUX KOJIaX 3JIHCHIOETHCS MEPEeBaXKHO eJIEKTPOMEXaHiu-
HUMH KOMYTalifHUMH arapaTamy, OT)KE€ TaK YM iHaKIle OB’ s3aHa 3 pi3-
HOMaHITHUMH BHJaMHU MexaHi4Horo pyxy. CiiJl TaKOX 3a3HAYUTH, IO
MK MEXaHIYHUMHU IEePEMIIICHHSIMH YaCTUH amapaTy Ta KOMYTalli€ro
CTPYMY ICHY€ HEpO3PHBHHI NPUYMHHO-HACIIZHUH 3B s130K. Came ToMy
TPY JTOCIIJKEHHSIX Ta BUIPOOYBAHHSX, SIKI MOTPEOYIOTH 3’ sicyBaHHS (Y-
HKIIIOHAJHHUX XapaKTEPUCTUK arapaTiB, MOPSJ 3 aHaIi30M KOMYTaIliii-
HUX MPOLIECIB BUHUKAE HEOOXiTHICTH BUBUCHHS apaMeTPiB pyXy, TAKOXK
CUJIOBOT B3a€MO/II1 €JICMEHTIB amapara.
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The range of movements to be registered during certain studies can be
very wide, namely, from several micrometers to several centimeters. For
example, in studying the bounce of contacts, there is need to measure micro-
displacements (10°-10* m), while in studying the kinematics of their
movement, relatively large movements (10210 m). The initial velocities in
the process of closing and opening the contacts can be very small (about 10—
10" m/s), while the final, on the contrary, very large (about 102 m/s), and these
values must be measured with a sufficiently large accuracy.

Measuring the full linear or angular travel, as well as the average linear
and angular velocity, usually does not cause major problems. However,
during the research and testing of electromechanical devices, it is frequently
necessary to solve the problems that are more complex. For example, record
the time diagrams and instantaneous values of travels, velocities and
accelerations of the apparatus’ movable components.

High-speed video recording methods are quite effective for direct
observation and recording of the process of moving open (i.e., visible) parts
of the apparatus. In addition, to determine the kinematic characteristics of
the movement of parts of the apparatus, various types of mechanic-electric
transducers are used which convert the movement into an electrical signal
(see subsection 2.3). Resistive, inductive, capacitive, photoelectric, strain-
gauge, and other converters have become the most widespread in the practice
of research and testing of apparatus.

Resistive (variable-resistive) transducers can be used to record both
linear and angular travels. As already noted, the operation of such
transducers is based on change in pure resistance and, accordingly, a voltage
drop across tunable resistor under moving the slider having kinematic joint
with investigate object (see subsection 2.3).

The main advantage of resistive transducers is the linear dependence of
the output signal on the travel magnitude. Moreover, the output signal, as a
rule, does not require amplification and can be directly applied to the input of
the oscilloscope. Disadvantages of resistive transducers are as follows. First
and foremost, they produce an additional load on the element under
investigation, although the error is usually insignificant. In addition, the
resistive transducer frequently requires an intricate joint with the element
under investigation. Finally, at high speeds, brush vibrations and disturbance
of transitional resistance between the slider and resistor are possible.
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Jliarma3oH mepeMileHb, SKi TiAIAraloTh PeECTparii mpyu THX 9H 1HIITHX
JOCHIDKEHHIX MOXKe OyTH JyKe IUPOKUM — BiJl AEKITBKOX MIKPOMETPIB 110
JEKiNbKOX caHTUMeTpiB. Hampuknan, npu gociipkeHHi BiOpalii KOHTaKTiB
noTpiéHO BuMiproBaTH MikponepemimenHs (10°-10* M), mpu nocmimkenni
KiHEMATHKH iX pyXy — BiaHOCHO Benuki nepemimenns (10°-10" m). [Touar-
KOBI IIBUIKOCTI B TIPOIIEC 3aMHUKaHHS Ta PO3MHUKAHHA KOHTAKTiB MOXYTh
Oytu nyxe Manumu (nopsaxky 10°-107 m/c), a kiHueBi, HaBMaKu, TyXke Be-
mukumu (opsaky 102 m/c), mpudoMy 1i BETMYMHK MOBUHHI OyTH BUMIpsHi
3 OCTaTHBO BEJIMKOI TOYHICTIO.

BumiproBaHHS MOBHOTO JiHIHHOTO 200 KyTOBOTO MEpEMIllleHHs, a Ta-
KOX CepelHbO] JiHIHHOI 200 KyTOBOI MIBUIKOCTI, SIK MIPABIIIO, HE BUKIHKAE
cepiiozHux mpobnemM. OHaK, TPH JOCTIKEHHSIX 1 BUIPOOYBaHHSAX €JIEKT-
pOMeXaHIYHUX anapariB HaiiuacTilie JOBOAUTHCS BUPIIIYBATH OibII CKIla-
JIHI 3aj1a4i, HAIPUKJIaa; 300yBaTH OCIIMIIOTPaMH 1 BU3HAYATH MUTTERI 3HA-
YeHHSI MepeMillleHb, IIBUIKOCTEH 1 MPUCKOPEHD IX PYXOMHX YaCTHH.

Jis Ge3rocepeTHbOTO CIIOCTEPEKEHHS Ta PEECTPAILlii MPOIECY MepeMi-
IIEHHS BIAKPUTHX, TOOTO BUIHUX YaCTUH amapara, JOCHTh e(EeKTUBHUMH €
METOJIU IBHKICHOTO Bimeo3anucy. OKpiM mboro, Ijs BU3HAYCHHS KiHeMa-
TUYHUX XapaKTePUCTUK PyXy YacTHH armapara BUKOPUCTOBYIOTH Pi3Hi BUAH
PE3UCTUBHUX Ta MEXaHO-EJCKTPUUYHUX BUMIPIOBAILHUX IEPETBOPIOBAYIB,
SK1 TIePETBOPIOIOTH MEPEMIlllEHHS B EIEKTPUYHUN CUT'HAN (AMB. MiIPO3.IiN
2.3). lllupoke pO3MOBCIOKEHHS Y MPAKTHUIll JOCHTIHKEHb Ta BUMPOOYBaHb
amapariB HaOyJIM pPEe3WCTUBHI, 1HAYKTUBHI, €EMHICHI, €MHICHO-IHIYKTUBHI,
TEH30METPUYHI, ()OTOSIEKTPUYHI Ta iHIII ITIEPETBOPIOBAYI.

Peocmammni (nomenyiomempuuni) nepemeoprosaui MOXXyTh BUKOPHC-
TOBYBATHUCS JJIsl PEECTpaIlii K JIiHIHUX, TaK i KyTOBUX MepeMilleHb. Sk Bke
3a3Ha4ajoCh, MPUHIMII il TaKUX MEPETBOPIOBaUiB 0a3yeThcsl HA 3MiHEHHI
aKTHBHOTO OTIOPY T4, BiATIOBITHO, I [iIHHS HAIIPYTH HA PE3UCTOPI B MpoIIeCi
pyXy HOB3YHKa, SIKHI Ma€ KiHEMaTHYHUH 3B’ 30K 3 JJOCIIDKYBAaHUM eJIeMe-
HTOM (MB. Tiapo3ain 2.3).

OCHOBHOIO TIE€PEBarol0 PeocTaTHUX IEPETBOPIOBAYIB € JIiHIHA 3aJIeXK-
HICTh BUX1JIHOTO CUTHAJY BiJ] BEJINYMHU NiepeMimeHHs. [Ipuaomy, BUXiqHuii
CUT'HAJI, K IPABUJIO, HE BUMArae ImiJCHIICHHS 1 MOXe 0e3mocepeIHbO o 1a-
BaTHCA Ha BXia ocumnorpada. o HenomnikiB peocTaTHUX MEPETBOPIOBaUiB
MOJKHa BiZIHECTH, HacamIiepel], CTBOPEHHs JOAaTKOBOI'O HABAaHTAKEHHS Ha
€JIEMEHT, 1110 AOCIIIIKY€EThCA, IPOTE MOXNOKa, SIK IpaBuiio, He3HayHa. Kpim
TOTO0, PEOCTATHH IIEPETBOPIOBAY HAWYACTIIIIE BUMArae CKJIaJHOTO 3B’ SI3KY 3
JIOCITIDKYBAHUM €JIEMEHTOM; IIPU BEJIMKHMX IIBUIKOCTSIX MOXKJIUBI BiOparii
UIITKH 1 OPYIIEHHS TIEPEX1THOTO OTOPY MiXK MOB3YHKOM Ta PE3HUCTOPOM.
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Capacitive transducers are also have application to measure
mechanical travels. Unlike resistive transducers, they produce relatively
small load on the investigate object, but provide measurement only
relatively small travels. The main component of a capacitive transducer is
a coaxial-cylinder capacitor (book capacitor) with variable capacitance
usually made of an insulating material with a high dielectric constant. The
transducer capacitance, as a rule, changes insignificantly; therefore,
measuring circuits with capacitive transducers are mostly designed by
resonant principle that lead to its complication.

Inductive transducers are used to measure mechanical travels as
well. The main their advantages are simplicity and convenience for
application, but their sensitivity is highly dependent on the air gap value.
In measuring large travels, it necessary to use additional converting
devices. Essential drawbacks of inductive transducers are their sensitivity
to extraneous fields and nonlinearity of the characteristic that necessitates
previous calibration of the transducer.

Photoelectric transducers also in some cases can be used to measure
mechanical travels. For example, to measure the velocity of electrical arc,
the use of photoelectric sensors is highly effective experience. However, it
should be pointed out here that its application involves significant
complication of the measuring system. In this case, the object under research
should contain additional appliances to reflect or transmit light; in some
cases, it is necessary to have special lighting schemes etc.

Induction transducers, along with magnetic measurements, are often
used to measure velocity of apparatus’ components. Its main component,
sensing coil placed at the investigate object or kinematically conjunct with
it, moves in a uniform magnetic field; so the electromotive force induced by
the coil is proportional to the velocity of the object movement. To determine
travel or acceleration with the induction converter, its output signal should
be either integrated or differentiated, respectively.

Strain-gauge transducers refer to mechanic-to-electric resistive
measuring converting devices. They convert the relative deformation of the
elastic element whereupon are installed into an electrical signal. The
principle of operation of strain gauge transducers is based on the
phenomenon of the strain effect, which consists in changing the electrical
resistance of the conductive material when it is mechanically deformed.
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EmHicHi nepemeopo6ayi TakoX BUKOPUCTOBYIOTHCS JIJISI BUMIPIOBAaHHS
MeXaHIYHUX mepeMilieHs. Ha BiAMiHy Bif pe3UCTHBHUX, €MHICHI MEPETBO-
pIoBadi CTBOPIOIOTh HEBENHMKE HABAHTAKEHHS Ha €JIEMEHT, IO JOCHiKY-
€THCSI, aJIC 37]aTHI BUMIPIOBATH JIMIIE BiJIHOCHO HEBEIHKI nepemimeHHs. Oc-
HOBHUM €JIEMEHTOM €MHICHOTO MEPETBOPIOBaYa €, SIK IPaBUIIO, IMITiHAPHY-
HUH KOHJIEHCATOP 3MIHHOI éMHOCTI. Mixk 00KJIaJikaMu KOHJICHCATOpa Tiepe-
MIIIy€eTHCS BTYJIKA, BAKOHAHA 3 130JIALIIHOTO MaTepially 3 BEJHKOIO JieeK-
TPUYHOIO NPOHUKHICTIO. €MHICTh KOHJEHCATOPA 3MIiHIOETHCS HE3HAYHO,
TOMY CXEMH 3 EMHICHMH IIEPETBOPIOBaYaMHU OyIyI0Th, SIK IPABUIIO, Ha pe-
30HAHCHOMY TIPHHIIAIIL, 1110 Bee A0 i YCKIa HEeHHS.

Inoykmueni nepemeoprogaui TakoX IIMPOKO BUKOPHUCTOBYIOTHCS VIS
BUMIpIOBaHHS MEXaHIYHUX mepeMmimeHb. OCHOBHOIO iX TMEpEeBaror € mpoc-
TOTA Ta 3PYYHICTh Y 3aCTOCYBaHHI, IPOTE TX YYTIUBICTH CYTTEBO 3aJIEKUTH BiJl
3MiHIOBaHOTO 3a30py. TOMy TMpH BHMIpi BENHKHX HepeMilleHb He0OXiTHO
MaTH JI0IaTKOBI MEPETBOPIOBAIIBHI TPUCTPOi. CyTTEBUM HEJIOTIKOM iHIYKTH-
BHHX JIATYHKIB € X YyTJHMBICTh 10 30BHILIHIX MOJIB 1 HEMHIMHICTD XapaKTe-
PHCTHKH, III0 BUMArae monepeaHs0ro TapyBaHHs IEPETBOPIOBAYA.

Domoenekmpuyni nepemeoproéayi TakoxX MOXKyTh OyTH 3aCTOCOBaHi y
JISSIKUX BUIAJKAX JUIsl BUMIPIOBAHHS MEXaHIYHUX mapamMeTpiB. Hampukian,
JUIS BUMIPIOBAHHS IBUJIKOCTI PyXY €JIeKTPUYHOI JyTH BUKOPHCTAHHS came
(OTOECNEKTPHUYHUX MIEPETBOPIOBAUIB BBAYKAETHCS HAI3BUUAIHO e()EKTHBHHM.
I[pore, ciig 3a3HAYUTH, TIO TX BUKOPUCTAHHS 3HAYHO YCKJIJJHIOE BUMIpIOBa-
JBHUH NpHUCTPii. ¥ 1bOMY BUNAAKY JOCIIIKYBaHUI eleMEHT ITOBUHEH MicC-
TUTH JIOJATKOBI €IeMEHTH IS BiTOUTTS 200 MPOITyCKaHHS CBITIA; Y JESKHIX
BUTIAJIKaX MOTPIOHO MaTH cneuianLHy CXeMy OCBITJICHHS Ta iH.

Inoykuiini nepemeoprosaui, iopsiz 3 BI/IMlpIOBaHHHM MarHiTHHUX napa-
METPiB, JOCUTH YaCTO BUKOPUCTOBYIOTh JIJIs BI/IMlpIOBaHHSI LIBUIKOCTI PyXY
€JIEMEHTIB anapaTiB. BuMiproBaibHa KOTYIIKa, po3MillieHa Ha JOCIIIKyBa-
HOMY 00’€KTi 200 KiHEMaTHYHO 3B’53aHA 3 HUM, PYXa€ThCS B OJHOPITHOMY
Mar"itHomy nojii. O1xe, €.p.C., 0 HABOJAUTHCS B Hil, MPOIOPIIiAHA IIIBH/I-
KOCTI pyXy o0’ekta. [[ysi BU3HAUEHHS NepeMilieHHs a00 MPUCKOPEHHS 3a
JIOTIOMOTOI0 1HAYKIIHHOTO TEepEeTBOpIOBaYa 3100yTUH CUTHAJl HEOOXIJTHO
BIJIMIOBIIHO MPOIHTErPyBaTH a00 PO U(EePEHITIOBATH.

Tenzomempuuni nepemeoprosayi BiTHOCSTHCS IO MEXaHO-EJIEKTPUIHUX
PE3UCTUBHUX MEPETBOPIOBaYiB. BOHM 31HCHIOIOTH MEPETBOPESHHS BiTHOCHOT
nedopmMallii Ipy»KHOTO €JIEMEHTY, Ha SIKOMY BOHU BCTAHOBIICHI, B ENICKTPHY-
HUH curHan. [IpuHIMI Aii TEeH30METPUYHHX MEPETBOPIOBAUiB 0a3yeThcsi Ha
SBUIL meH30epexmy, IKUH MOJISIrae y 3MiHEHH] eIEKTPHYHOTO OTIOPY MPOBiJ-
HHUKOBOT'O MaTepiaity Npu HOro MexaHiuHii gedopmarii.
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The strain gauge transducer is a high-resistive wire with a diameter of
0.02-0.04 mm by a length of up to several hundred millimeters, located with
loops or a grid on a substrate made of elastic material, which is glued to the
investigate object surface.

Strain gauge transducers, first and foremost, are used to determine
mechanical stresses in the object under study by measuring the amount of
deformation caused by this stress. It can also be used to measure mechanical
movements, but requires the conjunction of elastic elements with the moving
part of the apparatus, which necessitates the use of additional appliances.

The main advantages of strain gauge transducers are high sensitivity and
measurement accuracy, as well as absence of lag and hysteresis. Significant
disadvantages of converters are sensitivity to magnetic fields and that
multiple use of one converter is impossible.

Along with the considered above methods, other methods may be
sufficiently effective. For example, in some specific cases radar-tracking
methods can be applicable as well. It should be noted however that in this case
sophisticated equipment is required to generate microwave waves and convert
signal. This method has essential advantage, namely, the absence of a
mechanical joint between the measuring circuit and the investigate object.

One of the characteristic features of electromechanical switching
devices is the presence of force (including impact) interactions of contact
elements, as well as movable and fixed parts of the driving electromagnetic
mechanisms. This necessitates to determine the parameters of the force and
impact interactions of the apparatus elements.

The main measuring techniques for static forces and torques in the process
of research and testing of electrical apparatus are the use of mechanical elastic
transducers. The simplest of them are spring load gauge, which are widely used
in determining the contact loads of the main and auxiliary contacts of
switching devices. The contact load of the contact connections, which is
provided by the fastening parts (bolts, screws), is set and monitored using
torque indicating wrenches or calibrated screwdrivers.

The experimental determining techniques for the parameters of impact
interactions are based on the same principles as are conventionally used to
measure forces, torques, as well as travels, velocities and accelerations.
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TeH30MeTpUYHMIA TTEPETBOPIOBAY SIBIISIE COOOI0 BUCOKOOMHHH APIT fia-
Metpom 0,02—0,04 MM JOBKHHOIO IO ACKITHKOX COTEHb MUJIIMETPIB, pO3Ta-
HIOBaHMUHU METIAMHU 200 PELIiTKOI Ha MiJUIOXKII 3 e1acTHYHOTO MaTepiaiy,
sIKa HAaKJICIOEThCS Ha TIOBEPXHIO JIOCIIKYBAHOTO 00’ EKTY.

TenzomeTpudHi IEPETBOPIOBAYi, IMO-TIEPII 32 BCE, BUKOPHUCTOBYIOTHCS
JUTSI BU3HAYECHHS MEXaHIYHUX HAIPYT Y MOCITKYBAaHOMY 00’ €KTi, BUMIpIO-
104 BENMYMHY JIedopmallii, ska BUKJIMKaHa Ii€l0 Hampyroio. BiH Takox
MOJke OyTH BUKOPHUCTAHHIA 17151 BUMIPIOBAHHS MEXaHIYHUX IIEPEMIIEHb, aje
nmoTpedye 3B’ 53Ky MPYNKHUX €JIEeMEHTIB 3 PyXOMOIO YaCTHHOIO arapara, 1o
BUKJIMKA€ HEOOX1THICTh BUKOPUCTAHHS JOAATKOBUX MPUCTPOIB.

OcCHOBHMMH TIepeBaraMu TEH30METPUYHUX IEPETBOPIOBAUIB € BHU-
COKa YYTIIMBICTH 1 TOYHICTh BUMIPIOBAHHSA, & TAKOX OE3iHEpLiiHICTH Ta
BiJICYTHICTb ricTepe3ucy. CyTTEBUMH HEJOJMiKaMH MEPETBOPIOBAYIB € Uy-
TJUBICTh O MAarHITHUX IOJIB Ta HEMOXJIUBICTh 0araTOKpaTHOr0 BUKO-
pHUCTaHHS OJJHOTO NEPeTBOPIOBAYA.

[Mopsin 3 po3TIITHYTHMH METOJaMU HE MOXKHA CKHJIATH 3 PaXyHKIiB Ta-
KOX padionokayitini memoou, Xo4a MpH 1IbOMY MOTpiOHA CKJIaJHa anapa-
Typa misa redepariii HBU-xBuib i mepeTBOpEeHHS CUTHATY. Y psli BUMIAJIKIB
el MeTox Moxe OyTH e(eKTUBHHM; iCTOTHOIO HOTO IepeBaror € BiJCyT-
HICTh MEXaHIYHOTO 3B’SI3Ky NPUIIAY 3 TOCIIIKYBAaHHM EIIEMEHTOM.

OnHi€ro 3 XapaKTePHUX OCOOIUBOCTEH €JIeKTPOMEXaHIUHIX KOMYTaIlii-
HHX amapariB € HASBHICTh CHJIOBUX, y TOMY YHCII i yJJapHUX B3aEMO/IiH KO-
HTAKTHUX €JIEMEHTIB, 4 TAKOXK PYXOMHX Ta HEPYXOMHUX YAaCTHH MPHUBIIHUX
€JICKTPOMAarHiTHUX MexaHi3MiB. L{e BUKIIMKae HEOOX1THICTh BU3HAUCHHS T1a-
paMeTpiB CHIIOBUX Ta YAapHUX B3a€MOJIN €JIEMEHTIB arapary.

OCHOBHMMH METOaMH BUMIPIOBaHHS CTATUYHHUX CHJI Ta MOMEHTIB CHJI
B IIPOIIECi JOCHTIPKEHb Ta BUIIPOOYBaHb €JIEKTPUYHUX alapariB € BUKOPHUC-
TaHHS MPYXXHUX TepeTBOproBaviB. HalmpocTimuMu 3 HUX € TIPYXUHHI JTU-
HaMOMETPH, SKi ITUPOKO BUKOPUCTOBYIOTHCS PU BU3HAYEHHI KOHTAKTHHX
HATHCHEHb TOJIOBHHUX Ta JIOMOMIXHHX KOHTAKTiB KOMYyTaliiHUX araparib.
KoHTakTHE HATHCHEHHS! KOHTAKTHHX 3’ €JIHAHb, SIKE 3a0€3MeUy€eThCs KPilu-
JHHUMU AeTalIsIMU (OOJTH, TBUHTH) BCTAHOBIIIOETHCS Ta KOHTPOJIIOETHCSA 32
JOIIOMOT'0I0 MOMEHTHHX 1HAWKAaTOPHUX KIIIO4iB 00 TapOBaHUX BUKPYTOK.

MeTtoiu eKCiepiMEHTaIbHOTO BU3HAYCHHS TApaMEeTpPiB yIapHUX B3ae-
MOJill 0a3yl0ThCSl HA THX CaMMX MPHUHLUIAX, 10 i BUKOPUCTOBYIOTHCS 32
3BHYAEM JUIsI BAMIPIOBaHHS CHJI, MOMEHTIB CHJI, @ TAKOXK NIEPEMILLIEHb, LIBHU-
JIKOCTEHN Ta NPUCKOPEHb.
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In using these techniques to determine the parameters of impact
interactions, one should pay attention first to that the processes under study
are short-term; because of this there are some features to apply the considered
transducers. For example, it should be taken into account that the propagation
of stress waves in the investigate object has own features, which can cause
signal distortion. It should be taken into account also own and induced shock
interactions, electric erosion processes on contacts, etc. [43].

Thermal measurements. The necessity to measure thermal parameters
arises in researching thermal behavior of electrical and power electronic
apparatus or some their components, as well as in the thermal testing,
namely, temperature-rise tests at the nominal load conditions (load testing),
and short time withstand current tests in faulty conditions. The outcomes of
such researches and tests are of vital importance because they define the
correctness of the engineering and designing decisions in the development
process, as well as the quality of the apparatus being produced. Therefore,
thermal measurements have received much attention.

The main objects of thermal (mainly temperature) measurements of
electrical and power electronic apparatus are current-carrying parts, contact
connections (connectors), switching contacts, windings, components for
cooling power semiconductor devices, insulation details, etc. The range of
temperature measurements in the most cases of researches and tests of
apparatus is relatively small (usually from 0 to 300°C). However, higher
temperatures take place in the vicinity of the arc column and within it. Along
with steady state conditions, unsteady or quasi-steady state conditions also
take place in electrical and power electronic apparatus. In such cases there is
need to use special measuring means. In some cases, the temperature
measurements must be taken remotely. All this facts predefine a wide variety
of instrumentation and techniques for temperature measurements.

According to the manner to perceive temperature from a heated body,
all measuring instruments may be conventionally separated into two types:
contact-based and contactless-based ones. The following types of thermom-
eters and thermal indicators represent the contact-based devices.

Liquid thermometers (mercury and non-mercury). These devices have
many modifications and cover the measurement range from —-30 to +500°C.
They are usually applied for visual determining the temperature, but also
enables distance transmission of a signal if sensors-transducers measuring
the liquid level in capillaries or tubes (e.g., capacitive transducers) are used.
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[Ipu BUKOpHICTaHHI IMX METOJIB /I BU3HAYCHHS TTapaMeTpiB yIapHUX
B3a€EMOJIii1, Tpeba 3BepTaTh yBary y Iepily 4epry Ha KOpOTKOYacHICTh Mpo-
1eciB, BHACIIAOK YOTO 3 SIBIISTIOTHCS ACSKI OCOOIIMBOCTI BUKOPUCTAHHS PO3T-
JSHYTHX TlepeTBoproBadiB. Hampukiaa, BpaxoByBaTu OCOOIMBOCTI PO3MOB-
CIO/DKEHHSI Y/IapHUX XBWIIb Y AOCIHIIKYBAaHOMY 00’ €KTi, BHACIIIOK 4OTO MO-
JKYTh 3 SIBIITUCH CIIOTBOPEHHSI CHTHAJIIB; BPaxOBYBaTH BJIaCHI Ta HaBEIEHI
yIapHi B3aEMO/Ii1, eNEeKTPOEPO3iliHi Mpolieci Ha KOHTAaKTax Ta inmre. [43].

BumiproBanns Ttenyiopux napamerpiB. HeoOXigHicTh BUMiproBaHHS
TEIUIOBUX MapaMeTpiB BHHUKAE MPH JOCHIIKEHHSX TEIJIOBUX DPEXUMIB
SNEKTPUYHUX Ta CICKTPOHHUX arapaTiB a0 OKpEMHX iX €JIEeMEHTIB, a Ta-
KOX BHNPOOYBAHHSX amapaTriB Ha HArPiB y HOMIHAIILHOMY pexuMi (HaBa-
HTa)XYBaJIbHUX BUIIPOOYBaHb) Ta HA TEPMiUHY CTIHKICTh B PEXKHMI KOPOT-
KOTO 3aMUKaHHS. Pe3ynpTatu nux MOCHiKEeHb Ta BHNPOOYBaHb HAA3BU-
YaifHO BaXKJIMBI, OCKIIBKY BU3HAYAIOTh JIOIIbHICT KOHCTPYKTOPCHKUX Pi-
mieHsb y npoieci JIKP, a Takox skicTh amaparis, 1110 BUpOOIAOThECs. Tomy
BUMIPIOBaHHSIM TETUIOBUX TMMapaMeTpiB (TOJOBHHM YHHOM TEMIIEPaTypH)
NPUAIISETHCS BEJIMKA yBara.

OcHOBHUMH 00’ €KTaMH TEIUIOBUX (TEMIIepaTypHUX) BUMIpIOBAaHb €lle-
KTPUYHHX Ta €JICKTPOHHUX allapatiB € CTPyMOBEAYYi ITMHU, KOHTAKTHI 3’ €11
HaHHS, KOMYTYO4i KOHTaKTH, OOMOTKH, OXOJIO/DKYBaJIbHI €JIEMEHTH CHJIO-
BUX HAITIBIIPOBIIHUKOBUX MPWIAAIB, 130JAIIiHI neTaii i T. 1. Mexi Bumi-
PIOBaHUX TEMIIEPATyp y MepeBa)KHii OIMBIIOCTI TOCIiIKEHb Ta BUIIPOOY-
BaHb anapartis BigHocHO HeBelnuKi (0...300°C). OxHak, B 00J1aCTi yTBOPEHHS
€JICKTPOJIyrOBOr0 PO3PSy Ta Y CAMOMY CTBOJI JYT'M MalOTh Miclie OLIbII
BUCOKI Temneparypu. [Topsin 3i CTaI_[iOHapHI/IMI/I TPOLECAMH B EJIEKTPUIHUX
Ta e/IEKTPOHHHX arlapaTax MaroTh micue i HeCTauloHapm (KBaBICTaLIIOHale)
HPOLIECH, TOCTI/KEHHS IKMX BUMarae CrelialbHUX BUMipPIOBAIBHHUX 3aCO-
0iB. MOXXyTh OyTH TaK0oX 1 yMOBH, KOJI BUMiPIOBAaHHS TEMIIEpaTyp HOBUHHI
MIPOBOJIMTHUCS JTUCTaHINIiHO. Bce e BHM3HAaYae MHOXXHHY BHMipIOBAIBHUX
NPUIAJIIB 1 METOAMK BUMIPIOBaHHS TEMIIEPATYpP.

3a croco0oM CITPUHHATTS TEMIIEpATypH BiJl HATPITOTO TijIa yCi icHYI0Yi
NpUIagy i METOIM MOXKHA YMOBHO PO3AUTUTH Ha JiBa BEJIMKI IPYIIN: KOHTA-
KTHi 1 0e3kOHTaKTHi. [I0 KOHTaKTHOI IpyNH BiIHOCATHCS HACTYIHI OCHOBHI
TEPMOMETPH Ta TEPMOIHANKATOPH:

Tepmomempu piounni (ptyTHi 1 He pTYTHI). IcHYe MHOXHMHA MOIU(I-
Kalliid, sIKi OXOILIIOIOTH Jiamna3oH BuMipoBanb Bix —30 no + 500°C. 3a 3Bu-
YaeM IIe Bi3yaslbHI MPHJIAAU, OJHAK JOMYCKAIOTh W AUCTAHIIHHY Mepenady
CHUTHAJTy, SIKIIO 3aCTOCOBYBaTH JIaTUYUKHU-TIEPETBOPIOBAaYi BUMIPIOBAaHHS Pi-
BHSI PiIMHH B Kamijisipax ado TpyOkax (HalnpHUKIIa, eMHICHI IEPETBOPIOBAYi).
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Nevertheless, liquid thermometers are mainly used to measure the
temperature in the rooms where the tests are performed. Liquid thermometers
are practically not applicable for temperature measurements of current-
carrying parts because of poor contact with a solid surface.

Filled-type thermometers (gas-filled and steam-filled) convert the ther-
mal expansion into the deformation of elastic elements with a pointer indi-
cator. There are also many modifications for temperature measurement in the
range from —160 to 600°C. The readings of these type devices can be con-
verted into an electrical signal. Their application area is practically the same
as that of liquid thermometers.

Resistance thermometers are based on the temperature dependence of
the resistance of conductor and semiconductor materials. The operating
temperature of these type instruments ranges from —200 to +600°C. Their
main component is a temperature-sensitive resistor (thermistor) made of
materials with a high resistance temperature coefficient. There are
thermistors with negative temperature coefficient of resistance and positive
one called posistors. The principal advantages of resistance thermometers
are small dimensions, minor delay, high sensitivity, etc. Their drawbacks are
nonlinearity and large spread of the temperature characteristics for one batch
of the devices, and others.

Thermoelectric thermometers are based on the thermoelectric effect,
i.e. the generation of electromotive force (thermal emf) when the contact of
two dissimilar materials are heated. Thus, their main component is the
thermoelectric transducer usually called thermocouple, which represents two
dissimilar metal wires jointed by means of welding or soldering.
Thermoelectric thermometers enable to measure sufficiently high
temperatures (for example, a tungsten-rhenium thermocouple can be used to
measure temperatures up to 2500°C).

The most extensive application has received such pairs of metal as
chromel-alumel, chromel-copel, and copper-constantan. The chromel-copel
thermocouple possesses the highest sensitivity (0.08 mV/K). Typical circuit
diagram for temperature measurements with chromel-copel thermocouples
is shown in Figure 2.25.
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PiguHHI TepMOMETpH 3aCTOCOBYIOTHCS, TOJIOBHUM YMHOM, JJIsl BUMIpY
TEeMIIepaTypu MpUMIillleHb, ¢ MPOBOIATHCS BUMPOOyBaHHA. [ BuMipro-
BaHHs TEMIIEPaTypd CTPYMOBEAYYHMX YacTUH BHKOPHCTOBYBATH PiJUHHI
TEPMOMETPHU BaKKO Yepe3 MOTaHNi KOHTAKT 3 IIOBEPXHEIO TBEPAOTO TiJa.

Tepmomempu manomempuyni (ra3oBi, NapoBi) 3AIHCHIOIOTH TIEPETBO-
PEHHSI TETJIOBOTO PO3IIMPEHHs poO0YOTo cepeioBuINa y aedopmaliito npy-
JKHHX EJIEMEHTIB 31 CTPUJIKOBUM iHAUKATOpOM. Takox icHye 6arato Moaudi-
Kallii 17151 BAMipIOBaHHS TeMIIepaTypH B Aiana3oHi Big —160 1o 600°C. Icnye
MOJKJIUBICTh NIEPETBOPECHHS iX MOKa3aHb B eJNEKTpUYHUE curHai. Obmacts
BUKOPHUCTAHHSI TPAKTUYHO Ta XK, IO W y PIIUHHAX TEPMOMETPIB.

Tepmomempu onopy 0a3yloTbCcsl Ha TEMIICPATYPHIM 3aJICKHOCTI
OTOpy MPOBITHUKOBUX Ta HAIMIBIPOBIIHUKOBUX MaTepianiB. Pobouwmii mia-
nazoH Temneparyp ckiangae Big —200 g0 +600°C. OCHOBHUM €JIEMEHTOM
TEPMOMETPA € TEPMOPE3UCTOP, AKIil BUTOTOBIISIETHCS 3 MaTepialliB, sKi Ma-
I0Th BEJIMKUH TEMIIEPATypHHH KOCQIllieHT Omopy. ICHYIOTh TepMopesuc-
TOpHU 3 HETATHBHUM TEMIIEPATYPHUM KOe(illiEHTOM OMOpY i O3UTUBHUM
(nmo3ucropu). OCHOBHMMH TIepeBaraMi TEPMOMETPIB OMOPY € Maii rabda-
pUTH, MaJia iHepUiHHICTh, BUCOKA YyTIUBICTH Ta iHIII. [l0 HEJOMIKIB CIIij
BIJIHECTHU: HEJIIHIMHICTh Ta BEJIIMKUHA PO3KU TEMIIEPATYPHHUX XapaKTEPHC-
THK JIJIsl OJTHI€T mapTil NpUIadiB Ta 1HIII,

Tepmoenexmpuuni mepmomempu 6a3yr0ThCS Ha TEPMOCIEKTPUIHOMY
edexTi, To0T0 BUHUKHEHHI TepMo-MPC npu HarpiBaHHi KOHTaKTy 3 IBOX
pi3HOpiAHUX MaTepiaiB. OTKe OCHOBHHM €JIEMEHTOM TEPMOMETPA € TEPMO-
SNICKTPUYHHH TTepeTBOpIOBaY abo mepmonapa, siKa siBisie COO0r0 JiBa Pi3HO-
PITHUX TPOBIHUKY, 3’€IHAHUX 3BAPIOBAHHIM a00 MasHHAM. TepMOeNeKT-
PHUYHI TEPMOMETPHU J03BOJISIOTH BUMIPIOBATH TEMIIEPATYPH JIO JTy’KE BHCO-
KUX 3Ha4YeHb (HAIIPUKIIA, BOJIb(ppaM-peHieBa TepMoIapa MOXe BHKOPHUCTO-
BYBATHUCh [yl BUMIpIOBaHHA Temriepatyp 1o 2500°C.

Haii0inpme mupoke nmommpeHHst Ha0ynK Taki Napy NPOBIIHUKIB: XPo-
MeJb-aJllOMelb, XpOMEJb-KOIelb, Miab-KOHCTaHTaH. HaiiOinblie BHCOKY
YYTJIMBICTh MalOTh XpoMenb-konesnesi Tepmonapu (0,08 mB/K). Cxema Bu-
MipIOBaHHS TEMIIEPATypH 3a JOIIOMOTr0I0 TepMoIiap, HaJjaHa Ha puc. 2.25.

154



Chromel . One of the thermocouples, called

N e ~ | .% hot junction, is placed on the test

VI & object; another thermocouple, called

Test \/ cold junction, is placed into medium
object e : R

———|us with a predetermined temperature.

—— Most often application is a vessel with

Figure 2.25 — Outline for temperature water-ice mixture at near-zero (0°C)
measurements with thermocouples temperature. Hence, the output
measuring signal, equal total thermal emf, will be proportional to the
difference between electromotive forces of hot and cold junctions (in this
case it will be proportional to the temperature of investigate object in °C).
The output signal via dc amplifier is applied to a recording instrument with
a high input impedance (digital voltmeter, oscillograph).

The main advantages of thermoelectric thermometers are as follows.
Firstly, they provide linear characteristic; secondly, they have high
sensitivity; and finally, they do not require a power supply. Their principal
drawback is the low power of the output signal; therefore, it is necessary to
use dc amplifiers.

As already noted, besides contact-based methods, there are also wide
variety of contactless-based techniques for temperature measurements. The
main distinctive feature that define their main advantage is the absence of a
thermally sensitive element, that is, a temperature sensor. The research object
itself plays this role. There are two varieties of contactless-based methods,
active and passive. Laser-based temperature measurements refer to active
(with external sounding) methods based on the analysis of the temperature-
dependent properties of the heated object surface. Passive methods are the
ones based on the analysis of the physical properties of electromagnetic
emission generated by heated bodies. Devices in which these methods are
used are called pyrometers.

Pyrometers. There are two types of pyrometers, ones of total radiation
and spectral. In total radiation pyrometers, the temperature is determined
by means of measuring the integral (total) energy of electromagnetic
radiation emitted by a certain area. There are two basic classes of total
radiation pyrometers:

- radiative pyrometers based on the dependence of radiant energy from
the temperature described by the Stefan-Boltzmann law;

- luminance pyrometers based on the dependence of spectral luminance
from temperature according to the Planck’s and Wien’s laws.
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OnHa 3 TepMonap po3TaloBaHa Ha
00’€KTi, MO TOCHIMKY€eThCS (Tapsanuid
craif), Ipyra —y cepeIoBHILI 3 3a3/1ae-
Tilb BiJOMOIO TEMIIEPATYporo (XOJOoM-
L2 HuH cmaif). YacTimr 3a Bce TakuM cepe-
JIOBUIIIEM € CyIWHA, B SIKOMY 3HaXO-
JIUTHCS CyMill JILOIY 3 BOJIOIO, TEMITEpa-
Typa skoi ckmanae 0°C. Ilpu mpomy,
TEepMO-€.p.C. Oy/ie TPOMOPIIIHOO PI3HUIL, Y JAHOMY BHIIAAKY TEMIIEpaTypi
3a [lemsciem 00’ €ekTa, M0 AOCTIKYEThCA. Buxiganii curaai, To0To TepMo-
e.p.c. yepes MiZICHIII0Bay MOCTIHHOTO CTPYMY MOJAETHCS Ha PeECTPYBATbHIH
NpUIIa]] 3 BEJMKUM BXiTHUM OIOPOM (LHU(BPOBHA BOIBTMETP, OCIHIOrpad).

Jlo mepeBar TepMOEIEKTPUIHAX TEPMOMETPIB MOXKHA BiHECTH JTiHIN-
HICTh XapaKTEPUCTHKH, BHCOKY UyTIUBICTh, HE MOTPIOHO IKEPENO KUB-
neHHs. OCHOBHUM X HEIOJIKOM € MaJia MOTY)KHICTh BHXIJHOTO CHUTHAIY,
TOMY HEOOXiTHO BUKOPHCTAHHS ITiICUIIOBAYIB MMOCTIHHOTO CTPyMY.

[Topsin KOHTAKTHUMH METO/IaMH i1CHYE TAKOXK BEITUKE PI3HOMAHITTS 0e3-
KOHTaKTHUX METO/IiB BUMipPIOBaHHS TeMIIepaTypu. | 0JI0BHOIO OCOOIIUBICTIO,
110 BU3HAUa€ X OCHOBHY IE€peBary, € BiICYTHICTh TEPMOUYTIHBOTO elieMe-
HTa, TOOTO JaTdmka Temmnepatypu. Llro pois rpae cam mocmimkyBaHuil 00'-
€KT. IcHy€ /1Ba pi3HOBUIM OE3KOHTAKTHUX METOJIIB, aKMusHi Ta nacusti. J1o
aKkTUBHUX (i3 30BHIIIHIM 30HAYBaHHSIM) HAJICKATh Memoou 1a3epHoi mep-
Momempii, B SIKi TPYHTYIOTBCSI Ha aHAII31 TEMIIEpaTypHO 3aJ€KHUX BIIACTH-
BOCTEW MOBEPXHI HArpiToro 06’ekry. /o macMBHUX HalleKaTh METOMH, 110
IPYHTYIOTBCSl Ha aHaji3l (i3NYHUX XapaKTEPUCTHK €JICKTPOMArHiTHOTO BH-
MPOMIHIOBaHHSI, 1[I0 TEHEPYETHCSI HATPITUMH Tifamu. [IpucTpoi, B IKUX BH-
KOPHCTOBYIOTBCS Il METOJIH, OTPUMAJIN Ha3BYy HIPOMETPH.

Ilipomempu. IcHye n1Ba Pi3HOBHIU MTIPOMETPIB: CHEPreTHUYHI Ta CIIEKT-
panbHi. B enepeemuunux nipomempax BUKOPHCTOBYETHCS TPUHIUI BUMi-
pIOBaHHS TeMIIepaTypH IO iHTErpaibHii (TOBHIH) €Heprii eleKTpoMarHiT-
HOT'O BUIIPOMiHIOBAaHHS, 110 BUIPOMIHIOETHCS AESKOIO IUIOMIMHKOK. [cHYye
JIBA OCHOBHHX KJIACH EHEPreTUYHUX ITIPOMETPIB:

- padiayiiini, 3aCHOBaHI Ha 3aJICKHOCTI €Heprii BUIIPOMIHIOBAHHS BiJ
TeMIIepaTypH, 1o onucyeThbest 3akoHoM Ctedana-bonbimana;

- ICKpagicHi, 3aCHOBaHI Ha 3aJIeKHOCTI CIIEKTPaJIbHOI SCKPABOCTI BiJ
TeMIIepaTypH BiJIOBIHO 110 3akoHiB [Inanka i Buna.

Ha PII

OG6 ekt
JTOCJTTUKe HEST

Pucynok 2.25 — Cxema BEUMipIOBaHHS
TEMIIEpaTypH 3a AOIOMOTOI0 TEPMOIIap
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The operation of the so-called spectral distribution pyrometers is based
on the analysis of the spectral distribution of the electromagnetic radiation
density (i.e., the intensity of radiation in different spectral ranges). Typical
representatives of spectral pyrometers are thermal imaging devices (thermal
imagers) operating in the infrared range

Essential advantages of pyrometers are:

- the ability to measure high temperatures (for example, the temperature
characteristics of the arc column);

- the possibility to study quick-occurring thermal processes, because un-
like the temperature sensing devices considered above, the pyrometers prac-
tically have not time delay;

- the possibility of determining the total temperature field of the entire
object and its visual observation.

Essential disadvantages of pyrometers are the following:

- the relatively large errors, so they are unsuitable for accurate
temperature measurements and can be used mainly for the qualitative
evaluation of temperatures and temperature fields;

- the reaction on thermal noises from extraneous thermal sources.

Nevertheless, such methods have found application in the practice of
testing electrical equipment. In accordance with the requirements of the
regulatory document approved by the Ministry of Fuel and Energy of
Ukraine, the norms of electrical equipment testing provide for thermal
imaging diagnostics for the state of all types electrical equipment [8].
Thermal imaging diagnostics is based on the fact that the presence of certain
types of defects in high-voltage equipment causes a change in the
temperature of the defective elements and, as a result, a change in the
intensity of infrared radiation.

In general, thermal image diagnostics enables to solve such problems
that would be impossible without it, namely.

- mass-inspection of a huge amount of electrical equipment with one
infrared camera during the preparation period for the autumn-winter load
maximum;

- possibility to identify equipment and their components being in a pre-
faulty state, such as contact joints, current transformers, coupling capacitors,
valve-type arresters and overvoltage limiters;
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Hist cnekmpanvuux nipomempis 3aCHOBaHa Ha IHTEHCHBHOCTI BUIIPOMi-
HIOBAaHHA B PI3HUX CHEKTPAIBHUX Jliana3oHax. TUMOBUMH NpeACTaBHUKAMU
CIEKTPATHFHUX MIPOMETPIB € TETUIOBI3iHHI MPUCTPOI (TETIoBi30pw), mo dy-
HKI[IOHYIOTh B iH(ppauepBOHOMY Jiana3oHi.

IcroTHUMHE TIepeBaraMu MipoMeTpiB €:

- MOXJIMBICTh BUMiPIOBaHHS BUCOKHX TEMITEpaTyp (HAIIPUKIIAL, TeMIIe-
paTypHi XapaKTepUCTHKU CTOBOYypa eJIeKTPUYHOI AyTH);

- MOXKJIMBICTh BUBUEHHSI TEIUTOBHX MPOLECIB, IO MPOTIKAIOTh MBUIKO,
TOMY IO Ha BiIMiHY BiJl PO3TJISTHYTHX BHIIE AATUHKIB TEMIEPATypH, PaK-
TUYHO OC31HEPILiiiHI.

- MOXKJIMBICTh BU3HAYCHHS TOBHOTO TEMIIEPATYpPHOTO IO BCHOTO
00’€KTa 1 HOTO Bi3yaabHOTO CIIOCTEPEIKEHHS.

Jlo HeAoMiKiB MiPOMETPIB CJiJi BiIHECTH BIJIHOCHO BHCOKI MOXUOKH,
TOMY BOHH 3aCTOCOBYIOTBCSI, TOJIOBHIUM YHHOM, IS SIKICHOT OLIIHKK TeMIIe-
paTyp i TeMnepaTypHHX IOIiB. [HIIMM 1X HEIOJIKOM € Te, IO BOHU peary-
I0Th Ta TEILJIOBI HA TEIUIOBI MEPEIIKON B/ IHIITNX JUKEPEN Teia. AJe Clij
3a3HAYMTH, IO [IeH HAIPSM BUMIipPIOBAJILHOI TEXHIKM B OCTaHHIM yac HaOyB
IIIPOKOTO PO3BUTKY.

BiamnorigHo 10 BUMOT HOPMAaTHBHOTO JOKYMEHTA, 3aTBEPIXKeHOro MiH-
NaJIMBEHEPTo YKpaiHU, HOpMaMH BHIIPOOYBaHb €NIEKTPOOOTIaTHAHHS MTepe/-
0adeHO BUKOHAHHS MeNnI0GI3iliH020 KOHMPOIO CTaHy eNeKTpooOIaHaHHS
Bcix TumiB [8]. TemnoBi3BiHUI KOHTPOJIb 0a3YETHCS HA TOMY, 110 HAsIBHICTh
JISSIKUX BUJIIB JIe(hEKTIiB BUCOKOBOJIBTHOTO O0JIa JHAHHS BUKIIUKAE 3MIHY Te-
MIIepaTypu JeeKTHUX eIEeMEHTIB 1, IK HAaCHi/I0K, 3MiHy iHTEHCHUBHOCTI iH-
(hpauepBOHOTO BUITPOMIHIOBAHHSI.

3arajoM TEIUIOBI3IHHUN KOHTPOJb JIO3BOJIAE BUPINIYBaTH Taki 3a-
BIIaHHS, sIKi 03 Hel Oynu 6 HEMOYKIIHBI, a caMe.

- 1Ie MacoBe 00CITiTyBaHHS BEJIMKOTO 00’ €My eJIeKTPOyCTaTKyBaHHS O/1-
HOFO TETUIOBI31HOI0 KaMepOro 3a MEPioJI MiArTOTOBKH 10 OCIHHBO-3MMOBOTO
MaKCUMyMYy HaBaHTaXCHHS.

- BUSIBJICHHS arapaTiB Ta iX eJIeMEeHTIB, 10 3HAXOMAThCS Y TiepesiaBapii-
HOMY CTaHi (Ie(eKTHI KOHTAKTHI 3’ €JHaHHS, TPAHCPOPMATOPH CTPYMY, KOH-
JIEHCATOPH 3B’SI3KY, BEHTWJIbHI PO3PSAHMKH Ta 0OMEXyBaui [IepeHanpyr).
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- possibility to detect such defects that cannot be detected by any other
methods, e.g. local temperature-rise of power transformer tank constructive
components, heating of jointing bolts in supporting metal constructions of
busducts or overloads of certain components of valve-type arresters 110 kV
and above and so forth.

Laser-based thermal measurements is a new trend in temperature
measuring techniques. In contrast to optical pyrometer measurements,
thermal self-radiation of the investigate object is not used in this case. The
operation of the measuring devices is based on the analysis of the
temperature-dependent optical parameters of the object with the help of a
probing laser beam, such as (for example, for solids):

- real and imaginary parts of the total refractive index;

- concentration of free charge carriers;

- geometry of the surface micro-relief and other parameters.

Laser thermometer can measure the temperature of flame, explosions,
gas-discharge plasma, solids and liquids. Electromagnetic interferences, high
electrical potentials, chemically active media, vibration and other factors, that
make it difficult to measure temperatures by contact methods, do not affect the
laser beam. The laser beam has a number of distinctive features, such as,
wavelength, polarization, propagation direction, intensity modulation, which
enable us to recognize it against the background of optical interference.

The use of laser thermometers eliminates the problem of thermal
contact unreliability of the sensing element with the object under study: the
presence of a contact between the probing beam and the object to be studied
is literally obvious. The variety of phenomena occurring during the
interaction of light with a solid made it possible to create both wide-range
methods with low sensitivity, and highly sensitive methods with a narrow
range of measured temperatures, and sometimes combine in one method a
wide range of temperature ranges and high sensitivity (1-2 orders of
magnitude higher than that of thermocouples).
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- BUSIBTICHHSI TaKUX €()eKTiB, IKi HE MOXKYTh OyTH BHUSBIICHI IHITUMH Me-
TOaMH, HANPUKIIAJ TEepPerpiB KOHCTPYKTHBHHUX €IEMEHTIB 0aKiB CHIIOBHX
TpaHchopMaTopiB, HArpiB 3’€IHYBAIBHUX OOJNTIB Y METAJCBUX KOHCTPYK-
i, 0 NiATPUMYIOTH IIMHOIPOBOAM, 200 OKPEMHUX €JIEMEHTIB BEeHTHIILHUX
po3psaaukiB 110 kB i Bumie Ta iHmi 3agadi.

Jlazepna mepmomempisa — 11 HOBUI1 HANPSMOK y TEXHIII TeMIepaTyp-
HHUX BHMipioBaHb. Ha BiqMiHy BiJi ONTHYHOI IpOMETPii, BIaCHE TETUIOBE BU-
MIPOMIHIOBAaHHS JIOCHIHKYBAHOTO 00'€KTa B JAHOMY BHIIAIKy HE BHKOPHCTO-
ByeThCs. Jlisf BUMIpIOBATBHUX TPUCTPOIB IPYHTYEThCA Ha aHAI31 TEMIepaTy-
PHO 3aJIe)KHUX ONTUYHHX [apaMeTpiB 00'€KTa 3a JOTIOMOTOI0 30HAYBAJILHOTO
Ja3epHoro myyka. Takumu napameTpamu (HarpukiIaz, s TBEPIKX Til) €:

- IificHa Ta ysBHA YaCTMHHU KOMIUIEKCHOT'O MIOKa3HUKA 3aJJOMJICHHS;

- KOHIICHTpAIlis BUTLHUX HOCIiB 3apsiy;

- TeOMEeTpist MiKpopenbe]y MOBEPXHi Ta iHIII TapaMeTpH.

Mertonamu J1a3epHOI TEPMOMETPil MOXKE BUMIPIOBATHCS TEMIIEpaTypa Io-
myMm'st Ta BUOYXiB, Ta30pO3PSAHOT IDIa3MHU, TBEPAUX Til Ta pinuH. JlazepHuit
MYYOK HE CXMJIBHUH JI0 BIUTMBY €JIEKTPOMArHITHUX MEPEIIKO]I, BUCOKUX elle-
KTPUYHHX ITOTEHITIaTiB, XIMIYHO aKTHBHUX CEPEIOBUIII, BiOparlii Ta iHmmx ¢a-
KTOpiB, IO YCKJIQJAHIOIOTh BHMIPIOBAaHHS TEMIIEPAaTYp KOHTAKTHHUMH METO-
namu. JlazepHuii My4oK Mae psil XapaKTEepHHUX O3HAK (IOBKUHA XBHWIIi, TTOJIS-
pu3allis, HanPSMOK MOIIMPEHHS, MOJTYJISLis IHTEHCUBHOCTI), 1110 JI03BOJIIOThH
JIOCTOBIPHO PO3PI3HATH HOr0o Ha ()OHI ONTHYHHX TIEPEIIKO].

BukopucranHs 1a3epHOT TepMOMETpii MOBHICTIO yCyBae MpodIieMy HeHa-
JUHHOCTI TEIUIOBOTO KOHTAKTY YYTJIMBOIO eJIeMeHTa 3 00'€KTOM, IO JOCIi-
JDKY€ETBCS: HasBHICTh KOHTAKTY 30HAYIOUOIO IyYKa 3 JOCIiIKYBaHUM 00'€K-
TOM y OYKBAIEHOMY CEHCi oueBHIHA. Pi3HOMaHITHICTh SBUII, IO BiAOyBa-
I0ThCSI TIPU B3AEMO/IIT CBITIIA 3 TBEPANUM TiJIOM, TO3BOJIMIIO CTBOPUTH SIK IITH-
POKOIiaNa30HHI METOJIU 3 HEBUCOKOIO UYTIMBICTIO, TAK 1 BUCOKOUYTIUBI Me-
TOJTU 3 BY3bKHM JTialla30HOM TEMIIepaTyp, [0 BUMIPIOIOTHCS, a iHOII 00'€THY-
BaTH B OJIHOMY METO/Ii IIUPOTY TEMIIEPATyPHOTO Jiana3oHy i BHCOKY UyTIIH-
BiCTh (Ha 1-2 mopsiKy OiJibliie, HiXK Y TepMorap).
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3. DIELECTRIC RESEARCH AND TESTS

It is known that all types of electrical equipment, in particular electrical
and power electronic apparatus contain current-carrying parts operating at
different electrical potentials. Therefore, insulation (insulation structures) is
an integral element of any apparatus. It should be noted that insulation is the
most responsible component of the apparatus, since its breakdown leads to
grave malfunctions and even emergencies in electrical systems. That is why
one of the most important tasks facing the developers of apparatus, as well
as enterprises that carry out their manufacture, installation, testing and
operation is to ensure reliable operation of the apparatus insulation.

According to function performed by insulation in electric apparatus, there
are distinguished two its types, external and internal. External insulation refers
to isolating structures, in which electric strength of insulating gaps is ensured by
free air. Internal insulation refers to those that is separated from free air and
electric strength of insulating gaps is ensured by various gaseous, liquid, solid
dielectrics, as well as vacuum environment. A number of requirements are
imposed upon both external and internal insulation of apparatus; their
compliance are verified by means of testing. In particular, requirements for
insulation of high-voltage apparatus and its testing technigues are established by
interstate standards valid in Ukrainian territory [14, 15], as well as international
IEC standards [28, 29, 33-35]. Requirements and testing techniques of low
voltage apparatus insulation are established by national standards [16, 17], as
well as international IEC standards [32, 36, 37].

3.1 Techniques of Dielectric Research and Tests

Dielectric tests are performed not only at all development stages of new
equipment, but also at their industrial production and operation. The
necessity to perform dielectric testing in the process of R&D-work are
dictated by the following factors. Firstly, there are scientific interests aimed
mainly to study the physics of electrical breakdown in gaseous, liquid, and
solid dielectrics that now still has not been studied in full measure and is
currently the subject of scientific research.
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3. IOCJI)KEHHS TA BUITPOBYBAHHS 130JIS1IIT

Bizomo, mo yci Bua# enekTpoTeXHIYHOTO O0IalHaHHs, 30KpeMa eJe-
KTPUYHi Ta €IEKTPOHHI amapaTH, MiCTSITb CTPyMOBEAYYl YaCTUHH, LI0 3Ha-
XONATBCS TiA pi3HUMHU ToTeHIianamMu. OTKe HEBII'€MHUM €IEMEHTOM
OyIb-sIKOTO amapaTty € i30J1s1is (130A1iiHI KOHCTPYKIii). CIif 3a3HaAYHTH,
10 130J1A1lis1 € HAWOIIBII BiMTOBIAIBHUM €JIEMEHTOM arnapara, OCKiIbKU
nopymeHHs ii pyHKUiIOHYBaHHS BeJe A0 CEPHO3HUX PO3JaiiB i HaBiTh 10
aBapiii B eleKTpuaHuX cucremax. OTxe 3abe3nedeHHs il HaaiiHOT podoTH
€ OJIHI€I0 3 BXKJIMBINIMX 3a/1a4, IO CTOITh MepeJl po3poOHUKaMHU anapaTis,
a TaKOXX OpraHi3aiisMu, IO 3IHCHIOIOTh IX BUTOTOBJICHHS, MOHTAX, BH-
MpoOyBaHHS Ta EKCILTyaTaIlilo.

OYHKIIIOHAILHO B PO3PI3HSIOTh 306HIWHIO i30/4Yii0, KA 3a0e31euy-
€THCSI aTMOC(EPHUM TOBITPAM, Ta GHYMPIWHIO I307AYil0, SIKA BOHA BiJl0-
KpeMJIeHa Bil aTMOC(EpHOTO MOBITPs 1 320€3MedyeThCsl PI3SHUMH Ta30T0-
JNIOHUMU, PIAMHHUMH, TBEPJIUMU JICICKTPUKAMU, a ¥ JEAKUX BUMAJKaX —
BakyyMmoM. Jlo i301s1ii amapaTiB (K 30BHIIIHBO1, i BHYTPIIIHBOT) TIpE'sIB-
JISETHCS PAI BUMOT, SIKi TIEPEBIPSIIOTHCS B TIPOIEC] TOCIIKEHb Ta BUIIPO-
OyBaHb. 30KpeMa, BUMOTH JIO 130JIA1lii anapaTiB BUCOKOI HANpYyTH Ta Me-
TOAM i1 BUIPOOYBaHb BCTAHOBJIIOIOTHCS MIKJICP)KaBHUM CTaHJAPTaMH, 1110
Iil0Th Ha TepuTopii Ykpainu [14, 15], a TakoX MDKHApOJHUMH CTaHIAp-
tamu MEK [28, 29, 33-35]. Bumoru Ta MeToau BUIpoOyBaHb 301111 HU-
3bKOBOJIPTHHX arapaTiB BCTAHOBJICHI HalliOHATBHUMH cTaHAapTamu [16,
17], a Takox mixkaapomgaumu ctangapramu MEK [32, 36, 37].

3.1 MeToau focaizkeHHsl Ta BUNPOOYBaHHS i301s1il

BunpoOyBanHs 130/1411i1 TPOBOASTHCS HE TUTHKM Ha BCiX €Tamax po3-
pOOKM HOBHX amaparis, a i y mporeci iX MPOMHUCIOBOTO BUTOTOBJICHHS Ta
ekciuryaTanii. HeoOXigHicTh mpoBeneHHs BUIPOOYyBaHb 1307151111 B mpo1ieci
HAP ta JIKP obymoBneni Hactynmaumu (aktopamu. [lo-mepire, Hayko-
BUMHU iHTEepecamu 00 (i3rKa eNeKTPHYHOTO MPOOOI0 B Ta30M0I0OHKX, Pifl-
KHX Ta TBEPAUX JieIeKTPUKaxX BUBYEHA HE TIOBHOIO MipOIO 1 B JaHUH Yac €
peIMETOM HaYKOBUX JOCIIJIKCHb.
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Another factor that necessitates carrying out research and testing of
electrical insulation is that the calculating determination of optimal insulation
gaps for designed apparatus is a formidable task involved with necessity to
determine the electric field pattern. This, in turn, necessitates solving
differential equations in partial derivatives. It should be pointed out here that
the calculations of the electric field do not take into account the diversity of
environmental conditions that essential affect the electric strength of the
insulation gaps, such as humidity, contamination, rain, snow, hoarfrost etc.
Thus, the experimental determination of the electrical strength of the insulation
by conducting tests under the influence of external factors is almost the only
objective way to determine the optimal values of the insulation gaps.

The necessity of dielectric tests during production of electrical and
power electronic apparatus is mainly dictated by the probable technological
errors having objective and subjective character, which lead to reduction of
electric strength of the insulation, and in some cases to its disturbance. There-
fore, each apparatus undergoes approval tests that include verification of the
insulation quality. The insulation quality is in more detail verified in the pro-
cess of periodic and type tests.

In the operation process, the apparatus’ insulation, both external and
internal, undergo various exposures and its condition essentially changes over
time. First and foremost, it should be noted that the insulation of electrical and
power electronic apparatus is permanently applied by the operating voltage
and, correspondingly, the insulating gaps are stressed by the electric field. It
results in appearance and building up of defects from ionization of air
inclusions into solid insulation causing additional their heating. This, in turn,
can cause overlap or breakdown of the insulation gap. These processes are
considerably accelerated under overvoltage conditions.

In addition, during operation, the apparatus’ insulation is exposed to
thermal and mechanical stress, as well as moisture and pollution. Thermal
effects cause acceleration of chemical processes in solid insulation, in
particular, oxidation resulting in structural changes of the insulation and its
mechanical and electrical strength significantly decrease. Mechanical
exposures (shocks, vibration) produce micro-cracks, air inclusions,
delamination in solid insulation, which also lead to a decrease in its electrical
strength. Humidification and pollution cause partial discharges and, in some
cases, overlaps of the insulation gap. Moisture and pollutions are especially
dangerous for insulation having mechanical damages; penetration of
moisture and pollutions into cracks create overlapping paths.
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[HmmM aktopom, sikuit 00yMOBITIOE HEOOXIIHICTD TPOBEASHHS TOCITi-
JDKEHBb Ta BUMPOOYBaHb €IEKTPHYHOI 13071 € Te, 0 pO3paxyHKOBE BH-
3HAYEHHS 130JIALIHHUX MPOMIKKIB YCKIIaAHEHO, OCKIIBKH OB’ S13aHO 3 BH-
3HAYEHHSIM KapTUHH EICKTPUYHOTO OIS 1, BiAMOBITHO, BUPIMICHHAM Iude-
PEHLIHHUX PIBHAHB y YaCTKOBUX MOXiTHHUX. [I[pHdomy, po3paxyHKH eleKT-
PUYHOTO TOJIS HE BPaXOBYIOTH BIUIMB Pi3HOMAaHITTA 30BHILIHIX ()aKTOpiB Ha
CJIEKTPUYHY MILHICTh 130JALIHHMX MPOMIXKiB (BOJOTiCTh, 3a0pyAHEHHS,
JIOLI, CHIT, iHi# Ta iH.). OTXe, eKCIIepruMeHTaIbHEe BU3HAUYCHHS eIEKTPUIHOL
MIITHOCTI 130JIAMli MIISIXOM TPOBEIEHHS BUIPOOYBaHb INPH HASIBHOCTI
BIDIMBY 30BHIMIHIX (D)aKTOPIB € MPAKTHIHO €IMHO 00’ €KTHBHUM CHOCOOOM
BH3HAYHUTH ONTUMATbHI BETMUNHH 130JIAIIHHAX TIPOMDKKIB.

[1ig yac MPOMUCIOBOTO BUTOTOBJICHHS anapaTiB HeOOXiIHICTh BUIPOOY-
BaHb 130JA11i1 00YMOBJIEHA, HACAMITEPE]T, BIPOTiHICTIO TEXHOJIOTIYHUX TIOPY-
IeHb, IOMIJIOK 00’ €KTHBHOTO Ta Cy0’€KTUBHOTO XapaKTepy, sIKi BEAyTh IO
ocnabieHHs 130511111, 3HIWKEHHS 11 eNeKTPUIHOI MIITHOCTI. ToMy KOKHUIT BU-
POOJICHUIA anapaT miAaeThesl MPUUMaTbHO-311aBaTbHIM BUIIPOOYBaHHSIM, JI0
MpOrpaMH SIKO1 BXOJMTh epeBipKa eINeKTPUYHOT MIilTHOCTI 130sms1ii. Binbim se-
TaJlbHa MepeBipKa SKOCTI 130JI5111iT anapartiB, MO BUPOOIIAIOTHCS 3MIHCHIOETHCS
B MPOIIECi MePiOJMYHNAX Ta THIIOBUX BHIIPOOYBaHb.

B nporieci ekcrutyaratiii arnapartis sk 30BHIIIHS, TaK 1 BHYTPILIHS 1301115
MIIA€THCS. PI3HOTO POy BIUIMBAaM 1 ii CTaH 3 4acOM IMOCTYIIOBO 3MiHIOETBCS
yOik noriprienns. [lepi 3a Bce, Ci1ij1 3a3HAYMTH, 11O 130111 SIEKTPUUHKX Ta
EIIEKTPOHHMX arapaTiB MOCTIHHO MifaeThes il pobodoi Hampyrd i, Biamo-
BiIHO, 130JISIIIAHI MTPOMDKKH TiIAIOTHCA il enexkTpuaHoro nosst. Lle mpuso-
JIUTH 10 BUHUKHEHHS Ta HAKOMWYEHHs Je(eKTiB Bl i10HI3AIli MOBITPSHIX
BKJIIOYEHb TBEPAOi 130J1ALli{, BUKIMKAIOUM JOJATKOBUH HArpiB, 110, Y CBOIO
4yepry, MOXe MPHUBECTH 10 MEPEKPUTTs a00 MPOOOF0 i30JMIHHOTO TTPOMIXKKY.
Ipu nepeHanpyrax nei npouec 3Ha4HO MPUCKOPIOETHCS.

Kpim Toro, B mporieci ekcriTyartaitii i30J1s1ist iIIa€ThCs TEIUIOBOMY Ta
MEXaHIYHOMY BILTHBY, a TAKOXK 3BOJIOKEHHIO Ta 3a0pyJHEeHHI0. BHac1i ok Te-
TUIOBOT ZIii B TBEpIiH 13011411l PUCKOPIOIOTHCS XIMIUHI TPOIECH, 30Kpema,
OKHCJICHHSI, B PE3YJILTATI YOTO 130JIs111is1 3MIiHIOE CBOIO CTPYKTYpY, a ii MexaHi-
YHa Ta EJSKTPUYHA MIIHICTh 3HAYHO 3HI/I>Ky€TI)C$[ BHacniiok MexaHIYyHUX
BILTUBIB (y)lapn BiOparlisi) y TBEp/ii i30Js1ii 3’ SIBISIOTHCS MiKPOTPIIIUHY,
MOBITPSHI BKITFOUEHHS, pO31IapyBaHHS, SIKI TAKOXK MPU3BOJISITH JI0 3HIDKEHHS
EJIEKTPUYHOT MIITHOCTI TBEp 101 130J1s111i1. 3BOJIOXKEHHSI Ta 32a0pyTHEHHSI € TIPU-
YHHOIO YaCTKOBMX PO3PS/IIB, a B ACIKUX BUIAIKAX, IEPEKPUTTS 130JIA1IIHHOTO
TPOMIXKKY. J[ist 13071511111, sika Mae MexaHiuHI TIOIIKOJPKEHHS, BOJIora Ta 3a0py-
JTHEHHS 0co0MMBO HeOe3MeyHi; MPOHMKHEHHs! BOJIOTH Ta 3a0pyIHEHHS B Tpi-
IIMHH CTBOPIOE IIUIAXH TIEPEKPHUTTSL.

164



Denoted factors usually act jointly and result in ageing of insulation and
over the time, its condition is deteriorated. Since there is impossible to avoid
fully this, the one of main problems during operation of electrical and power
electronic apparatus is to mitigate these exposures on insulation and their
consequences. It should be noted that it is very complex problem. Until
recent time, the main technique to control the insulation condition was visual
inspection. However, service experience shows that only insignificant parts
of defects can be detected in such manner. Now in operation, insulation of
most responsible (mainly high-voltage) apparatus, is controlled by the way
of conducting the so-called service checking or preventive testing. Despite
considerable costs, service experience shows their significant economic
efficiency. Suffice it to note that promotion of preventive testing into service
practice has permitted reduce accident rate of the equipment by almost half.

The mere idea (principle) of checking the quality or condition of the
insulation is very simple. A voltage of a certain value is applied to the
insulation gap for some time and its certain parameter is measured, such as
dielectric strength (presence of full discharge), resistance, dielectric loss
tangent, presence of corona etc.

One of the most effective technique to verify the insulation quality is
testing by overrated (withstand) voltage that considerably higher than the
maximal operating voltage. In this case, the gap to be tested is stressed by a
heightened intensity of the electric field that enables us to detect defects,
which cannot be detected by other techniques. Testing by overrated voltage
is basic test that must result in final decision about the possibility of normal
operation of the apparatus in operating conditions.

The overrated (withstand) voltage applied to the insulation gaps in
testing is usually termed as the test voltage. The main types of test voltages
are as follows: power frequency withstand voltage, impulse (surge)
withstand voltages (lightning and switching impulses), and dc withstand
voltage. Testing by withstand voltage is performed after a preliminary
inspection and verification of the insulation condition by other methods
(resistance, loss tangent and other measurements) at positive outcomes of the
verification. The magnitudes of test voltages are specified by interstate
standard [15], international IEC standards [28], as well as by programs and
test procedures, and Specs for certain types of the apparatus.

165



3a3HadveHi MPUYHUHY MTOTIPIIEHHS CTaHy 130111 JiI0Th, K IPaBUIIO, CY-
MIiCHO, B PE3yJIbTaTi 4OT0o 3 4aCcOM BiJOYBa€ThCs CTapiHHS i30JALi1 1 morip-
nreHHs ii crany. ToMy oHi€I0 3 OCHOBHHUX 3aJau OpraHizaiii, mo 3aiHCHIo-
I0Th €KCIUTyaTallifo eeKTPUYHIX arapariB, € OOMEKEHHS BKa3aHUX il Ha
130JIS11iF0, OCKITBKH TTOBHICTIO YHUKHYTH iX HeMoxumBo. Cii BiA3HAUNTH,
II0 3a3HaYeHa 3aJa4da He Taka mpocTa. Jlo HeaBHBOTO Yacy OCHOBHHUM Me-
TOJIOM KOHTPOJIIO CTaHy i30Jis1lii OyB 30BHIIIHIA OIS, ajleé TAKUM YUHOM
MOJKHA BUSIBUTH JIMIIE HE3HAYHY YaCTUHY JeEKTiB. Y HUHIIIHIN Yac B Ipo-
eCi eKCIUTyaTallii i30JIs11isi HAHOUTBII BiAMIOBIIATbHUX anapaTiB, TOJIOBHUM
YMHOM arapaTiB BUCOKOI HAIIPYTH, MTOCTII{HO KOHTPOJIIOETHCS IIIIXOM IIPO-
BEJICHHSI T.3. npoghirakmuunux eunpobyeans. He3Baxkarounm Ha 3HAYHI BU-
TpaTH Ha iX MPOBENEHHS, TOCBI eKCIDTyaTallil MoKa3aB X 3HaYHy EKOHOMi-
4yHy eeKkTuBHICTh. JlOCTaTHRO 3a3HAYMTH, IIO BTUICHHS MPOQLIaKTUIHUX
BUTNIPOOYBaHb B MPAKTUKY EKCIUTyaTallii eIeKTPUYHOTO 00IaJHaHHS J03BO-
JIMJIO 3HU3UTH aBapidHICTh Maiike B 2 pasH.

Cama iges mepeBipkH SKOCTI a00 cTaHy i30ismii qyke mpocra. Jo
130NIAMITHOTO TPOMIXKKY Ha IEIKUN 9ac MPUKIATA€ThCS HATIPYyTa O3Hade-
HOT BETMYUHU 1 BUMIPIOETHCSA i MEBHUHN MapaMeTp: eleKTpUIHa MIillHICTh
(HasBHICTH MOBHHUX PO3PSiB), OIip, TAHI'EHC KyTa JAi€NeKTPUYHHUX BTPAT,
HasIBHICTb KOPOHHU 1 T.1I.

OnHuM 3 HalOLIBII €PEKTUBHUX CIIOCOOIB MEPEBIPKH IKOCTI 130T €
ii BUMPOOyBaHHS MiIBUILEHOIO HANPYTO0, sIKa 3HAYHO BHUINE 32 MaKCHMa-
JpHY poOody Hampyry. Y IIbOMY BHNIAIKy y BHUIIPOOYBaHOMY HPOMDKKY
YTBOPIOETHCS Mi/IBUILICHA HANIPYKEHICTh EJIEKTPHYHOTO MOJIS, IO JI03BOJISIE
BUSIBUTH JIe)EKTH, IKi HEMOXKJIMBO BUSBUTH 1HIIIUMU CrIoco0amu. BunpooOy-
BaHHSI M1 JIBUIICHOIO HATIPYTOIO — [I€ OCHOBHE BUMIPOOYBaHHSI, TTICIISl YOTO BU-
HOCHUTBLCS OCTATOUHE PILICHHS 1110JI0 MOXJIMBOCTI HOPMaJIbHOT poOOTH ara-
para B yMOBax €KCILTyaTarlii.

[ligumiena HanpyTa, 10 MPUKIAAAETHCS 0 130JAMIHHUX TPOMIXKKIB B
npoteci BUMpoOyBaHb, 3a 3BUYAEM HA3UBAIOTh 8uUNnpobHo0 Hanpyzor. Oc-
HOBHUMH BHJIAMH BUNIPOOHUX HATIPYT € Hanpyaa npoMuciogoi uacmomu, im-
MyJILCHI HAIPYTH (2p0306Ull Ta KOMYMAYIUHUL IMIYIbCU), & TAKOXK NOCMITIHA
Hanpyea. BunpoOyBaHHS MiIBUIIEHOIO HAITPYTOIO IPOBOAUTHCS TICIIs TOTIe-
PEIHBOrO OISy Ta MEPEBIPKHU CTaHy 130JI1L11 IHIIMMHU METOIaMH (BUMIpIO-
BaHHsI OIOPY, TAHTEHCA KyTa AieJIeKTPUYHHUX BTPAT Ta iHIIUMHM) MIPU MO3H-
TUBHHX pe3yJbTaTax Li€il mepeBipku. 3Ha4eHHS BUIIPOOHUX HANPYT BCTaHO-
BIIIOIOTHCS MDKICPKABHUM CTaHAapTOM [15], Mi>KHAPOJAHUMH CTaHIApTaMU
MEK [28], a Takox TeXHIYHMMH YMOBaMH, TPOTPaMaMH Ta METOJMKAMH BH-
poOyBaHb NIEBHUX BUJIIB araparis.
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3.2 Content of Tests and Test Equipment

During R&D-works, various research tests of insulation, as well as
control and certification tests of mock-ups and prototypes of insulating
structures and apparatus are performed with use of all types of test voltages
in various environmental conditions, including conditions of pollution and
dust, under rain, etc. In addition, research and tests are conducted for the
purpose to determine other insulation characteristics (resistance, dielectric
loss tangent, presence of corona, etc.).

Dielectric tests at R&D stage are usually performed in the specially
equipped high-voltage laboratories representing very complicated technical
complexes. A high-voltage (HV) laboratory usually contains main
equipment (high voltage sources, as well as measuring and protection
devices) and auxiliary equipment intended to provide specific conditions for
research and testing.

The main types of high-voltage sources (HV generators) in HV
laboratories are as follows:

- HV impulse generators providing testing of apparatus with impulse
voltage, lightning impulse and switching impulse;

- AC sine voltage sources providing testing of apparatus with power
frequency voltage and induced voltage (of heightened frequency in the range
of 100 to 400 Hz);

- DC (rectified) voltage sources.

Auxiliary equipment of HV laboratory usually includes:

- shielding facilities: the object to be tested and measuring facilities are
carefully screened to preclude noises in measuring (this is especially
important for partial discharge measurements);

- climatic chambers intended to provide a predetermined ambient
temperature and humidity;

- pollution and dusting chambers;

- dim-out facilities intended to observe the discharge initial stages, as
well as to perform photographical investigations of breakdown;

- artificial rain equipment intended to determine wet-flash voltages and
to perform testing under rain.

The rain equipment must ensure certain parameters for rain during
research and testing:
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3.2 3micT BUnpoOdyBaHb Ta BUIIPOOHE 00 1aTHAHHS

B npornieci HP Ta JIKP npoBoasTh pi3HOMaHITHI TOCTIAHUIIEKI BUTIPOOY-
BaHHSI 1301511111, 8 TAKOK KOHTPOJIBHI Ta cepTu(iKaliiiHi BUIPOOYBaHHS MaKeTiB
Ta JOCTITHAX 3pa3KiB 130JAIIIHIX KOHCTPYKIIiH Ta armapaTiB yciMa BUIaMH BH-
NpOOHUX HATIPYT Y Pi3HUX YMOBaX JOBKLLISL, Y TOMY YHCIi yMOBax 3a0pyn-
HEHHS Ta 3aIllMICHHS, i/ To1eM Ta iH. OKpiM IT-OT0, TPOBOISATH JOCTIHKCHHS
Ta BUMPOOYBAaHHS 3 BU3HAYEHHSIM 1HIINX XapaKTEPUCTHUK 130511 (orip, TaH-
TEeHC KyTa JIieJIeKTPUYHNX BTPAT, HAsABHICTh KOPOHH i T.11.).

BunpoOysanns i3ormsmii Ha eramax HJIP ta IKP mpoBoasThes B crierria-
JIBHO OONaJHAHUX GUCOKOBOLIMHUX 1AOOpamopisax (8UCOKOBOTbMHUX 3a/1aX),
K SIBJSIIOTH COOOI0 TOCHUTH CKJIAIHI TEXHIYHI KOMIUIEKCH. BHCOKOBONBTHUIA
3aJ1 3a3BUYAil MICTUTh OCHOBHE 00JIaJHAHHS (JIKEepea BUCOKOI HAIPYTH, a Ta-
KO BAMIPIOBAJIBHI Ta 3aXHCHI MIPUCTPOI) Ta JIOMOMIDKHE 00JIaJHAHHS, SKE 3a-
Oe3redye CTBOPEHHS IS TOCHIKEHb Ta BUITPOOYBaHb 33JaHIX YMOB.

OCHOBHUMH Pi3HOBHJAMHU JKEPET BUCOKOI HAIIPYTH Y BUCOKOBOJIBT-
HUX 3QJ13X €:

- eenepamopu imnyascrux Hanpye (I'H), sxi 3a0e3medyroTs BUPOOYBaHHS
arnapariB iMITyJIbCHOIO HATIPYTOIO: TPO30BHMH Ta KOMYTALIHHIMH IMITYJTECAMIL

- doicepena cuHycoioanbHoi Hanpyau, sIKi 3a0e3MevyI0Th BUIIPOOYBaHHS
HAMpPYTOI0 MPOMUCIOBOI YaCTOTH Ta iIHAYKOBAHOIO HANPYTOO (TMiABUILEHOT
gactotd Bix 100 1o 400 I'm);

- Oorcepena nocmitinoi (sunpsmienol) nanpyeu.

JloromicxHe 00JIaJHAHHS BUCOKOBOJILTHOT'O 3aJ1y 3a3BUYaii MiCTUTh:

- eKpAHY8AIbHI npUcmpoi: BUTIPOOyBaHMA 00'€KT Ta BUMIPIOBAIIBHI MIPH-
CTpOi PEeTENbHO EKPaHYIOTHCS Uil BUKJIIOYCHHS TEPEIIKo]l NpU BHUMipax
(0coOIMBO 1€ BaXKIIMBO TP BUMIp1 PiBHS YaCTKOBUX PO3PSIiB);

- KIiMamuyni Kamepu Ul CTBOPEHHS 33/1aHO01 TEMIIEpaTypH 1 BOJIOTOCTI
HaBKOJIMIITHBOTO CEPEIOBHUIIIA;

- KaMepH Ui JOCHTIDKeHb Ta BUIIPOOYBaHb B YMOBAX 3a0pYOHEHHs Ta
3anuieHns,

- IPUCTPOI, 110 CTBOPIOIOTH MOXKIIUBICTD 3amemHeHHs UL criocTepe-
JKEHHsI TIOYaTKOBHX CTaJill po3psdy, mpoBeaeHHs (oTorpadiuHux moci-
JDKEHB TIPO0O0I0;

- 00WY8aNbHI YCMAHOBKY ISl CTBOPEHHS IITYYHOTO JOILY IpH BU3HA-
YEeHHI MOKPOPO3PSITHUX HAIPYT 1 BUMIPOOYBaHb i1 JIOIIEM.

JonryBanpHa YCTaHOBKA B MPOIieCi BUIIPOOYBaHb MOBHHHA 3a0e3meuy-
BaTH BU3HAYEHI MapaMeTpH JIOLLY:
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« the rain area should completely cover the test object;

* a uniform rain of a droplet structure falling at 45° to the horizontal;

« the rain intensity (one of the components) should be in the range of 1
to 3 mm per minute according on the test voltage type;

« the rain water temperature should not differ from the ambient
temperature by more than 10 K;

« the resistivity of rain water, reduced to +20°C, should be 10015 Ohm m.

Worldwide, there are more than one hundred high-voltage laboratories
having testing equipment providing test voltage higher than one million
volts. One of largest in the world is the Large HV Laboratory in PJSC “VIT”
(Ukrainian Research, Design and Technology Transformer Institute) placed
in Zaporizhzhia. Its dimensions constitute 55x57 x144 m. The set equipment
enables to perform tests with all test voltage types: power frequency voltage
as high as 2.25 MV (at a current about 2 A); lightning impulse as high as 4.8
MV (at W = 320 kJ); dc voltage as high as 2.5 MV (at a current of 200 mA)
in different climatic conditions. The parameters of other most large
laboratories are represented in Table 3.1.

Table 3.1 — Parameters of the most powerful HV Laboratories

Impulse

Organization, name Location volli)age, AC \I\//(I){';age, DC \I\//(I)\I';age,
MV

Central Power
Research Institute Hy?ﬁ;?:ad’ 4.4 1.6 1.2
(CPRI)
Hydro-Quebec
Research Institute Canada 5.4 1.8 1.2
(IREQ)
Electricity de France Renardieres,
(EDF) France 3 11 0.6
All Russian Electro- MoSCOW
technical Institute Russia ' 9 3 2.25
(BON)
KEMA - CESl, Arnhem, 26 12 1
HV Laboratory Netherlands ' '
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* 30Ha [i1 IOIy TOBMHHA IUTKOM OXOILTIOBATH BHIIPOOYBaHHUN 00'€KT;

* Ha BUMpPOOyBaHWN 00'€KT MOBHHEH MaJaTH PIBHOMIPHHUM TOII Kpam-
JUHHOI CTPYKTYPH i KyTOM 45° 10 TOPU30HTAIII;

* cria oty (ofHA 31 CKIIQAOBUX) MIOBUHHA CKaaaTu 1-3 MM/XB B 3a-
JISKHOCTI BiJl BUly BUIPOOHOI HANPyTH;

* TeMIIepaTypa BOJM He TOBUHHA BiPI3HATHCS BiJl TEMIIEpaTypH HABKO-
JUIITHBOTO cepefoBuIna He Oinbi Hix Ha 10°C.

* MUTOMUI omip Boau, mpuBelneHuid 1o +20°C MOBUHEH CKIanaTH
100+15 Om-m;

B ycbeomy cBiTi HapaxoByeThes Oinbi 100 3ai1iB 3 BUIPOOHUM YCTaTKY-
BaHHSM, III0 T03BOJISAE 3a0e3neunT Hanpyry Buile 1 MB. OganM i3 HaiiOi-
JBIIUX € BUCOKOBOJIbTHA JIAOOpaTopist YKPaiHCHKOTO iHCTHTYTY TpaHChOop-
matopobynysanns (BIT, M. 3anopixoks). i rabapuTu ckmagaioTh
55x57 x144 M, mkepena Harpyru 3a0e3MevyoTh: CHHYCOIIalbHy HANpYTy
npoMHCIOBOi yacTtotu 2,25 MB (nipu ctpymi nopsaxy 2 A); iMIyJibCHY Ha-
npyry 4,8 MB (mpu W = 320 k/[x); mocrifiny Hanpyry 2,5 MB (npu ctpymi
200 mA). [Mapamerpn HaWNOTYXHIIIMX BHCOKOBOJIBTHUX JIAOOpATOpii y
CBITI HamaHi y Tabm. 3.1.

Tabmurs 3.1 — [lapameTpu cBiTOBUX BUCOKOBOJBTHUX JTabopaTopin

" Micue ImnyabcHa Hanpyra Hocriiina
HaiimenyBaHHst .
imcTaTymil po3Tamy- HANpyra, | NpOMHMCJIOBOI | Hampyra,
BaHHA MB yacTtotu, MB MB
LenTpansHuii  Hay-
KOBO-IOCITITHUHA  iH- Xanﬂepa}— 5 11 03
CTUTYT eHepretuku | Oam, [Hais
(CPRI)
HayxoBo-nocmigamii
iHcTUTYT ['igpo-Kse- Kanana 54 1.8 1.2
oek (IREQ)
Enexrpuxa ®panuii Penapn’e,
(EDF) Dpanuis 6 11 06
Bcepociiicbkuii enek-
. o - MockBa,
TPOTEXHIYHUN 1HCTH- Pocis 9 3 2.25
Tyt (BON)
KEMA — CES| AMXCM, 26 1 1
Hinepnanau
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Acceptance dielectric tests in manufacturing electric and power electronic
apparatus are usually performed immediately at the factory in specially
equipped test bays fenced by metal grid. Acceptance dielectric tests are usually
performed with a power frequency voltage only. Periodic and type dielectric
tests are usually performed in HV laboratories; in this case, the insulation is
tested with both power frequency and impulse voltages. These tests are
performed both in dry conditions and under rain. Temperature in the test
building must be in the range of +10...+40°C, humidity factor about 80%.

Service (preventive) dielectric tests are performed directly on the site
where the apparatus is operated, either outdoor (in the case outdoor operation)
or indoor (in the case indoor operation). The outdoor testing are performed at
the absence of precipitation, as well as dew on the surface of solid insulation.
The test voltage magnitudes are usually set about 75 % of those used for
production tests. They are usually specified for normal atmospheric
conditions, namely, ambient temperature is +20°C, atmospheric pressure is
101300 Pa (760 mm of mercury), and humidity is 11 g /m3. If the external
insulation is tested under ambient conditions that differ from normal ones, then
the correction coefficients should be applied [14].

3.3 Impulse Withstand Voltage Tests

Impulse (surge) voltage is mainly used to test the apparatus for high
voltage applications. As already noted, there are two types of impulse
voltages, lightning impulse and switching impulse.

Lightning impulse withstand voltage or basic impulse level (BIL) (full
wave) takes waveform as shown in Figure 3.1

There following basic parameters of full lightning impulse are:

- test voltage value that corresponds to the peak voltage (tolerance for
test voltage magnitude is £3%);

- front time that is a time interval between the virtual origin (point
O1) and the time moment corresponding the intersection point of curve
linear portion continuation (segment AB) with the axis corresponding to
the test voltage value (point Oy); the front time can be also evaluated by
the following expression:

171



[IpuitmansHO-31aBaIbHI BUPOOYBAHHS 130JIA1II1 B MPOIeci BUPOOHMII-
TBA CNIEKTPUYHMX Ta EIEKTPOHHHX arapaTiB IPOBOIATH OE3MOCEPEIHBO Ha
MiATNPUEMCTBAX Yy CIeliali30BaHIX BUIPOOYBaJbHUX II€Xax Ha CreliallbHO
ob0NmamHAHUX 8UNPOOHUX NOJISIX, OTOPOKEHUX METAICBOIO CITKOIO. Y TIpO-
neci mpuiManbHO-31aBATbHUX BUIPOOYBaHb, SIK MPAaBUIIO, OOMEXKYIOTHCS
BUTIPOOYBaHHSAM 130JIAIIi1 HAIIPYTOIO MPOMHUCIOBOI YacTtoTh. [lepioguyHi i
THIIOBI BUIIPOOYBAHHS, SIK PABHIIO, IPOBOAATECS Y BUCOKOBOJIBTHHX 3aJ1aX;
Y UBOMY BHIAJKy 130JISI1LIsK TTI/UIAETHCS NIEPEBIPILi SIK HAPYTOKO POMHCIIO-
BOI YacTOTH, TaK i IMIYJIbCHOIO HAMPYrol, y CyXOMY CTaHi 1 MiJ JOLIEM.
Temneparypa HaBKOJMIIHBOTO CEPEIOBHINA B IOMEIIKAaHHI, 1€ TPOBO-
JIATHCS. BUNPOOYBaHHS 13011111, TOBHMHHA OyTH B Mekax Bing +10 no +40°C,
BiJTHOCHA BOJIOTICTh mopsiaky 80%.

[IpodimakTidni BUpoOyBaHHS 1307A11i1 TPOBOASATHCS O€3MOCepeTHHO
Ha Micii eKanIyaTaui'i amapata: y HpHMimeHHi a0o0 Ha BIAKPHUTHUX ILIOIIA-
JIKax, B 3aJICXKHOCTI BiJf KaTeropii posmilieHHs anapara. BunpoOysanns Ha
BIIKPUTHX IUIOIIAIKAX IPOBOSTECS 32 BIJCYTHOCTI ONaiB, a TAKOXK POCH
Ha MOBEpXHI TBepaoi i3o0isiuii. Bennunnu BUMpoOHMX Hampyr, IO Haja-
I0TBCS Y HOPMATHUBHO-TEXHIUHIN JOKYMEHTAIlii, 32 3BHYAEM CKIAaJAIOTh
npubnn3Ho 75% Bil THUX, SKUMH BOHH BUIPOOOBYIOTHCS IPU BUTOTOBJICHHI
1 BIAMIOBIAIOTh HOPMAJIBHUM aTMOC(EPHUM YMOBaM: TEMIIEpaTypa HaBKO-
mumraEporo noBiTps +20°C, atmocdeprnii Tuck — 101300 I1a (760 MM pr.
ct.), abcomoTHa BostoricTs 11 r/m®. Skmio npu HpOBeI[eHHi BHIIPOOYBaHb
30BHILIHBOT 13071s111i1, aTMOC(EPHI YMOBH BiZPI3HAIOTECS Bl HOPMATBHHUX,
TO BEJIMYMHM BUIPOOHHUX HANPYT KOPHUT'YIOTHCS BiJINOBIJHUMH MOIPABOY-
HUMU KoedimieHtamu [14].

3.3 Bunpo0yBaHHs iMIIyJ1bCHOIO HATIPYT 010

ImITy/IbCHa Harpyra BUKOPHUCTOBYEThCS TEPEBAKHO IS BAIPOOYBAHHS
BHCOKOBOJIbTHUX anapaTlB SIk 3a3HaYEHO BHIIIE, 1CHy€ JIBa Pi3HOBU/IN IMITY-
JILCHOT HAIIPYTH: TPO30BUH IMITyJIbC 1 KOMYTaI[IHHUN IMITYJIBC.

Tloenuii epo3zosuil imnyabe sBIsiE COO0I0 BUIPOOHY Hampyry, Gopma
sIKO1 MoKa3aHa Ha puc. 3.1.

OCHOBHMMH MapaMeTpaMy MOBHOT'O I'PO30BOTO IMITYJIECY €:

- unpobHa Hanpyaa, BETMYUHA SIKOI BIIMOBIIa€ MAKCHMAJILHOMY 3Ha-
YyeHHI0 Hanpyru (touka F, puc. 3.1); nomyck Ha BeIM4YHHY BUIPOOHOI Ha-
npyru cxianae +£3%;

- mpuganicmo @ponmy Ty BISIE COOOI0 TPOMIKOK Yacy MiXK YMOBHUM
MOYaTKOM iMIyNbCy (Touka O1) i MOMEHTOM Yacy, IO BiAIMOBIAE TOMUIII Tie-
peTHHAHHS POOBKEHHS JTiHIHOI AUTSHKH iMITyJIbCy (Biapizok AB, puc. 3.1)
3 BiCCIO, 110 BiJNIOBiIa€ BUMPOOHiH Hampys3i (Touka O, puc. 3.1); TpuUBaIicTh
(bpOHTY MOXKe OYTH TaKO)K BU3HAUCHA 32 HACTYITHUM BHUPa30M:
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normalized voltage V/V,
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0.9

e DEAK VOltage Vp: test voltage value V

0.5

0.3

> time
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time-to-half value T,
front time T1 = 1.67-Tpg

X

>
TAB

A
virtual origin 04
not measurable true origin 0

Figure 3.1 — Basic impulse level (full wave): waveform and parameters
Ty = 1,67 - Typ;

- time to half or tail time that is defined as the time interval between the
virtual origin O, and the moment corresponding to half of the test voltage on
the wave tail.

The standard full lightning impulse has the following parameters:

Ty = 1,240,36 ps; T, = 50£10 ps;; impulse designation is 1.2/50.

Besides the full wave, the so-called chopped waves are applied for testing
windings of apparatus for high voltage applications (so-called chopped-wave
test). There are front-chopped wave, shown in Figure 3.2a, and tail-chopped
wave, shown in Figure 3.2b, depending on the chopping moment.

The chopped-wave voltage is specified with front time (as well as full
wave), and also with time to chop T that is defined by the interval between
the virtual origin and the chopping moment (point C). Time to chop of a
standard chopped impulse is usually in the range of 2 to 5 us.

As already noted, lightning impulse voltages are usually generated by high
voltage (HV) impulse or surge generators. Its main component is a capacitor
system, which is charged during relatively long time, when the capacitors
(capacitor groups) are parallel connected, and then is discharged during very
short time, when the capacitors (capacitor groups) are in series. The capacitor
system of HV surge generator represents usually a certain number of paper-
bakelite or paper-oil capacitors with metal or porcelain enclosure.
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Pucynok 3.1 — [ToBHUIA Tpo30BHH IMITYIIBC

T¢‘ = 1,67 . TAB;

- mpusanicmu imnyavcy Ty BABHAYAETHCS K 1HTEPBAJ 4acy MiK yMOB-
HUM ITOYaTKOM IMITyNTbCy (J1 1 MOMEHTOM Ha CIIajli, 10 BiJIMTOBiTa€ MOJIOBUHI
BUITPOOHOT HAMPyTH.

CranapTHH TOBHUH I'PO30BOi IMITYJIBC Ma€ TaKi MapaMeTpH:

Ty = 1,24+0,36 mxkc; Ty = 50110 mkc; no3HadeHHs immyisey — 1,2/50.

[Mopsia 3 MOBHUM I'PO30BUM IMITYJICOM, IPU BUMPOOYBaHHIX 0OMOTOK
armapariB BHCOKOT HAIIPYTH 3aCTOCOBYIOThCS 3pi3aHi rpo30Bi iMITynbcu. B 3a-
JISKHOCTI BiJi MOMEHTY 3pi3y PO3pPI3HSIOTH T'PO30Bi IMITYJIbCH, 3pi3aHi Ha
¢pownTi, puc. 3.2a, Ta 3pizaHi Ha cnai, puc. 3.20.

3pi3aHi iMITyJIbCH XapaKTePU3YIOThCS TPUBATICTIO (GPOHTY (aHAJIOTI-
YHO MTOBHOMY IMITYJIbCY), & TAKOXK nepedpo3pa0HUM 4acom, TOOTO Biapi-
3KOM Yacy Mi)X YMOBHUM IIOYaTKOM iMITyJIbCY i MOMEHTOM HOTO 3pi3y
(touka C). Ilepenpo3psanHuii 4ac CTaHAAPTHOTO 3Pi3aHOTO IMITYJIbCY
CKJIaJla€ 3a 3BUYa€EM 2—5 MKC.

Sk BXXe 3a3HAYANIOCK, HKEPETIOM BHCOKOI HAIIPYTH IIPH BUIIPOOYBaH-
HAX IMITYJILCHOIO HAIIPYTOIO € T.3. 2eHepamop imnyavcroi nanpyeu (I'TH).
Moro OCHOBHHM €JIEMEHTOM € CHCTeMa KOHCHCATOPIB, IO 3apsIKAIOThCS
MIPOTATOM BIJTHOCHO TPUBAJIOrO Yacy MpHU MapajielbHOMY iX 3'€HaHHI, a
MOTIM PO3PSIKAIOTHCS MPH X TOCITIIOBHOMY 3'€THAHHI 32 AyKe KOPOTKUI
npomikok yacy. Haii6inem mupoko B I'TH BukopucToBytoThHCS mamnepoBo-
OakemiTOBl KOHIEHCATOPH Ta MANepOBO-OJIiliHI 3 MeTaneBUM Ta (hapdopo-
BUM KOPITyCOM.
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Figure 3.2 — Basic impulse level (chopped waves):
a) front-chopped wave; 6) tail-chopped wave

The most common are generators constructed according to the
Arkadiev-Marx circuit usually called Marx generator. There are two circuit
variations, single-step circuit and multi-step circuit. Single-step circuit
contains one capacitor (or one capacitor group); multi-step one contains
several capacitors (several capacitor groups). Single-step circuit of HV
impulse generator is represented in Figure 3.3.

7o 7 FV r

T UZ.—:I:—O
1 Cloa
W L fefmde

= » o)

|
Supply source

Figure 3.3 — Circuit diagram of one-step HV impulse generator.

The circuit contains charging and discharge subcircuits. Charging
subcircuit, besides the capacitor system C, contains charging resistor ro,
intended to limit charging current, and a supply source including a step-up
transformer T and a rectifier UZ. The discharge subcircuit, besides a test
object TO, contain the following components:

- spark arrester FV, which carries out changing over the capacitor
system from charging to discharging operation; the arrester is disrupted as
stressed voltage attains breakdown value or starting impulse is applied;

-front r and load Riag resistors that define front and tail time,
respectively.

- load capacitor Ciag intended to reduce the influence of test object
capacitance to the impulse waveform;
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Pucynoxk 3.2 — 3pizani rpo3oBi iMIysscu: a) Ha GpoHTi; 6) Ha caxi
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Haii0inpm nommpeHnME € TeHepaTopy, BUKOHAHI 32 CXeMOK ApKaib-
eBa-Mapkca. IcHye fBa pi3HOBHIM CXeM: OJHOCTYIIHYACTI Ta OaraTocTyIiH-
yacTi. Y ogHoctyminuactux ['TH BuKopucTOBYy€eThCS 0MH KOHAEHCATOP (200
OJlHa TpyIa KOHJEHCATOpiB), OaraTocTymiHYacTHX — Kilbka (KiJIbKa TpyI)
KoHzeHcaTopiB. Cxema ogHoctymiadactoro I'TH Hamana Ha puc. 3.3.

o T FYV r

UZr—

;E'T{ AT

Pucynok 3.3 — Cxema onnocryningacroro I'TH

Cxema MICTHUTb 3apsAHUH 1 pO3PSIAHUI KOHTYPH. 3apsJHUN KOHTYP, OK-
piM cuctemu KoHzaeHcatopiB C, MICTUTD 3apsaoHuil pesucmop Vo, IpU3HaUe-
HUH 1711 OOMEXEHHS 3aps/IHOTO CTPYMY, 1 JuKepeno skuBieHHs /DK, sike B
CBOIO YepTy MICTHTh MiABUIYBaIbHUH TpaHchopmarop 7 1 punpsvursia UZ.
Po3psaauii KOHTYp OKpiM BUIpoOyBaHOTO anapara A/{, MiCTUTb:

a) ickposuii po3psonux FV, skuil 3MIHCHIOE MEPEKIIIOUYCHHS CUCTEMHU
KOHJICHCATOPIB 3 PEKUMY 3apsily Ha PeKUM po3psiny; npodiii FV BinOy-
Ba€ThCA MPU JOCSATHEHHI HA HbOMY IPOOMBHOI Hanpyru abo mpu mnoxpadi
MyCKOBOTO IMIYJIbCY;

0) pponmosuil r Ta nasanmadicysanvruli Ry pesucmopu, onip sIKUX BU-
3Ha4Ya€ TPUBAIICTH (POHTY Ta TPUBAIICTh IMITYJIBCY, BiAMIOBITHO;

B) HasanmadicysanvHa emuicmy Cy, sKa TpU3HAYCHA Ul 3MEHIICHHS
BILIMBY EMHOCTI BUIIPOOYBAHOT'O amapaTa Ha (GopMy IMITYJIbCY;
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- smoothing or damping resistor rs provides mitigation of HF oscillations
on the impulse front caused by the presence of stray elements in discharge
subcircuit, such as inductance of discharge loop, capacitance of the generator
constructive components to ground and between each other;

- measuring sphere gap FVm performs two functions: the first is to adjust
the generator according to the specified test voltage magnitude; the second
is to protect the test object against a casual application of over-test voltage;
before testing, the gap is installed so that flashover voltage would be about
10...20% more than the test voltage.

The circuit of multi-step HV impulse generator is represented in
Figure 3.4.

Flgure 3.4 — Circuit diagram of multi-step HV impulse generator.

In this case, the generator consists of several steps. Each step, in addition
to the capacitor (group of capacitors) C, contains resistors, as well as a spark
arrester FV. Capacitances of the steps C are charged in parallel via charging
resistor r., and charging and damping resistors of the steps »/ i’ + R4q. The
value of r, is chosen greater than nr! (where n is the number of steps), so the
voltage across all capacitors C, when they are charged, is practically the same.

At a predetermined time instant, a firing impulse is applied to the first-
step arrester FV, which strikes. It results in the potential difference across the
electrodes of the second-step arrester rapidly rise up to double value of
charge voltage and it sparks. In the same manner, other steps arresters spark.
After this, the capacitances of all steps become series connected via the small
resistances of the damping resistors R4, which, in combination with resistor
r, perform function of the front resistor. The necessary pulse decay is ensured
by the selection of the magnitudes r and 7’.

As an example, a photograph of a 2.2 MV 12-step HV impulse generator
is shown in Figure 3.5 [20].
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T) 3271a024CY8ATIbHULL pe3UCMOP I, AKAN 3IHCHIOE 3TJ1a/[KyBaHHSI BHCOKO-
YaCTOTHUX KOJIMBAaHb Ha (PPOHTI IMITYITBCY, IKi 00YMOBIIEH] HAsSBHICTIO B PO3-
PSTHOMY KOHTYpi Mapa3suTHHUX €JIEMEHTIB: 1HIYKTHMBHOCTI PO3PSIHOI MeTdi,
€MHOCT] KOHCTPYKTHBHHUX €JIEMEHTIB CXEMH Ha 3eMITIO 1 MK C00010;

n) sumiprosanvruli po3paonux FV, Bukonye aBi QyHKII: mepira — Ha-
JAIITYBaHHSA T€HEPAaTOpa BIAMOBITHO A0 HEOOXITHUX MapaMeTpiB IMITyIbCY;
Jpyra — 3aXUCT BUNPOOYBAHOTO amapaTa BiJi BUIIAJAKOBOI MOJa4yi HANPYyTH,
sgKa HabaraTo IMepeBUIy€e BUIPOOHY; Tepes] BUIIPOOYBAHHIME PO3PAOHUK
HAJAMTOBYETHCSA TAKMM YHHOM, 100 HOTO po3psaHa Hampyra Oyia Ha 10—
20% BuIIIe 32 BUIIPOOHY HATIPYTYy.

Cxema 6ararocrynindactroro ['TH Hagana na puc. 3.4.

)

r, r, oo

v,
‘ 17 ~ 7 ~ v | C
= Cl O FI ( 0 F ( ( R u

*_,«';O\F R, L’OI R, I Bl I
o—— ¢

Pucynok 3.4 — Cxema Garatoctymniagactoro I'TH

VY naHoMy BHUINAAKY T€HEPaTOP CKIIAJAETHCS 3 JEKIIBKOX CTYIECHIB, KO-
JKHa 3 SIKHX, OKpiM KOHZAeHcaTopy (Tpynu kKoHzaeHcatopiB) C, MiCTUTh pe3u-
CTOpH, a TAKOXK iCKpoBUi po3psinHuk FV. €EmHOCTI ctynenis C napanensHO
3apsIIHKAIOTHCS Yepe3 3apsIHUA PE3UCTOP 73, & TAKOXK 3apsHi Ta JeMIQyBa-
JIBHI PE3UCTOPH CTYNeHiB 73 i7" + R,. 3HaueHHs 1, BUOMpaeThCs Oinbe,
HXK N7 (1€ N — YUCII0 CTYNEHIB), TOMY TIPH 3apsi/Iili Halpyra Ha BCiX €MHO-
ctsax C MpakTUYHO OHAKOBA.

VY 3amgaHuil MOMEHT MOAAETHCA MiANATIOBAILHUN IMITYJIbC Ha KEpOBa-
HUI po3psimHuK FV mepiioro crymeHto, sikuii TpoOUBA€ETHCS, B PE3yNIbTaTi
YOro Pi3HICTh MOTEHIIIATIB MK €JICKTPOJAMH PO3PSTHUKA JPYTrOT0 CTYIIEHIO
HIBUJKO 3POCTAE JI0 MOABIHHOTO 3HAUYEHHs 3apsAAHOI HAIlPyTH, 1 BiH mpoOu-
BA€THCS. AHAJIOTIUHO 3a0e3MeuyeThCsl CIPALbOBYBaHHS 1HIIMX PO3PSIHU-
KiB, ITOJIE YOTO EMHOCTI BCIX CTYIIEHIB BUABJISIOTHCS 3'€IHAHMMH MOCIII0-
BHO yepe3 HEBENIMKi ONopH AeMI(yBalbHUX pe3UcTOpiB R, sKi y cromy-
YEeHHI 3 Pe3UCTOPOM I' BUKOHYIOTh (PYHKIIiI0 pOHTOBOTO pe3ucropa. Heoo-
XiJHU# CTial IMITyJIbCY 3a0€3Medy€eThCs T I00POM BEHIUH T3 i 75 .

Sk nmpuknaa, Ha pUCYHKY 3.5 Hajgana Qotorpadist 12-cTymiH4acToro
I'H na 2,2 MB [20].
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Figure 3.5 — Photograph of a 2.2-
MV HV impulse generator

Switching impulse is the test voltage,
which may have aperiodic waveform
shown in Figure 3.6a, or oscillatory shown
in Figure 3.66.

Switching impulses are specified with
time-to-peak T, and time-to-half Th. The
voltage crest (point A, Figure 3.5) defines
the test voltage magnitude. A standard
aperiodic impulse offers the following
parameters: Tp = 250 ps; Th = 2500 ps
(250/2500). It is applied for testing the
internal and external insulation of almost all
types of HV apparatus with voltage ratings
330 and 500 kV. To test gas-insulated HV
apparatus, the oscillatory  impulse
4000/7500 is used.

To generate switching impulses, the
same equipment as that for generation of
lightning impulses are frequently used (i.e.

HV impulse generators). Generators, readjusted to generate switching
impulses, are usually called generators of system (switching) overvoltages.
Its principal drawbacks are a low utilization factor and a large extent of
readjustment when changing the impulse parameters or its type. Therefore,
the more frequent application is to generate switching impulses with a test
transformer powered from a capacitor bank via an inductance [20].

a)

u*
1.0F---=>

|
|
;
|
0.5Ff--—-- i: ————————————
|
|
|
|
|

b)

u*
A
LOF---7

0.5Ff--- S E—

1

Figure 3.6 — Switching impulses: a) aperiodic; 6) oscillatory.
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Pucynok 3.5 — ®ororpadis
T'TH va 2.2 MB

Komymayitinuii imnynsc siBIsiE co0OOI0 BU-
MpoOHy HarpyTy, Gopma SKOi MOXKe arnepiorud-
HOIO, puC. 3.6a, 800 KOIMBAIBHOIO, pHC. 3.60.

OCHOBHHMHM NapamMeTpaMu KOMYTaLidiHHX
IMITyITBCIB €: yac migiiomy 7} 1 TpUBaIiCTh M-
mynecy 7i. BenmumHa BUMpoOHOi HAPyTH KO-
MYTalifHOTO IMITyJBCY BiINIOBiAae MakcHMa-
JTFHOMY HOTO 3Ha4YeHHIO (Touka A, puc. 3.6).
CrangapTHUH arepiogndHUN IMITYIIbC Ma€ Taki
napamerpu: T, = 250 mkc; T; = 2500 mxc
(250/2500). Bin BUKOPUCTOBYETBCS AJISI BUITPO-
OyBaHb BHYTpIIIHBOI 1 30BHIITHBOI 1301
MpPakTUYHO YCiX BHJIB amapariB BHCOKOi Ha-
npyru 330 1 500 xB. [{nsa BunpoOyBaHb ra3oBoi
130111111 amapariB BUKOPHCTOBYETHCS KOJHMBA-
neHUH iMITynse 4000/7500.

Jns yTBOpeHHsT KOMYTAIIHHUX 1MITyJIbCiB
YacTO BUKOPUCTOBYIOTH T€ X CaMe YCTaTKy-

BaHHS, IO 1 711 yTBOpEHH Tpo30BuX iMiryisciB (Tooto I'TH). ['TH, HamamTo-
BaHi I OACPKAHHS KOMYTaliiHUX IMITyJIbCIB IPUAHSATO HA3UBATH 2eHepd-
mopamu eHympiwnix abo komymayitinux nepenanpye. OCHOBHUM X HEHOJIi-
KOM € HU3bKHH KOE(IIliEHT BUKOPHUCTAHHS 1 BEJMKHHA 00'€M TepeHaIalITy-
BaHHS MPH 3MiHi TapaMeTpiB iMITyIbCy abo ioro Buay. Tomy it yTBOpeHHS
KOMYTaIliiHUX IMITYJIbCIB YaCTIIIIe 3aCTOCOBYIOTh BUIIPOOHI TpaHC(HOPMATOPH
3 KUBIICHHSAM BiJl KOHJIeHCaTOPHOI OaTapei yepe3 iHyKTUBHICTE [20].

a) 0)
1.0 A 1.0 A
0,5 0,5
0 f: 0 /f>
T N\
H
7,

Pucynok 3.6 — [TapamMeTpu KOMyTaliHUX IMITYJIbCIB:
a) anepioUYHOro; 0) KOJIMBAIHLHOTO
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Testing procedure. Before the impulse is applied to the test object,
the generator is calibrated with a peak voltmeter or sphere gap. Internal
insulation of HV apparatus (except gas-insulated ones) is tested by
applying of three consecutive impulses of the specified test voltage with
one-minute interval between them. Test according to this procedure is
performed for each impulse type, i.e. full and chopped lightning impulses,
and, if it is required, switching impulse. This series of the impulses are
applied for each voltage polarity (positive and negative). The test outcome
is positive, if there were not full discharges or other failures that are
detected on distortion of the impulse waveform.

External insulation of HV apparatus, as well as internal insulation of
gas-insulated apparatus are tested by applying to the test object of 15 con-
secutive impulses of the specified test voltage of each impulse type and
each voltage polarity. External insulation is tested both in a dry state and
under rain. In this case (for self-restoring insulation) the test outcome is
considered as positive, if no more than two full discharge happened in
each impulse series.

Internal and external insulation of the most HV apparatus, such as meas-
uring transformers, reactors, switching devices, switchgear panels etc., are
tested simultaneously by applying of 15 consecutive impulses.

3.4 Applied Withstand Voltage Tests

There are three main varieties of applied withstand voltage tests,
namely, power frequency withstand voltage test, induced withstand voltage
test, and DC (rectified) withstand voltage test.

Testing by power frequency withstand voltage. Power frequency test
voltage is the sine waveform voltage of 50 or 60 Hz frequency. The magni-
tude of the test voltage corresponds to its rms value. The tolerance for the
test voltage magnitude is =1 %. The power frequency voltage is used for
testing the insulation of all types of electrical and power electronic apparatus,
as well as household electrical devices. The circuit diagram of test installa-
tion is depicted in Figure 3.7

It should be noted that this circuit is used for not only testing by power
frequency voltage, but also induced voltage, as well as measuring the no-
load and short circuit losses of power transformers at power frequency. The
circuit includes:
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Mertoguka BunpoOyBanb. llepex momadero a0 JOCHTIIKYBaHOTO
00’€eKTa IMITyTbCHOT HANPYTH MPOBOAMUTHCS rpaxytoBanns ['TH 3a momomo-
rOI0 MKOBOTO BOJBTMETPa ad0 KyJlIboBOrO po3psanuka. [Ipu BunmpoOyBaH-
HSIX BHYTPILIHBOT 1307111 anmapaTiB BUCOKOI HAampyrH, KpiM ra3oHaroBHE-
HUX, BUKOPHCTOBYETHCS 3-yAapHHHA METOA, IO TOJNATaE y MOCTiIOBHIN (3
iHTepBaJIOM y 1 XBHJIMHY) M0Jadi TPbOX iMITYJIbCiB HOPMOBAHOT BUIPOOHOT
Hanpyru. BunpoOyBaHHs BiIIIOBIAHO J0 3a3HAUYEHOT0 METOAY MPOBOIUTHCS
JUTSL KOSKHOTO BUJY IMITYJIbCY TIOBHOTO 1 3pi3aHOTO i IS KOXKHOI ITOJIIPHOCTI
— MO3UTHBHOI 1 HeraTUBHOI. Pe3ysbpTaTi BUIPOOYBaHb BBAXKAIOTHCS [TO3UTHU-
BHHUMH, SKIIO B IX MPOLEC] HE CIIOCTEPIrajaocs KOAHOTO IIOBHOTO PO3pPsLy,
a00 IHIINX YIIKO/DKEHb, PO HASBHICTH AKHUX CYIATH IO CIIOTBOPEHHIO (po-
PMH IPUKIAACHOTO IMITYJIbCY.

BunpoOyBaHHS 30BHIIIHBOI 130150111 amapaTiB, a TaKoXX BHYTPIIIHBOT
1307151111 TA30HAITOBHEHHX allapaTiB MPOBOAUTECS 15-yIapHUM METOJOM IS
KOXXHOTO BHY IMITyJIBCY (TIOBHOTO 1 3pi3aHOTO) 1 T KOKHOI TOJISIPHOCTI.
BunpoOyBaHHS 30BHIIIHBOT 13014111 TPOBOJSTH SIK Y CyXOMY CTaHi, TaK i iz
JomeM. Y 1IbOMY BHIAIKY, (151 13011111, 10 CAMOBITHOBIIFOETHCS) PE3YIib-
TaTH BUNPOOYBaHb BBAXKAIOTHCS MMO3UTUBHUMH, SKIIO BiAOYIOCS HE OUTBII
JIBOX TIOBHHX PO3PSIB 3 KOKHOI cepil iMITyJIbCiB.

BunpoOyBanHs BHYTPIilIHBOT 1 30BHILTHBOT 130111111 O1TBIIOCTI BU/IIB ama-
paTu; BUCOKOI HAIIpYTH (BI/IMlpIOBaJIle TpaHC(bopMaTopH CTPYMOOOMEKYBa-
JbHI peakTopH, KOMYTalliifHI anapaTy, KOMIUIEKTHI IPUCTPOi Ta iH.) MPOBO-
JSITh OIHOYACHO, BUKOPUCTOBYIOUH IPU LIbOMY 1 5-ynapHuii MeToz.

3.4 BunpoOyBaHHS NPUKJIaAeHOI0 HAIPYT 010

IcHye TpH OCHOBHI Pi3HOBHAM BUIPOOYBaHb MPHKIIAICHOI HAPYTOIO:
HANPY2010 NPOMUCTIOB0T Yacmomu, T.3. IHOYKOBAHOK HANPY20l0 Ta NOCMill-
HOI0 (BUNPSAMAEHOI0) HANPY20IO.

BunpoGyBanHs HANpPyrow NPOMMCJIOBOI YacToTH. BunpoOHa Hanpyra
HPOMHCIIOBOI YaCTOTH SIBJISIE€ COOOI0 HAIPYTY CHHYCOiNAIbHOI (JOPMH YacTo-
toto 50 a6o 60 I'n. Benmunna BurmpoOHOI HAMPyTH BiATIOBiAa€e HOTO Ait0YOMY
3HauYeHHIO. J0MycK Ha BeNMYMHY BUTIPOOHOT HATIpyTH ckianae +1%. Hampyra
MPOMHCIIOBOI YaCTOTH BUKOPHCTOBYETHCS ISl BUMIPOOYBaHb 130JII1ii yCiX BU-
JIB €JIEKTPUYHUX Ta €JIEKTPOHHMX anapaTiB, a TAKOXK eNIeKTPOIoOyTOBOI TeX-
Hiku. CTpYKTypHa cxeMa BUIPOOHOI YCTAaHOBKHM HaJaHa Ha puc. 3.7.

Cuig BiA3HAYMTH, IO 1S CXeMa BUKOPHCTOBYETHCS HE TIIIBKU JUIs1 BUIIPO-
OyBaHbp Hampyror MPOMHUCIIOBOI YaCTOTH, ajie i iHIyKOBaHOIO HAIIPYyrolo, a
TaKOX BUMiPIOBaHHS BTPAT XOJIOCTOTO XOAY 1 KOPOTKOTO 3aMHUKaHHS CUIIOBUX
TpaHc(opMaTopiB IpH MPOMHUCIIOBIH YacToTi. CXemMa MiCTHTB:
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Figure 3.7 — Circuit diagram of dielectric testing by AC withstand voltage

- high voltage source that, in turn, includes voltage regulator VR that
ensures smooth regulation of the amplitude, frequency and phase of the test
voltage and stepping-up test transformer T, which ensures required test
voltage level,

» measuring devices for measuring primary PV1 and secondary (high)
PV2 voltages;

* measuring sphere gap FVm,; its functions are the same as in testing by
impulse voltage (see subsection 3.3); to preclude burning away the sphere
surfaces, a non-inductive current-limiting resistor R», enclosed by porcelain
or glass water-filled casing, is connected in series with the sphere gap; its
resistance usually ranges from 2 to 20 kQ;

* limiting resistor Ri serves to limit the current in the event of
puncture or flashover of the insulation gap being tested to a safe value for
the test transformer.

Voltage regulator is most frequently an autotransformer. However, when
tests are performed with induced voltage, in addition to adjusting the amplitude
of the test voltage, it is necessary to adjust its frequency. In this case, rotating
(MG system) or semiconductor frequency converters are used.

The key component of the HV source is the test transformer. In the case,
when the test voltage below 100 kV, the most applications of test transformer
are low-capacity power transformers or voltage transformers. Many foreign
corporations manufacture special purpose test transformers of various in
design and parameters (oil-type and dry-type, insulation-clad and metal-clad,
with solid, paper-oil, gas insulation etc.). As an example, photographs of test
transformers are shown in Figure 3.8 [20].
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Pucynok 3.7 — Enextpudyna cxema BUIIPoOyBaHb 130JI1Ii{
HAaIpyTrol0 MPOMHUCIOBOI YacTOTH

* JDKEpENo BHCOKOI HANPYTH, SIKE Y CBOIO YEPTY MICTUTDH pezyasmop
Hanpyeu PH, sxuii 3a0e3nevye miaBHe peryIoBaHHS aMILTITYIH, 9aCTOTH
1 (ha3u BUNIpOOyBaNbHOT HAIPYTH, & TAKOXK I ABUIYBAIBHUN 6UNnpooy8a-
abHUll mpaucgopmamop T, sikuii 3a0e3nedye HeOOXiTHUH piBEHb BHIIPO-
OyBaJIbHOT HANIPYTH;

* BUMIPIOBaJIbHI MIPUCTPOI 711 BUMIPIOBaHHS TIEPBUHHOI Ta BUCOKO Ha-
npyru PV1, PV2;

* 8UMIpIO8AIbHUL pO3PAOHUK F'Vim; fioro (YHKIIIT Taki XK, SK MIPH BUTIPO-
OyBaHHAX IMIYJIBCHOIO HAIpyrorw (auB. miapo3ain 3.3); mis 3amoOiraHHs
3TOPSIHHS TIOBEPXHI KyJIb PO3PSIHUKA TPU MPOOOSIX, MOCTIJOBHO 3 HAMHU
BKIIIOYAETHCS OC31HAYKTUBHUIN CTPYMOOOMEKYBaNbHUMN pe3uctop Rz 3 dap-
(dopoBuM ab0 CKIITHUM KOPITYyCOM, 3alIOBHEHHM BOJIOI0; HOTO OIIip 3a 3BHU-
yaeM ckaaaae Big 2 1o 20 kOMm;

* obmedxcysanvrull pesucmop Ry ciyrye st OOMEXeHHSI CTpyMy NpH
po00i (MEPEKPUTTI) 130JIALIHHOrO IPOMDKKY JI0 OS3MIEYHOT0 3HAUCHHS JIIsI
BUITPOOHOTO TpaHChopMaTOpa.

Perynsrop Hampyru uacrimie ychoro siBiisie o000 aBTOTpaHc(opma-
Top. Ane, npu BUIIPoOyBaHHAX 1HAYKOBAHOIO HANPYTOI0, KOJIU OKPIM pery-
JIIOBaHHS aMIUTITYW BHIIPOOHOI HANpyru, MOTPIOHO perynoBaHHS 1 dac-
TOTH, 3aCTOCOBYIOTBCS €JIEKTPOMAIIIMHHI (CHCTEMa JIBUT'YH-TeHepaTop) abo
HaIiBIPOBITHUKOBI IIEPETBOPIOBAYI YaCTOTH.

OCHOBHHM €JIEMEHTOM JDKepesia BUCOKOi HAIPyTH B CXeMi € BUIPOOY-
BaJIbLHUI TpaHC(HOPMATOP, B SKOCTI SKOTO MPH BiJTHOCHO HEBUCOKUX BUTIPO-
Onux Hanpyrax (10 10° B) BUKOPHCTOBYIOTECS MAJIONIOTYKHi CHIIOBI TPAaHC-
¢dopmaropu abo Tpchq)opMaTopn Hanpyru. barateMa 3akopaoHaIMHA (ip-
MaMH BHITYCKarOThCS crenianbHi BUIIPOOyBalbHI Tpchq)opMaTopH p13Ho—
MaHiTHi 110 CBOIX KOHCprKm;Ix Ta MmapaMeTpam: MaclisiHi i cyXi, B 130JIAI1H-
HOMY a00 MeTaJeBOMY KOXYCi, 3 TBEPIOI0 MarnepoBO-MacisHO abo razo-
BOIO 130JisLIi€r0 1 T.7. SIK mpukiian, Ha puc. 3.8 HagaHi poTorpadii BUpooOy-
BaJILHHUX TpaHchopmaTopis [20].
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Figure 3.8 — Test transformers: a) metal-tank 600 kV, 2000 kVA;
b) cylinder-type 500 kV, 500 kVA

Capacity of the test transformer is dependent upon discharging power of
the test object, which is determined by its capacitance and test voltage value:

S =10"°wCU?, KkVA,

where C is the capacitance of the insulation gap being tested, pF; U, o is the value
of the test voltage (in kV) and angular frequency (1/s), respectively.

The main requirement imposed upon test transformers is the absence
of the partial discharges under the test voltage. At voltages below 10° kV
it is not heavy problem. However, at higher voltages the test transformer
design becomes more complicated because of technological difficulties to
construct HV bushing. Therefore, from economic reasons, the test voltages
of higher values are generated by not single test transformer, but several
cascaded test transformers.

Figure 3.9a shows the circuit of three cascaded transformers. Figure 3.9a
shows the photograph of the world's largest 3 MW/4.2 A transformer cascade
with capacitor banks for generation of switching impulses [20].

To increase test voltage magnitude and while to decrease significantly
the cost of equipment testing by applied voltage, the so-called resonant
circuits can be also used. In addition to the test transformer, the resonant
circuit usually contains HV reactor L, which can be connected in series
(series resonant circuit), Figure 3.10a, or parallel (parallel resonant
circuit), Figure 3.10b.
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Pucynok 3.8 — BunpoOyBanbHi TpanchopMaTopu:
a) 6akoBuit 600 kB, 2000 kBA; 6) muninapuununii 500 kB, 500 kBA

[otyxHicTh BUunpoOyBaIbHOTO TpaHchopMaTopa 3alIeXKHUTh BiJ PO3pA-
JTHOT TMOTY>KHOCTI BUMTPOOYBAaHUX araparis, Ka BU3HAYAETHCS 1X EMHICTIO Ta
BEJIMYMHOIO BUIIPOOHOT HAIPYTH

S=10"°wCU?, «kBA,

ne C — eMHICTh BUIIPOOOBYBAHOTO 130Js1iHOTO IpoMikKy, 1®; U, o — Be-
nrunHa (KB) Ta kyToBa dactoTa (1/c) BUnpoOHOI HampyTH, BiAMOBITHO.

OCHOBHOIO BUMOT010 10 BUIPOOHHUX TpaHC(HOPMATOPIB € BiACYTHICTh
BJIACHUX YaCTKOBHUX PO3PsALiB pu BUNPOOHii Hanpy3i. [Ipu Hanpyrax no
10° B 1poro J0CATTH JOCHTH IPOCTO. AJle PH OiIbII BUCOKMX HANPyTax
KOHCTPYKILIisl BAIPOOHUX TpaHC(HOPMATOPIB YCKIAAHIETHCS, 10 00yMOB-
JICHO TPYAHOIIAMH CTBOPEHHSI BUCOKOBOJIBTHOTO BBOJY, TOMY 3 €KOHOMi-
YHUX PO3YMiHb Kpalie 3100yBaTH BUCOKi BUIIPOOHI HANPYTH HE BiJl OK-
pemoro Tpancdopmaropa, a BiJ AEKiIbKOX TpaHCHOPMATOPIB, 3'€ THAHUX
MOCITITOBHO B KACKaJ.

CxeMa KacKagHOTO 3’€AHaHHs TPbOX TpaHCc(HOPMATOpiB HaJaHa Ha PUC.
3.9a. Ha puc. 3.96 noka3zana ¢ororpadiss HalKpyNnHIIIOTro y CBITI KacKagy
Tparcdopmaropis Ha 3 MB/4,2 A 3 KOHACHCATOPHUMH OaTaPESIMHK ISl OTPH-
MaHHsI KOMyTaliiHuX immysscis [20].

[TigBUIIEHHS BEJWYMHU BUIPOOYBAJIBHOI HANpyrd Ta OJHOYACHO
CYTTEBOT'O 3HWKEHHS BapTOCTI 00JIaHAHHS JISI BUITPOOYBaHb MPUKJIIaJIe-
HOI0O HAIpPYToI JOCSTA€ThCS TAKOK BHKOPUCTAHHSAM T.3. PE30HAHCHUX
cxem. Pe3oHaHcHa cxeMa, KpiM BHNIPOOYBaIbHOTO TpaHchopMaTopa, Mi-
CTUTH peakTop L, skuif Moxe OyTH BKIIOYEHHH mochigoBHO, puc. 3.10a,
abo mapanenbHo, puc. 3.1006.
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Figure 3.10 — Resonant circuits: a) series resonant circuit;
6) parallel resonant circuit

It should be noted that in the dielectric testing practice, series resonant
circuit is mainly used. An exception is testing objects with a very large
capacity with relatively low voltage (for example, capacitor banks) when
parallel resonant circuit is used.

The tests are performed once the circuit has been adjusted to resonance at
the test voltage frequency. There are two possibilities to reach resonance: the
first is to use a tunable reactor, and the second is to power the circuit via a
frequency converter. Accordingly, in the first case, resonance is achieved by
changing the inductance of the reactor (inductance-tuned resonant circuit:
ACRL); in the second one, resonance is achieved by changing the power supply
frequency (frequency-tuned resonant circuit ACRF).
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Pucynok 3.9 — Kackaznne 3’enHaHHS BUNIPOOYBaJbHUAX TpaHC(HOPMATOpiB:
a) cxeMma 3’enHaHHs; 0) poTorpadis kackaxy TpanchopmaTopin
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Pucynok 3.10 — Pe3oHaHCHI cXeMU: a) MOCHiIOBHE 3’ €THAHHS PEAKTOPa;
0) mapanenbHe 3’ €JHaHHA peakTopa

Cuiz 3a3HaYMTH, 10 HA MPAKTHIII BUMPOOYBaHb 130JIA11iT BHKOPHCTOBY-
€THCS TOJIOBHUM YMHOM CX€Ma 3 MOCTIJOBHIM BKIIOYEHHSIM peakTopa. Bu-
HSTOK CTAaHOBHUTH BUITPOOYBaHHS 00'€KTIB 3 Ty’K€ BEITMKOIO EMHICTIO Ta BiJl-
HOCHO HH3bKOIO Hampyroo (HalpukiaJl, KOHJeHCATOpHI Oarapei), Koiu 3a-
CTOCOBYETBCSI CXeMa 3 IMapajiebHIM BKIFOUSHHSIM PEaKTopa.

BunpoOyBaHHS1 TpOBOAATHCS HUIIXOM HAJIAIITYBAHHS CXEMHU B PE30HAHC
Ha YacTOTI BUIPOOYBaJIbHOI Hampyrd. ICHye 1Ba CroCcOOM HaJlallTyBaHHS
CXEMH PE30HAHC: MEPIITHNI — 116 BAKOPUCTAHHS peakTopa 3 peryIbOBaHO0 1HY-
KTHBHICTIO, 1 IpyTHii — 11e YKUBIICHHSI CXEMH Yepe3 IepeTBOPIoBay 4acToTy. Bin-
TIOBIJTHO, Y MEPILIOMY BHUIIAJIKy PE30HAHC JOCSTA€THCS 3MIHOIO 1HAYKTUBHOCTI
peaxkTopa; y ApyroMy — 3MiHOIO YACTOTH JKEpelia JKUBJICHHS.
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The main advantage of resonant circuits consists in that the secondary
(output) voltage of the test transformer significantly less than the test voltage
applied to test object TO. It gives substantial gain in mass, dimensions and
cost of the test transformer and test setup as whole. In addition, the use of
resonant circuits enables to avoid the formation of powerful arcs and inrush
currents in the event of damage, since then the resonance in the circuit is
disturbed and its resistance sharply increases.

The principal drawback of resonance circuits is the necessity of their
readjustment in the case other type of the apparatus is tested. Nevertheless,
the application of resonant circuits is perspective because it enables to
construct cheap mobile setups for preventive-maintenance dielectric tests.

Induced voltage test. The induced voltage is the one of sine waveform
of increased frequency ranging usually from 100 to 400 Hz. The main feature
of this test is that the test object is a part of the test circuit. Power and
measuring transformers are tested by induced voltage (IEC 60076-3: 2013).
In this case, the test voltage is generated (induced) by the object itself
(transformer) being tested when voltage is applied to its primary (usually
low-voltage) winding. The low voltage of the supply must be matched the
with the required test voltage and with the transformation ratio of the
transformer under test. Since the transformer is the test circuit part, it should
be taken into account that its characteristic is non-linear.

When the power frequency (50 or 60 Hz) voltage on the transformer
primary winding is increased up to the value that in excess of the rated one,
the core will saturate in accordance with the known relationship between the
voltage and magnetic flux:

_ U
C444-f-w
where w is the number of winding turns; f is the power source frequency.

In the process, the current in the winding will increase sharply whereas
because of the limitation of the core flux, the voltage across its secondary
winding will increase insignificantly. Thus, to achieve the required test
voltage at the power frequency is practically impossible. Therefore, induced
voltage test is usually performed at an increased frequency (at least twice the
power frequency).

P
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OCHOBHOIO TTepeBaro0 Pe30HaHCHUX CXEM IOJIATaE B TOMY, 110 HalpyTa,
IO 3HIMAETHCS 3 BTOPUHHOT 0OMOTKH BHUIIPOOYBATBHUH TpaHCHOpMAaTOp 3Ha-
YHO MEHILIE BUMPOOYBAJIbHOT, 0 JAa€ iCTOTHUI BUTpaIl B Maci, rabapurax i
BapToCTi TpaHchopMaTopa i Beiel BUIPoOyBabHOI ycTaHoBKH. Kpim Toro, BU-
KOPHCTAHHS PE30HAHCHHUX CXEM 03BOJISIE YHHUKHYTH YTBOPSHHS IOTY)KHHX
JyT Ta KUJKIB CTPYMY IIPH TIOIIKO/DKEHHSAX, OCKUJIBKY B TAKHX BHITA/IKAX T10-
PYILYETBCS pE30HAHC Y KOJIi Ta HOTO Omip Pi3KO 3pOCTae.

OCHOBHUM HEIOJIIKOM PE30HAHCHUX CXEM € HEOOXiTHICTE IX mepeani-
TyBaHHS [IPH 3aMiHi BUIIPOOYBAHOTO amapaTy, OJHaK iX 3aCTOCYBaHHS € Te-
PCIIEKTUBHHUM, TOMY IO JI03BOJISIE PO3POOIIATH ACHIeBI MOOUIBHI YCTaHOBKH
JUTSI eKCILTyaTaIliiHuX BUIPOOYBaHb 130JIA1111.

Bunpo0yBanHnsi iHAyKOBaHOIO HANPYT0I0. [HIyKOBaHA HATIPYTa SBIISIE
c00010 Hampyry cMHycoigansHOi Gopmu minBuieHoi yactotd Big 100 mo
400 I'u. OCHOBHOIO OCOOJIMBICTIO JaHOTO BHIY BHIIPOOYBaHb € T€, IO BH-
MpoOyBaHUl 00'€KT € YaCTHHOIO BUIIPOOYBAIBHOTO KOHTYpPY. LIboMy BHIY
BUIIPOOYBaHHS i AIal0THCS CHIIOBI Ta BUMIpIOBaibHiI Tparcdopmaropu (IEC
60076-3: 2013). Y upoMy BHIaAKy BUNPOOYBalbHA HANPyTa TEHEPYETHCS
(lmmyKyeTbcsi) caMuM BHIMPOOYBaHHM 00'€kTOM (Tpanchopmaropom) mpu
MoJiavyi HampyTyu Ha HOTO MEepBUHHY (3a3BMYail HU3BKOBOJIBTHY) OOMOTKY.
Koo »xuBneHHs TOBUHHO 3a0€3MEUNTH y3Tr0PKeHHS HU3bKOT HANPYTH 3 He-
00XiTHOIO BHIIPOOYBAJIBHOIO HAMPYror i 3 KoedilieHTOM TpaHcopmarrii
BUNPOOyBaHOTO TpaHcdopmaropa. [Ipu 1iboMy HEOOXiTHO BpaxOBYBaTH He-
THIHHICTh XapaKTepUCTUKU TpaHCHOpMaTOpa, OCKUTBKU BiH € YaCTHHOIO
BUITPOOYBaJILHOI'O KOHTYPY.

[Ipu migBuIIeHHI HANPyTu MpoMuUCiIoBoi YactoTu (50 abo 60 I'm) Ha
MEepBUHHIA OOMOTIII TpaHc(opMaropa BHIIE HOMIHAIBHOI, CEPACYHUK
OyJle HaCUYyBaTHCS BHACIIIIOK BIZIOMOTO CITIBBIAHOIICHHS MiX HAIpPyror
Ta MarHiTHUM ITOTOKOM:

U
444 - f-w
Jie W — 9HCII0 BUTKIB 00MOTKH; f — yacToTra /pKeperna »KUBJICHHSL.

[pu 11boMy cTpyM B OOMOTIII Pi3KO 3pOCTATHME, & BHACIIJIOK OOMEKEHOTO
MarHiTHOTO IOTOKY B CEpACYHHKY, HAapyra Ha oro BTOPUHHIN 00MOTII 3poc-
TaTUMeE Jy>Ke MOBUTLHO. TaKuM YMHOM, HEOOX1THOTO 3HAYEHHS BUIIPOOHOI Ha-
NPYTY TPH TPOMUCIIOBIN 9ACTOTI JIOCSTTH MPAKTHYHO HEMOXIIUBO. ToMy, BU-
npoOyBaHHS 1HIYKOBAHOIO HAIPYTOIO 3a3BUYail MPOBOJATH MPH IiIBHILICHIN
YacTOTi, sIKa IOHaMEHIIIE B/IBiUi IEPEBHUILYE IPOMUCIIOBY YacTOTY.

P

190



It should be noted that at low frequencies, the transformer is an inductive
load for the supply circuit, and at high frequencies, it is a capacitive one. At a
certain frequency, called the frequency of self-compensation, the power
consumed by the transformer is minimal. Just this frequency is most often
chosen for testing. Induced voltage test is usually performed using the same
circuit as power frequency voltage test (see Figure 3.7).

DC (rectified) voltage test. DC voltage for testing electrical and elec-
tronic apparatus is usually generated by rectification of AC voltage, so its in-
stantaneous value periodically changes from a minimum Ui, to a maximum
Umax Value. The value of the DC test voltage is defined as the arithmetic mean
value of the periodically changing voltage u(t) over the cycle T:

1 T
UDC = ?J;) u(t)dt

The change in its value is characterized by the ripple factor
_ Umax = Umin
T 2Upe
which, according to the IEC standard [28], should not exceed +3%.

DC voltage is generally used to conduct two types of testing on electric
insulation. The first is high-potential (hi-pot) voltage testing and the second is
insulation resistance (leakage current) testing (see subsection 3.5). High-po-
tential DC voltage testing is conducted for the insulation of powerful electric
machines, surge arresters, power cables etc. rated above 1 kV. High-potential
DC voltage also used:

- in researching the breakdown processes of different isolating materials,
mediums and constructions;

- for the purpose of insulation maintenance (self-discharging curve
measurements, return voltage of layer insulation measurements etc.);

- for burning through broken-down or weaken sections of HV cables for
the purpose of the failure place detection and substitution of the failed
sections and other purposes.

High-potential DC voltage test has a number of advantages:

1. DC (rectified) voltage is the less dangerous for insulation, breakdown
voltage in this case is on average 1.5 times higher than at AC voltage.
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Crig 3a3HauMTH, MO MPU HU3BKUX YacTOTaxX TpaHchopMaTop € iHIyK-
TUBHMM HaBaHTA)KEHHSM [UIS )KMBUJIBHOTO KOJIA, a IIPU BUCOKHUX — €MHIC-
HuM. [lpu meBHil 4acTOTi, sSIKa HA3UBAETHCS YAaCTOTOIO CaMOKOMIICHCAIIIT,
MOTY>KHICTB, IO CIIOKUBAETHCS TpaHchopMaTopoM, MiHiMansHa. Came 1
YyacToTa Haifuacrilne BHOMpAEThCs Uil BUIIpoOyBaHb. [Ipu BumpoOyBanHi
1HAYKOBaHOIO HANpPYTOl0 BUKOPUCTOBYETHCSA Ta caMa CXeMa, [0 W MpH BH-
MPOOYBaHHIX HAMIPYTOI0 IPOMHUCIIOBOL YacToTH (AMB. puc. 3.7).

BunpodyBanHs mocTiiiHO0 (BUNIPSIMJIEHO010) Hanpyrow. [locTilina
Hanpyra JUisi BAIPOOYyBaHHS €JIEKTPUYHUX Ta €JICKTPOHHUX anapaTiB CTBO-
PIOETBbCST TIEPEBAKHO HUISXOM BUIPSIMICHHS 3MiHHOi HampyrH, oTxke il
MUTTEBE 3HAYCHHS NEPIOIUIHO 3MIHIOETHCS Biff MiHIMATBHOI Uyin 10 MaK-
cuMaibHOl Uyaxe BeTMUnHA. BenmnyamHa nocTiiHOT BUITPOOHOI HATIPYTH BH-
3HAYAETHCS SIK CepelHhOAPHUPMETHYHE 3HAUCHHS TIEPIOJUIHO 3MiHIOBaHOT
Hanpyru U(t) 3a nepiox 7T-

1 T
UDC = ?J;) u(t)dt

3MiHEHHS il BETUYMHY XapaKTePU3YEThCS KOS(DII[iEHTOM MyIbCcallii
UMaKC - UMiH

2 UDC ’
SIKHiA 3ri1HO 31 crangapramu MEK [28], He moBuHeH nepeBuiyBatu £3%.

[NocriitHa Hampyra BUKOPUCTOBYETHCS TPU BUIIPOOYBAHHSAX 130JIAIT Y
JIBOX BHIajKax. [lepiuunii — 11e BACOKOBOJILTHI BUTIPOOYBaHHS 1 IPyT Ui — 17151
BHUMIPIOBaHHS ONOPY (CTPYMiB BUTOKY) i30Ims1ii (uB. migpo3min 3.5). Buco-
KOBOJIbTHUM BUTIPOOYBaHHSM IiJIAETHCS 130JIA11is1 IIOTY>KHUX €NEKTPUIHUX
MallliH, PO3PSAIHMKIB, CHJIOBUX KabemiB Hanpyroto noHax 1 kB. Bucoka no-
CTilfHa HaIlpyTa TaK0XK BUKOPUCTOBYETHCS:

- IS IOCJIIJKSHHS TTPOLIECIB MPOOOI0 PI3HUX 130JIAIIIHHUX MaTepiais,
CepeOBUIL Ta KOHCTPYKIIIi;

- IUTS TiJiei mpoiTakTHKH 130JIS1iT (3HIATTSI KPUBUX CaMOPO3PsiLy; BU-
3Ha4YEHHS "3BOPOTHOI" HANpPYTH IapyBaToi 130JIALi1 TOWIO);

- JUIS TIPOMAJIIOBaHHs MPOOUTHX a00 0CIa0ICHUX JUISHOK KaOesiB BU-
COKOT HAaIIPyTH 3 METOKO BUSIBJIICHHSI MIiCIIsl IONIKO/PKEHHS Ta 3aMiHH TTOIIKO-
JDKEHOI JIISHKH Ta 1HIIHAX LIEH.

BunpoOyBaHHs MOCTiIHOO HAPYTOIO Ma€ TIEBHI NIepeBaru:

1. [MocTiiiHa (BUNIpsMIIEHA) HApyTa MEHII HeOe3neYHa AT 1301111
npoOWBHA HANPyTa B [[bOMY BUIIAJIKY BUILE B CEpEHBOMY B 1,5 pa3u, Hixk
IpH 3MiHHIN Hampy3i.

k,=
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2. The required power of high voltage rectifier installations considerably
less than that AC ones, because of that movable installations are less large
(cumbrous) and enable to test the objects offering large capacitance (cables,
condensers, etc.).

3. Testing with DC voltage enable to measure leakage currents that are
additional criterion to estimate the insulation conditions (see subsection 3.5).

The main drawback of testing with DC (rectified) voltage is the uneven
distribution of voltage across the insulation thickness (because of its
inhomogeneity), according to conductivity of its individual parts.

To rectify AC voltage, applied from a test transformer, half-wave or full-
wave circuits are usually used. To increase the magnitude of the test voltage,
voltage doubler and multiplier circuits are frequently used, such as
Greinacher/Cockcroft-Walton single-phase and cascade circuits, as well as
cascade circuits with an impulse generator [20-23].

Figure 3.11 shows a circuit diagram of the test setup for high-potential
testing with DC voltage using the simplest single-phase half-waved voltage
doubler rectifier.

; VDI
L 2Un
Il = |
E}l Un  ZRVD2 L J TO

Figure 3.11 — Circuit diagram of setup with voltage doubler rectifier
for high-potential testing with DC voltage

The circuit contains a test transformer T, a test object TO and a rectifier,
which in turn contains two capacitors, doubler C1 and smoothing C2, and
two diodes VD1 and VD2. Whenever the voltage polarity of the test
transformer corresponds to the conductive state of the diode VD1, then the
capacitor C1 is charged to the amplitude value Un. When the transformer
voltage polarity is opposite, the valve VD2 becomes conductive; in this half-
cycle, the transformer voltage is added to the voltage of the charged capacitor
C1. Thus, the voltage across the test object will be equal to approximately
twice the amplitude of 2Un. It should be kept in mind that the reverse voltage
across the diodes will also be equal to the doubled amplitude of 2Uy,.
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2. HeoOxinHa MOTY>KHICTh BHIPSIMIIOBAIILHUX YCTAHOBOK BHCOKOI Ha-
NPYry 3HAYHO MEHINA, HiXK YCTAHOBOK 3MiHHOI HANPYTH, 3aBISKH YOMY Iie-
pPECYBHI yCTaHOBKM MEHII TPOMI3ZKi 1 Jal0Th MOXKJIMBICTh MPOBOAWTH BU-
npoOyBaHHS 00'€KTIB 3 BETUKOIO €EMHICTIO (Ka0eliB, KOHACHCATOPIB Ta iH.).

3. Ilpu BumpoOyBaHHI MOCTIHHOIO HAIMPYTOI0 € MOXJIMBICTH BHMIpIO-
BaHHS CTPYMIB BUTOKY, IO € JTOJIATKOBUM KPUTEPIEM OIIHKU CTaHY 13011111
(muB. miapo3min 3.5).

OCHOBHUM HEJIOJIIKOM BUITPOOYBaHHS MOCTIHHO (BUIPSIMIICHOIO) Ha-
MIPYTOI0 € HEPIBHOMIPHHUN PO3IIOALT HANPYTH O TOBIIHHI 13011 (uepes
HEOJHOPIHICTH) 3aJI€KHO BiJ MPOBITHOCTI OKPEMUX i1 YaCTHH.

Jia BUTIpSIMITEHHS 3MIHHOI HAIIPYTH, SKa MOAA€THCS BiJ BUIPOOYBAIb-
HOTro TpaHc(hopMaTopa, 3a 3BUYAaEM BUKOPHCTOBYIOTHCS OJTHOHAITIBIICPi1OHI
a00 BOHAMIBIEepioHI cXxeMH. J{JIs MiABUIIIeHHS BETMIHHN BUIIPOOYBAITEHOT
HaNpYTH BUKOPHCTOBYIOTHCS YaCTO CXEMH 3 MOJIBOECHHIM Ta MHOKEHHIM
HanpyTu: onHOoda3Hi Ta KackamHi cxemu |'peilinaxepa Ta Kokkpodra-VYom-
TOHA, @ TAKOXK KaCKaJ[Hi CXeMH 3 IMIyJIbCHUM reHepaTopom [20-23].

Ha puc. 3.11 Hamana cxema yCTaHOBKH JJIsl BUTIPOOYBaHHS MOCTiIHHOIO
HaNpYToI0 3 BHKOPUCTAHHIM HAWIPOCTIIIOTO 0JHO(GA3HOTO OHOHAMIBIIEPi-
JTHOTO BHUIPSIMIISYA 3 TIOJABOEHHSIM HATIPYTH.

I 2=
vy
" Un  ZRVD2 ::( “|ITO
£
Pucynok 3.11 — Cxema ycTaHOBKH U1l BUIIPOOYBaHb

MOCTIHHOIO HANIPYTOIO 3 MOABOEHHIM HANPYTH

CxeMa MICTUTh BHUNPOOYBalIbHUI TpaHcGopmaTop 7, BUIpoOyBaHUit
00’ext TO Ta BunpsmiIsd, sSIKuii, y CBOIO 4epry, MiCTUTh JjBa KOHJIEHCATOPA,
noaBoroBaibHu C1 Ta 3rnamkyBaibHuil C2, Ta qea gioga VD11 VD2, Skuio
NOJISIPHICTh HANIPYTH BUIPOOYBANBHOTO TpaHchopMaTopa BiANOBIAE BiiK-
putomy crany BenTmist VD1, To konneHcarop C/ 3apsaKaeTbes 10 aMILTi-
TynHOro 3HaueHHs Um. [Ipu npoTuiiekHii MospHOCTI HApyru TpaHchop-
MaTopa BiaKpuBaeThcs BeHTWIb VD2; y el HamiBriepioa 10 Hanmpyru 3apsi-
JoxeHoro koHaeHcatopa C/ nomaeTrhest Hanpyra Tpancdopmaropa. OTxe Ha-
npyra Ha BUNIpoOyBaHOMY 00’€KTi Oyze TOpiBHIOBATH MPHUOJIM3HO TOABOE-
Hiit amrnrityai 2Un. Coig MaTi Ha yBasi, 1110 3BOPOTHA HAIIPyra Ha BEHTHIIAX
Tako OyJie TOpiBHIOBaTH NOABOEHIH aMIniTy i 2Unm.
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Based on the voltage doubler circuit, a voltage multiplier circuit is
constructed to generate a DC voltage higher than 200 kV, which shown in
Figure 2.12. Such a circuit enables significantly reduce the dimensions of the
test setup in comparison with single-cascade rectification circuits. The
voltage across the test object in this case will be is equal to:

Uout: Z'n'Um,
where n is the number of steps (doubler circuits).
1< 11
I [

VY){
Bl T A
"] V[)l

VD,

—_—

Figure 3.12 — Circuit diagram of the setup for high-pot DC voltage testing
using multiplier rectifier

High-pot DC voltage can also be generated using electrostatic machines
(Van de Graaf generator and electrostatic generator). It should be noted their
significant advantage, which consists in the fact that very high voltages (up
to 30 MV) are generated quite easily with no pulsations. Their significant
drawback is low output power. These generators are used mainly in nuclear
research laboratories [20-23].

Testing procedure. High-pot testing of the insulation of electrical and
power electronic apparatus, in particular, testing by the applied voltage is
usually performed after preliminary inspection and checking the insulation
condition with the help of megohmmeter and other indirect additional methods
(measurements of tand, AC/C, C./Cs etc.) provided that their outcomes are
positive. In the cases, when the insulation is tested with both sine and DC
(rectified) voltages, the DC voltage test shall precede the AC voltage test.

Power frequency test voltage is applied to an object being tested in such
sequence. It is started at one-third or of less value and then is increased
gradually, but sufficiently rapidly (no more than 15 s) to full value of the test
voltage. After being held for the predetermined time span (in the range of
one to five minutes), the voltage is gradually in not more than 15 s to one-
third of the maximum value or less and the circuit is opened.
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Ha ocHOBI cxemu MOJBOEHHS HAPYTH OYIy€EThCSI CXeMa TTOMHOKEHHS
HaAIpyTH JUIA OTpUMaHHS mocTiiHoi Hanpyru Bume 3a 200 kB, puc. 2.12.
Taka cxema JI03BOJISIE CYTTEBO 3MEHIIUTH TabapuTH BUMIPOOYBabHOT ycTa-
HOBKHM Y MOPIBHSHHI 3 OJIHOKACKaTHUMH CXeMaMU BUTIpsiMIIeHHs. Hampyra
Ha BUIPOOyBaHOMY 00’ €KTI Y I[bOMY BHUIIAJIKYy Oy/ie JOpiBHIOBATH:

Ugux = 21 Uy,
Jie N — KUTBKICTh CTYIEHIB (CXeM ITOIBOEHHS).
1€

VD,

1A
— N

Cy |VDn

=

Pucynok 3.12 — Cxema yCTaHOBKH [UTsl BUIIPOOYBaHb
MOCTIHOIO HAIPYTOXO 3 TIOMHOKEHHSM HAIpyru

Bucoka nocTiifHa Hanpyra Moke OyTH OTpMMaHa TaKOX 3a JIOTIOMO-
TOI0 eNIEKTPOCTaTHYHNX MamuH (reHeparop Ban ne 'pada Ta enexkrpocra-
THYHUH reHepatop). Ciif Big3HAYUTH iX CyTTEBY TepeBary, sika MoJsrae y
TOMY, IO JIOCHUTH JIETKO 3a663H6‘ly}0TBCH Jly’Ke BHCOKi Hanpyru (1o 30
MB) nipu BizcyTHOCTI mysbcarliii. Ix cyrTeBuM HenomikOM € Mana BUXiaHA
HOTYXHicTh. Lli reHepaTopy BUKOPHCTOBYIOTHCS, TOJIOBHUM YHHOM, Y Ja-
GopaTopisix smepHuX gocimkensb [20-23].

MeTtoanka BUNPOOYBAHb NPHUKJIAAEHOIO HATIPYTOl0. Bano6y—
BaHHs i30JIs11ii CICKTPUYHHUX Ta CICKTPOHHMX anapaTiB MiABUIICHOIO i,
30KpeMa, NPUKIAJICHOI0 HANPYTOK MPOBOJXMTBCS MICHs MONEPEAHBOrO
OTJISITy Ta MEPEeBIPKH CTaHy 130JIAMIT 3a TOTIOMOT'0OI0 METOMMETpa Ta iH-
IUX HEMPSIMUX TOAATKOBUX MeTOiB (BuMiptoBaHHs tgd, AC/C, C2/C50)
pY MO3UTUBHUX Pe3yJibTaTax Ii€i mepeBipku. Y THX BUIMAIKaX, KOJIU BH-
npoOyBaHHS 1301111 MPOBOIUTHCS K 3MiHHOIO, TaK 1 MOCTIHHOO (BUIIPSI-
MJICHOIO) HAINPYyToi0, BUPOOYBAHHS MOCTIHHOI HANIPYTOI0 Mae mepesy-
BaTH BUNPOOYBAaHHIO 3MIHHOIO HAIMPYTOIO.

BunpoGysaiibHa Harpyra MpOMKCIIOBOI 9aCTOTH MOJAETECA 10 BUTPOOY-
BAHOT0 00’€KTa y HACTYIIHil I0C/TiI0BHOCTI. CIIOYATKY IOIITOBXOM MOJA€THCS
1/3 (abo MeHIIIe) BUIPOOYBAILHOT HANIPYTH; TOTIM Harpyra riaBHo (He OijbIiie
15 cexyH) 30UIBIIYETHCS O BUMPOOYBaIbHOT. Ticist 3aificHeHHS 3a1aHOT BU-
TpUMKH Yacy (Bix 1 70 5 XB) Hanpyra ruiaBHO (He Outblne 15 CeKyHI) 3HIKY-
etbes 110 1/3 (abo MeHIIe) BUMPOOYBaIBLHOT HAMIPYTH, & MOTIM BIIKITFOYA€ThCS.
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DC (rectified) voltage is applied in the same manner, except that full
value is held for longer time (in the range of 10 to 20 min.).

The internal insulation of equipment, except for gas-filled ones, is tested
with a one-minute power frequency withstand voltage. In this case, the test
voltage is one-time applied for one minute according to the sequence noted
above. The external insulation, as well as internal insulation of gas-filled
equipment is tested with gradually stepping voltage. In this case, the test
voltage 3 times is applied to an object being tested in the same sequence, but
with no time lag. The external insulation is also tested under rain in the same
manner. The results of applied withstand voltage tests are positive, if there
were no full discharges or other failures of the insulation in the process.

3.5 Other Techniques of Dielectric Research and Tests

Besides high-pot testing, there are a number of other techniques to check
the condition of insulation. These technigues, by contrast with high-pot testing,
mostly are not involved with the application of voltages, which significantly
exceed the rated operating value and are therefore gentle for an insulation.
Nevertheless, the employment of such technigues enables determine a number
of very important features and characteristics of insulating gaps and, in
general, insulating structures of electrical and power electronic apparatus.

Partial discharge measurements. Partial discharge (PD) is a local spark
discharge of very low power, produced by high-voltage stress within the
solid insulation or on its surface. Partial discharge bridges usually a very
small portion of the insulation gap. However, when partial discharges are
periodically repeated, the insulation condition gradually (usually over
several months or even years) deteriorates, which can lead to a breakdown
or flashover of the insulation gap. By this why now the questions of partial
discharge measurements have received considerable attention.

Recording partial discharges, evaluation of their power and repeatability,
as well as localization of their places of appearance allow in proper time to
detect progressing failure of insulation and to take required measures for their
elimination. It should be noted that the partial discharge measurement is a non-
destructive test of insulation, so it can be used to evaluate the insulation
performance at the beginning of its service life. Now the programs and
procedures of acceptance tests for high-voltage apparatus specify the
measurements of certain parameters of partial discharges. The main specifying
document defining the partial discharge measurements now is [29].
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BunpoOyBaHHS 130741111 MOCTIHHOIO (BUTIPSIMIIEHOIO) HAMIPYTOIO 3/iiicC-
HIOETHCS aHAJIOTIYHO, aJie BUTPUMKA yacy Oinbir TpuBana (Big 10 go 20 xB).

BunpoOyBanHs BHYTpilIHBOT 1305151111 anapaTiB, KpiM ra30HaOBHEHUX,
3IIHCHIOETHCS OJJHOXBIJIMHHOIO HAIIPYTOI0 IIPOMHCIIOBOI YacTOTH (OHOpA-
30BUM NPUKJIaJICHHSIM BUPOOYBAIBHOI HAPYTH 3 OJJHOXBUIMHHOIO BUTPH-
MKOIO Yacy). BunmpoOyBaHHS 30BHINIHBOI 130111, a TaKOX BHYTPIMIHBOT
130JIA1111 Ta30HAIIOBHEHHX arapaTiB MPOBOJUTHCS HANPYTOIO MPH IJIABHOMY
migiioMi (3-KpaTHUM TIPUKIASHHSIM BHIIPOOYBaJIbHOI HAMPYTH O€3 BUTPH-
MKH 4Yacy). AHAJIOTIYHO BHKOHYETHCSI BUMPOOYBaHHS 30BHIIIHBOI 130111
nix nomem. Pedynprath BUNpOOyBaHB HANpyroro MPOMHUCIIOBOI YacTOTH
BBa)KaIOTHCS MMO3UTUBHUMH, SIKIIO B iX Mporeci He Bi0yBanocs MOBHUX PO-
3pSAIIB UM IHIIMX YIITKOKEHD 130JISIi1.

3.5 Inmi MeToay qocizKeHHST Ta BUNIPOOYBaHHA 301511l

[opsix 3 BUnpoOyBaHHSMI T IBUIIEHOO HAIIPYTOO ICHYE PSII 1HIIINX Me-
TOJIIB TIEPEBipKY CcTaHy i3ouslii. Ha BinMiHy Bifg BUnpoOyBaHb ITiABUIIICHOIO
HAIpyrolo, Iii METOIU NEPEBaKHO HE OB S3aHi 3 BUKOPHCTAHHIM HAIPYyTH,
1110 3HAYHO IepeBepLIye HOMiHaJIbHE po0OUEe 3HAYECHHSI, OTKE € MIATHUM VIS
Borswii. TiM He MeHIUE, iX BUKOPHCTAHHS J03BOISE BU3HAYMTH DSl JyKe
B)XJIMBUX BJIACTUBOCTEH 1 XapaKTePUCTHK 130JILIHHMX TIPOMIXKKIB 1, Yy Li-
JIOMY, 130JISIIiHHIX KOHCprK].[lI/I CICKTPHYHUX Ta CIICKTPOHHHX arnaparis.

BumiproBanus napaMeTpm YaCTKOBUX p03pﬂmB. Yacmxosuil po3-
pa0 (YP) — e nokanbHuii iCKPOBHiA Po3psil AyKe Mol MOTYXHOCTI, 1O
YTBOPIOETHCS BcepeaAnHi TBeproi i3oiswii (abo Ha 1 moBepxHi) mix Ai€ro BU-
cokoi Hanpyru. YP nepekprsae sk MpaBuiio ayxe Maily YaCTHHY i30JIAL[iii-
HOTO NPOMDXKKY armapaty. IIpote, npu mepioaMYHOMY iX IOBTOPEHHI BifOy-
BAE€TBCS MOCTYIOBE (3a3BUYail MPOTATOM KiIBKOX MICSAIIIB, i HABITH POKIB)
NOTIpIIEHHS CTaHy i30JALil, 110 MOXe MPOBECTH J0 MpoOoI0 abo mepek-
PUTTS 130JIALIHHOrO MPOMiKKY. TOMy y HUHIIIHINM Yac MTUTAHHSIM BHMIipIO-
BaHHsI IApaMETPiB YaCTKOBUX PO3PAIIB NPHUIIAETHCS BEJIMKA yBara.

Peectpartist yacTKOBUX pO3psiB, OILiHKA iX MOTYXHOCTI 1 MOBTOPIOBA-
HOCTI, a TAKOK JIOKaJTi3aIlist MicIg X BUHUKHEHHS, T03BOJISIE CBOEYACHO BH-
SIBUTH TIOIIKO/KEHHS 130JIA11i1, 110 PO3BUBAIOTHCS, 1 BYKUTH HEOOXiTHUX 3a-
XOJIiB JyIs X ycyHeHHs. CIijJl 3a3HAYUTH, 1110 BUMIPIOBAHHS YaCTKOBHX PO3-
PsiB € HEPYHHYIOUMM METOJIOM BHUIIPOOYBaHHS 130711111, 0T)Ke 10ro MoKHa
BUKOPUCTOBYBATH JIJIsl OI[IHKH XapaKTEPUCTUK 130JIA1i1 HA MMOYaTKy ii Tep-
MiHy clly>kOu. B naHuii 4ac nporpamamMu Ta METOAMKAMH MPUHMaIbHO-31a~
BaJILHUX BHIIPOOYBaHb BUCOKOBOJIFTHHX arlapariB mepedoadaeTbCcss BUMIPO-
BaHHs OKPEMHUX IMapaMeTpiB YaCTKOBUX po3psiniB. OCHOBHUMH HOPMAaTHB-
HUM JIOKYMEHTOM, II[0 BU3HAYAE METOJMKY BHUMipIOBaHHs napamerpiB UP,
Ha jaHuii gac € [29].
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The main assignment of the measurements is to find the partial discharge
rate featured usually by the following parameters:

« apparent charge of single PD is the charge that must be instantly
"injected” (applied) into the test object so that the voltage across its
electrodes has changed by the same value as under action of a real PD. The
charge is called "apparent charge" because in magnitude it is not equal to the
true charge magnitude of the real PD. The measurement of an apparent
charge of single PD consists in determining the response of the test object to
the arisen PD in the circuit

* PD repetition frequency;

 PD average current is the total charge of partial discharges, recorded
in the test object per one second; on average, this current is purely active and
characterizes losses in insulation caused by appearance of the partial
discharges.

To estimate the partial discharge rate, other parameters also can be
additionally used, such as square-law characteristic, power and total charge
per given time span. The prevalent methods to detect partial discharges today
are electrical, electromagnetic (distance, microwave) and acoustical. Besides
these, there are also chemical, optical or optoelectronic and thermal methods.

Electrical method has received most extensive application at the present
day. IEC Standard [29] specifies just this method. Fundamentally, this
method is based on the measurement of changing the charges of the measur-
ing circuit components caused by partial discharges in the test object. There
are a number variations of the circuits for partial discharge measurements;
one of them is shown in Figure 3.13.

HV inductance

coupling
capacitor

test
object

HV test
supply

PD
measuring
instrument

measuring
impedance

Figure 3.13 — Circuit diagram for PD measurements [20]
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OCHOBHUM 3aBJaHHSIM BHUMIPIOBaHb € BH3HAUCHHS 1HTEHCHUBHOCTI UP,
SKa XapaKTepPU3y€eThCS TAKAMH MTapaMeTPaMH:

* no3ziprutl (ysenuil) 3aps0 oouruuro2o 4P: mij Mo3ipHUM 3apsaoM po-
3YMIIOTh TaKuil 3apsill, SKU HEOOXiTHO MUTTEBO «BIOPCHYTH» Y JOCHIKY-
BaHWH amapart, m100 Hampyra MiX HOro eIeKTpOoJAaMy 3MIHIIIACS Ha TaKy XK
BEJIMYMHY, AK 1 P BUHUKHEHHI peanpHOro YUP; 3apsm Ha3Bauuil "mosip-
HUM", OCKIUJIbKH BiH 32 BEJIMYUHOIO HE JIOPIBHIOE ICTHHHOMY 3HAYCHHIO pea-
nsHOTO YP; BUMiproBaHHS MO3ipHOTO 3apsiay oguHUIHOTO YP momsirae y Bu-
3Ha4YeHHI peakilii JOCHTiHKyBaHOoTo anapara Ha YP, 1o BUHUKaE y HbOMY;

* yacmoma npoxoodicenns 4P;

* cepeoniu cmpym 4P sBisie co06010 cyMy 3apsiiiB YaCTKOBHUX PO3PSIIB,
IO 3apPEeECTPOBaHi y AOCITIKYBAaHOMY 00’ €KTi 32 OJIHY CEKYHAY; y Cepel-
HBOMY, LI€f CTPYM € CYyTO aKTUBHHM 1 XapakTepu3ye BTPaTH B 130JI41liT uepes
BUHHUKHEHHS YaCTKOBUX PO3PSIiB.

g ontinku iHTeHCHBHOCTI UP 101aTKOBO MOXKYTh BUKOPHCTOBYBATHUCS
IHII TTapaMeTpH: K8aopamuuHuil napamemp; OTYKHICTb, a TAKOX CyMmap-
HUI 3apsn 3a 3a0anuti inmepgan yacy. OCHOBHUMH METOJAaMH BHSBIICHHS
YP Ha ChOTOIHIIIHIN JCHb €: elekmpudnuil, erekmpomacuimuui (Oucman-
yiunuti, HB4-memoo) ta akycmuunuii. I1opsin 13 HUIMH iICHYIOTh TaKOX XiMi-
yHuil, onmuunutl (OnmMoenekmpoHHuL) Ta MmepMIYHUL.

Enexmpuunuit memoo HaOyB y HUHIIIHIA yac HANIIMPIIE BUKOPHUC-
tanns. Came 1eit metox HopmyeThest crangaprom MEK [29]. TMpunnumoso
BiH 3aCHOBaHUI1 Ha BUMIPIOBaHH1 3MiHEHHS 3apsi/IiB €JIEMEHTIB BUMipIOBaJIb-
HOi cxemu, BukInMKanux YP y mocmimkyBanomy o0'ekTi. IcHye aekinmbka
cXeM BUMiproBaHHS mapamerpiB UP; onHa 3 HuX HajmaHa Ha puc. 3.13.

3aropo/rKyBay
TIEPEIIKOT

BIIIPOOYBAHIIT
00’€KT
KOH/ICHCATOp

y 3B A3KY
=

~

peecTpyBabHIl
HpIUIaj

JuKepero
BIICOKOI1
HaNpyIrn

Zy .
BIMIPIOBATHHITI
elIeMeHT

PucyHok 3.13 — Cxema BUMIPIOBaHHS XapaKTEPHCTUK YaCTKOBHX po3psis [20]
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The circuit contains a HV test supply (test transformer), HV inductance
(a noise-blocking filter), test object, and the measuring impedance Zm, which
is connected in series with coupling capacitor Cx. The measuring circuit,
besides the measuring impedance (amplifier-discriminator), usually contains
a low-frequency blocking filter, an oscilloscope and a pulse counter. When
the partial discharge occurs, the measuring instrument records a stepped
decrease in voltage across the test object. In the process, the voltage pulses
across measuring impedance are generated. The pulse amplitude is:

drp
AUin =~ AUTO = C_
TO

This expression is valid under the following conditions:
CMI < CTO; CMI < Ck,

where Cwy is the self-capacitance of the measuring circuit.
Hence, the apparent charge will be determined by the following formula:

gpp = AUto * Cro.

The main advantages of this method are the following:

- it allows to measure the most characteristics of partial discharges;

- it is non-stressing for the apparatus insulation;

- it ensures a sufficiently high sensitivity

The main disadvantage of the method is firstly the availability of con-
tact of measuring devices with the test object and, secondly, the necessity
to utilize a number of measures and special-purpose equipment to avoid
noises that makes it not most simple and convenient. Now there are various
producers of equipment, in which this method is used; the main ones are
HVPD, SebaKMT and others.

Electromagnetic (distance, microwave) method. Detection of partial
discharges in this case is carried out with the help of directive receiving
microwave aerial device (scanner). An essential advantage of this method is
that its application does not require a contact with the object of
measurements. Therefore, it can be used to diagnose equipment with any
voltage rating. The disadvantages are no quantitative estimation of the
number of partial discharge characteristics, as well as the influence of
electromagnetic radiation from other devices.
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CxeMa MiCTUTB JKEpesio BUCOKOI HANpPyTH, IHAYKTHUBHICTB, 5IKa BUKO-
Hye (YHKITIIO 3arOpoKyBada Mepenrko1, BUIPOOyBaHH 00'€EKT, a TAKOK
BUMIPIOBAIbHUHN €JIeMEHT (IIepeTBOpIoBay) Zy, BKIIOYEHHH TOCTIIOBHO 3
KOH/IeHCAaTOpOoM 3B'13Ky Ck. BuMiproBanbHHIA IPUCTPii, OKPIM BUMipIOBa-
JHHOTO MepeTBOproBava (MiACHITIOBAY-TUCKPUMIHATOP) 3a3BHYAll MICTHUTb,
3arOpOKYBabHUN (QiTBTP HU3BKUX YaCTOT, OCIFIIOTpad Ta JIYMIBHUK
IMITYIBCIB. Y CXeMi PeecTpy€eThCsl CTPUOKOMOAIOHE 3HIKEHHS HAIIPYTH Ha
JociiKyBaHoMy 00'ekti mpu BuHukHeHHI YP. [Ipn npomy Ha BUMipioBa-
JHEHOMY €JIEMEHTI BUHUKAIOTh IMIYJIBCH HAPYTH 3 aMILTITYI0I0, KA BH-
3HAYa€eThCS 32 HACTYITHUM BUPa30M:

AUy, ~ AUpg = D,
Cro
Hananwuii Bupa3 € cipaBeJIMBUM 3a HACTYITHUX YMOB:
CMI < CTO; CMI < Ckv

ne Cmi — BIIacHa €MHICTh BUMIPIOBAJIFHOTO MTPHCTPOIO.
Otxe, O3ipHUI 3aps/l BU3HAYAETHCS 32 HACTYITHOIO (hOPMYIIOF0:

qpp = AUrg * Cro.

OCHOBHMMU TIepeBaraMu JaHOTO METOJy € HACTYIIHI:

- I03BOJISIE 3HIMATH HAHOUTBITY KiBKICTh XapakTepucTuk YP;

- aIHUH [ 130011111 anapara;

- 3a0e3nevye JOCUTh BUCOKY UYTJIHBICTb.

OCHOBHMMH HEJIOJIIKAMH METOJTY €, O-TIepIIIe, HassBHICTh KOHTAKTy BUMi-
PIOBAJIbHUX MPUIIA/IIB 3 JOCTIHKYBaHUM 00'€EKTOM i, TTO-ApYyTe, HEOOXITHICTH 3a-
CTOCYBaHHS KOMIUICKCY 3aXOJIIB Ta CHEIiaIbHOTO 00JIaIHAHHS IS BIIUIAIITY-
BAaHHS BiJI IIEPEIIKO/I, IO € JOCHTH CKJIaJHOO TpobiieMoro. B nanmii gac icHye
BEJIMKA KUTBKICTh BUPOOHUKIB 00JIaTHAHHSI, B TKOMY 3aCTOCOBYETHCS IAHUHN Me-
TOJI; OCHOBHMMH BupoOHUKaMu € HVPD, SebaKMT.

Enexmpomaznimnuii (Oucmanuiiunuii, HBY) memoo. Bussnenns 4ya-
CTKOBHX PO3PS/IB y JaHOMY BHIAJKy 3HiHCHIOETHCS 3a JOTIOMOTOIO CIIPS-
MoBaHoro npuitmansHoro HBY antenHoro npuctporo. IcroTHOIO nepesa-
TOI0 JIAHOTO METOMY € Te, 10 WOro 3aCTOCYBaHHS HE BUMAara€ KOHTaKTy 3
00'eKTOM BUMIipy, TOMY BiH MOX€ BUKOPHCTOBYBATHCS JIsI KOHTPOJIIO 00J1a-
JTHAHHS IPaKTHYHO Oy/Ab-sIKOTO Kiacy Hanpyru. Hegomikamu € BiCyTHICTB
KUTBKICHOT OIIIHKY XapakTepucTuk YP, a Takok BIUIMB Ha eJ1eKTpOMarHiTHe
BUTIPOMIHIOBaHHS 1HIIUX [TPUJIAJIIB.
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The acoustic method is mainly used to detect the source of partial
discharges in such equipment as power and instrument transformers, gas-
insulated equipment etc. For this purpose, supersensitive microphones are
used. They trap sound waves in the frequency range that in excess of
hearing threshold. The apparent simplicity of the method does not exclude
great difficulties to detect the location of partial discharges appearance.
The main disadvantage of this method is low sensitivity in recording the
low intensity partial discharges. Nevertheless, this method has the
advantage that it is distance one and allows place sensors in outdoor
constructions, such as switchgear panels and busducts.

Now, the works aimed to improve the electromagnetic and acoustic
methods are carried out for the purpose to approach their application to op-
erating conditions. Just today, these methods enable to investigate equipment
with recording the found values during a long time and sending them to the
operator by means of communication networks.

The wide application of the methods related to recording partial dis-
charges is constrained because of complicated measuring techniques, the
high expensive equipment and the small number of specialists who can work
with this equipment.

Partial discharge test is usually performed for the apparatus manufac-
tured for nuclear power stations; in other cases, it is made at the request of
the customer. The test is conducted by applying a voltage that is 1.35 times
the nominal operating voltage for 10 seconds and then reducing it to the nom-
inal operating voltage. In the process, the intensity of partial discharges
should not exceed 10 pC per 1 minute.

Dielectric losses measurements. The dielectric power factor or loss
factor tand is one of the most important quantities allowing determine the
isolating properties of different materials, as well as quality of isolating
constructions of electrical and power electronic apparatus. As it is well-
known that tand is the ratio:

Iy
tgd = %
where 15, Ic is respectively, active and reactive component of the current
flowing through the insulation gap under applied AC voltage.

Multiplying the numerator and denominator to the value of the ap-
plied voltage, as well as taking into account the value of the capacitive
current through the gap:
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AKycmuyHuil Memoo 3aCTOCOBYETHCS I'OJOBHHUM YHHOM Ul BUSB-
nenHs mxepena YP B amapaTtax, HanmpuKial, CUJIOBUX Ta BUMIPIOBaIbHUX
TpaHchopMaTopax, elera3oBUX pO3MOAUILHUX MPUCTposX. st iX 3Haxo-
JOKEHHSI BUKOPUCTOBYIOTBCSI HAIIYTJIUBI MiKpOQOHH, SIKi BIOBIIOIOTH 3BY-
KOBI XBHJIi, PO3TAIIOBaHi B /ialma3oHi YacTOT BHUIIE 3a MOPIr yyTHOCTi. [a-
HHUM METOJ] € TUCTAHLIIMHUM 1 103BOJISIE PO3TAILIOBYBATH JaTYUKHU Ta CEHCOPU
y BIAKpUTHX KOHCTPYKIISIX, HAMpPUKJIAA, KOMipKax KOMIUIEKTHUX PO3IO-
IOUIBHUX IPHUCTPOIB Ta IMIMHONpOBoAax. HemomikoM MeTony € mMana 4yTiu-
BICTh IIPH PEeECTparlii YJaCTKOBHUX PO3PAIIB MaOi iHTEHCHBHOCTI, a TaKOX
TPYZAHOLI Y BUABJICHHI Micusl BUHHKHEHHs YP.

B nanwmii yac BeryThesi poOOTH 3 YAOCKOHAICHHS €IEKTPOMArHiTHOTO Ta
aKyCTHYHOTO METOIIB, 00 HAOIM3UTH iX 3aCTOCYBaHHS /10 YMOB €KCILTya-
Tatii. Bxke 3apa3 naHi MeTOAM JO3BOJISIIOTH IPOBOJUTH OOCTEKEHHS 3 PEEC-
TpALi€lo 3HA4YEHb, 0 OTPUMYIOTHCS, IPOTATOM TPUBAJIOTO MEPIOAY i Bim-
PaBKOIO iX OIepaTopy Mo Mepeskax 3B'I3KY.

[lIupoke 3actocyBaHHS MeTOAiB peectparii UP cTpumyeThcs depe3
CKJIQJIHICTh METOJIMKHA BUMIPIOBaHHS, JIOPOXKHEY1 00Ia{HAHHs Ta MaJoi Ki-
TBKOCTI (haxiBIiB, 3AATHUX MIPAIFOBATH 3 BiAMIOBIIHUM 00T THAHHSIM.

BunpoOyBaHHS Ha iIHTEHCHBHICTh YaCTKOBUX PO3PS/IiB POBOIATH 32 3BH-
YaeM JUIsl anapaTiB, 0 BUTOTOBIIOThCS Uit AEC; B iHIIMX BHUMaIKax BOHO
MPOBOJIUTHCS HA BUMOT'Y 3aMOBHHKA. BUIpoOyBaHHSI POBOIUTHCS IPHKJIIA ICH-
HSM HArpyTH, sika ckiafae 1,35 Bim HoMmiHambHOI pobouoi mpoTsrom 10 ¢ Ta
MO/IANTBIIIM HOTO 3HIKEHHSIM JI0 HOMiHAIBEHOT po6o4oi. [1py iboMy iHTEHCHB-
HICTh YaCTKOBHX po3psiiB Mae He nepeuinyBatu 10 mKi npotsarom 1 xs.

BumiproBaHHsi TaHreHca KyTa JieIeKTPMYHUX BTPAT. TaHr€HC KyTa
JieneKkTpuaHuX BTpar (tgd) € ofHIM i3 HAWOIBII BaXKJIMBUX MOKA3HHKIB, IO
JTO3BOJISIE€ BU3HAYATH 130JIAIi1HI BIACTHBOCTI 130JIAI[IHHIX MaTepialiB, a Ta-
KO SIKICTB 130JI1IHHIX KOHCTPYKI[iH eIEKTPUYHMX Ta eJICKTPOHHUX anapa-
TiB. Sk Bimomo, tgd sABIsie COOOIO BiIHOIICHHS aKTHUBHOT CKIIQJIOBOTO CTPYMY
2, 110 TPOXOTUTH Yepe3 130MAIHHNE TPOMIXKOK IIPY MPHUKIIAJAEHHI 10 HHOTO
3MIHHOT HaMpyrH, 10 PEaKTHBHOIT CKJIa10BOI I

L,
tgs ==
95=1

[ToMHOXYI0UM YMCENIBHUK 1 3HAMEHHHMK Ha BEJIMYMHY NPHKJIaAEHO Ha-
NPYTH, @ TAKOXK BPAXOBYIOUH BEIMYMHY EMHICHOTO CTPYMY 4epe3 MPOMIKOK:
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I.=U"-wC,
we obtain the following expression:
I,-U P,

Hence, the value of active losses that defines the insulation quality de-

termined from this expression will be as follows:
P, = U?wC - tgs,

From this expression, it follows that at constant values of U and C, the
value of P, is proportional to tand. Thus, the more defects the insulation con-
tains, the greater the active losses will be in it, and, correspondingly, the
greater the tand will be.

The loss tangent is usually measured with the help of bridged circuits
constructed using the Schering principle. Accordingly, the circuit for loss
tangent measurements received the name Schering bridge circuit. In testing
setups, bridges of types P5026, MJI-16 and P595 have most extensive
application. The tand value of the insulation is measured at a voltage equal
to the nominal voltage of the object, but not higher than 10 kV. When the
nominal voltage of the object is less than 6 kV, measurements are performed
at a voltage of 220-380 V. The circuit diagram for loss tangent
measurements is shown in Figure 3.14.

The circuit contains a test transformer T
that is usually voltage transformer HOM-6
or HOM-10. The object to be tested TO is
connected into one of the bridge arms. The
important component of the circuit is
standard (reference) capacitor Cy that is the
capacitor, of special design, filled usually by
_ = pressurized gas. Figure 3.15 shows

Figure 3.14 - Circuitdiagram of - shatograph and structural scheme of the
Schering Bridge .
reference capacitor.

The circuit contains also the components providing the dielectric loss
tangent measurement, such as resistors R4 and Rs with constant and variable
resistance, respectively, as well as capacitor box C4. The dielectric loss tan-
gent for this circuit is determined by the following expression:

tg5 = (1)R4_C4_,
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OTpUMAEMO HACTYITHE:

3BificH BeJIMYMHA aKTUBHUX BTPAT, 1[0 BU3HAYAE SKICTh 130JIA1Lii, Oy/1e

BUPAKaTHCS HACTYIHOIO (hOPMYJIOIO:

P, = U?wC - tgs,
3 SIKOi BUILIMBAE, 1110 TpU NOCTiHMX 3HaueHHsax U ta C Bennunna P, mpo-
nopiiHa tgd. Omke, yuM OibIe AehEKTIB MICTUTE 130JIAIISI, THM OijIbIITe
aKTWBHI BTPATH B Hill i, BIAMOBITHO, Oibie 1g0.

BuwmiproBanus tgd 34iliCHIOEThCS, K TPABHUIIO, 32 JTOMTOMOTOI0 MOCTO-
BUX CXEM, IPUCTPIii SIKUX 3acHOBaHMH Ha npuHuwmMi [llepinra. Binnosinxo,
CXEMHU BUMIipIOBaHHS JiEJIEKTPUYHUX BTpAT OTPUMAaIK Ha3By wmicm [llepi-
Hea. Y BUIPOOYBaJbHUX YCTAHOBKAX IIMPOKOTO MOUIMPEHHS HAOYIH MO-
ctu P5026, MJI-16 ta P595. 3nauenns tgd 13011l BUMIpIOIOTH TIPH Ha-
npy3i, 0 JOPiBHIOE HOMiHAJBHIM Hampy3i 00'ekTa, ane He Bume 10 kB.
[Tpu HOMiHaNBHIN Hanpy3i 00'ekTa MeHIe 6 KB BUMiprOBaHHS MPOBOSTH
npu Harpy3i 220-380 B. Cxema BUMipIOBaHHS TAHT€HCY KyTa JieNeKTpHUI-
HUX BTpaT HajJaHa Ha puc.3.14.

T CxeMa MICTUTh BUNPOOYBAIBHUN Tpa-
Hcopmarop T; 3a3BUYail BHKOPHCTOBYIOTh
Tpancpopmaropn Hanpyru HOM-6 abo
HOM-10. 1o oxnoi 3 meueii MOCTa IifK-
nrovaeTbes Bunpooysanuii 00'ext TO. Haii-
OB BaXKJIMBUM €JIEMEHTOM CXEMH € T.3.
_%_ eTalloHHUI (3pa3koBwuii) koHJeHcaTop Ch,
= KW SBIISIE COO0I0 KOHJICHCATOP CIeIiallb-
HOT KOHCTPYKIIii, 3aITOBHEHUII €JIera30oM Iif
tuckoM. Dororpadiss Ta KOHCTPYKTHUBHA
cXxeMa eTaIOHHOT0 KOHJICHCAaTOpa HajaHa Ha puc.3.15.

CxeMa MICTUTh TaKOX E€JIEMEHTH, 110 3a0e3neuyloTh BU3HaYeHHs tgd:
pe3uctopu R4 Ta Rz 3 IOCTIMHUM Ta perylibOBaHUM OIIOPOM, BiJITIOBIIHO, a
Takok Mara3ud eMHocTeit Cs4. TaHreHe KyTa JieneKTpUIHUX BTPAT AJIS JaHOT
CXEMU BH3HAYA€ThCS HACTYITHUM BUPA30M:

tg5 = (1)R4_C4_,

Pucynoxk 3.14 — Cxema mMocty
lepinra mis BumiproBanHs tgd
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HV shielding
electrode

C/tand measuring
electrode (C1)

voltage measuring
electrode (Cp)

guard electrodes

L 1
\ —>C;
Cz
Figure 3.15 — Photograph and structural diagram
of 800 kV, 100 pF reference capacitor [20]

where C, is the value of capacitance obtained under condition of the bridge
equilibrium.

Thus, the measured tand is proportional to the capacitance Ca, Which
changes to balance the bridge.

There are advanced circuits and means for dielectric loss measurements.
Figure 3.16 shows simplified circuit to measure tand based on the digital re-
corder with the use of the system of digital signal processing (DSP).

_f
w -
7l

PC

fiber optic link (FOL) | DsP ‘

Cu

M-sensor

Figure 3.16 — Computerized DSP-based tand measuring system [20]
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BHCOKOBOJILTHHI
CKpaH

CTEKTPOTT 7151
\ BHMipIOBaHHS
..--j tgd (Cy)
) @IICKTPOJL JULS
SN BHUMIPIOBAaHHS
3 N
- J N narpyru (Cy)
3a1100KH1
€JICKTPOJIH
[ |
— C
Cz

Pucynok 3.15 — ®otorpadist Ta KOHCTPYKTHBHA CXeMa €TAJIOHHOTO KOHIEHcaTopa
(nominanpHa Harpyra 800 kB, HomiHansHa emMHicTh 100 nd) [20]

ne R4 ta C4 — BenmuuuHM, 110 3000YBAIOTHCS IIPU PIBHOBA31 MOCTY.

OTxe, BuMiproBanuii tgd mponopuiiiauii eMHOCTI C4, IO 3MIHIOETHCS
JUTSL BpiIBHOBQ)KEHHS MOCTY.

IcHyrOTB cyuyacHi cxemMH Ta 3ac00M BUMIPIOBaHHS JieJIeKTPUYHUX BTPAT.
Ha puc. 3.16 nagana cnpouiena cxema BUMipioBaHHA 1gd moOynoBaHa Ha
0a3i 1(PPOBOro PEECTPYBAIBHOTO MPUCTPOIO 3 BUKOPUCTAHHSAM CHCTEMHU
rdposoi 06podku curnanis (DSP — digital signal processing).

M-sensor

Pucynok 3.16 — Komn’oTepu3oBaHa cucTeMa BUMipIOBaHHS
JeNneKTpuYHUX BTpat Ha ocHoBi DSP [20]
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The HV circuit consists of two parallel branches, which, in fact, are
voltage dividers. The measuring branch contains the test object (C«—Rx) and
the measuring capacitor Cv. The reference circuit contains a reference
(standard) capacitor Cy and a low-voltage capacitor Cr. Measurement of tand
in this case does not require circuit balancing; it is determined by measuring
the voltages across Cyv and Cg, as shown in Figure 3.17.

measuring
signal

voltage

reference time

signal

by

Figure 3.17 — Digitalization of the reference and measuring signal
used by DSP-based tand measuring system [20]

The measurement findings of tand are strongly influenced by stray cur-
rents and external (electromagnetic and electrostatic) fields. In order to pre-
clude these effects, the measuring circuit components are carefully shielded
and some other measures are made. The measurement findings tgo are com-
pared with admissible values.

Leakage current and DC-resistance testing. DC resistance and leak-
age current are the important indicators characterizing the conditions of in-
sulation of electrical and power electronic apparatus. DC resistance consid-
erably decreases when obvious defects, such as surface pollution, humidifi-
cation, mechanical damages etc., are available in solid insulation.

DC-resistance is found by means of measuring the leakage current Ijo,x
passing through the insulation gap under applying the rectified voltage U,p,:
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BucokoBobTHA YacTHHA CXEMH CKIIAJA€ThCS 3 BOX IapajelbHUX Bi-
TOK, SIKi, TIO CYTi, € TITPHUKaM{ HanpyTu. BuMiproBaiabHa BiTKa MICTHUTH BH-
npobysanuii 00’ekt (Cy—Ry) Ta BuMiproBanpHuii KoHmeHcatop Cwum. Era-
JIOHHA BiTKa MICTUTh €TAIOHHUH (3pa3koBuii) kKoHAeHCATOp Cn Ta HU3BKO-
BONBTHUH KoHAeHcaTop Cr. BumiproBanHs tg0 y naHOMY BHNAAKY HE MOT-
pebye BpiBHOBaKEHHS CXEMH; BiH BH3HAYAETHCSI BUMIPIOBAHHSAM HANpyT Ha
Cw Ta Cg, sIK MOKa3aHo Ha puc. 3.17.

voltage

Pucynoxk 3.17 — Ludposizarist eTaJOHHOTO Ta BUMiPIOBATEHOTO CHTHANIB,
1110 BU3HAYaroTh tand Ha ocHoBi DSP [20]

Ha pesynpratu BUMIipIOBaHb tQ3 CyTTE€BO BIUIMBAIOTH Iapa3WTHI
CTPYMH Ta 30BHIIIHI (€JIEKTPOMAarHiTHI Ta eleKTpocTaThyHi) mos. s ix
YCYHEHHsI 3I1MCHIOETHCSI PETENIbHE eKpaHyBaHHS BHUMIPIOBAJIBHOTO MpPH-
CTPOIO Ta PAJ iHIIKX 3aX0AiB. Pe3ynprarn BUMipiB 10 NOPiBHIOIOTH 3 10-
MYyCTUMUMH 3HAUCHHIMH.

BumiproBanus cTpymiB BUTOKY Ta onopy. CTpyM BUTOKY Ta OIIip TO-
CTIMHOMY CTPYMY € Ba)KIIMBUMH NOKa3HHKaMH, IO XapaKTepU3YyIOTh CTaH
130JIAI1I1T NEKTPUYHMX Ta eIeKTPOHHHX armapatiB. HasBHicTh SBHUX Aedek-
TiB TBepOI 130T (MOBEpXHEBE 3a0pyTHEHHS, 3BOJIOKEHICTh, MEXaHIYHI
VIIKOJKEHHS 1 T.11.) 3HAYHO 3HMXKYIOTH 11 omip.

BusHaueHHs omnopy i30Js1il MOCTIHHOMY CTPYMY 3AiHCHIOETHCS] BUMi-
PIOBaHHSM CTPYMY BUTOKY [y, IO TIPOXOJMTE Yepe3 130ISIIHHIN TpoMi-
JKOK MPH NPUKIJIJIEHH] JI0 HbOrO BUIIPsAMIIEHOT Hanpyry Uy

Unp
Ri3 = I_
BUT
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It should be noted that leakage current and, respectively, DC-resistance
essentially depend on how long the voltage is applied. It occurs because to
the polarization phenomena, which takes place in insulation structures of
electric apparatus. The leakage current measurement is correct if it is taken
after 60 s since the voltage is applied, that is, by the moment when absorption
(polarization) current fully has decayed. The value of DC-resistance in high
degree depends on the temperature. Therefore, it is measured at the insulation
temperature not below +5°C, unless otherwise specified.

The main facilities for measuring Rpoc are megohmmeters graduated in
unities of DC-resistance. At the present time the most typical application is
electronic-based megohmmeters of types ®4101 and ®4102 by the voltages
100, 500 and 1000 V supplied from AC network 127, 220 V or DC source
12 V. Until the present day, megohmmeters of types M4100/1-M4100/5 and
MC-05 by voltages 100, 250, 500, 1000 and 2500 V are also used in
operation practice of electrical and power electronic apparatus. They are fed
from the built-in generator driven manually or electrically.

The resultant DC-resistance measurements enable to establish the
degree of insulation humidification determined for the most part by means
from so-called dielectric absorption ratio (DAR):

DAR = @,
Ris
where Reo, R1s5 is the DC resistance after 60 s and 15 s, respectively, since the
voltage is applied to the insulation gap.

If the insulation is dry then DAR > 1; for humidified insulation it is
close to one. This is explained by difference in polarization processes and,
accordingly, by the difference in charging time of the insulation gap
capacitance. In the first case, the charging time is long and accordingly Reo
and Ris essentially differ; in the second case, the charging time is fairly short,
the current changes rapidly and during 15 s practically ranges up of steady-
state value, and therefore Ris and Reo are almost no different.

The indicator of the insulation humidification is also the nonlinearity
coefficient, which is the ratio of the insulation resistances at various values
of the applied voltage:

_ RDC (O:5Un0m)
non RDC(Utest) '
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Crinx 3a3Ha4uTH, IO CTPYM BUTOKY 1, BIIMOBITHO OMip i30JSLIHHOTO
MPOMIXKKY 1CTOTHO 3aJIeXKHTh BiJ Yacy 3 MOMEHTY NPHUKJIaJCHHS HAIpYTH.
Ile moB’s13aHO 3 SIBUIEM noaapu3ayii, MO CIIOCTEPITAEThC B 130JIAIIHHIX
KOHCTPYKUisX anapatiB. [IpaBuIbHUM BBaXKa€ThCS pe3ybTaT BUMipIOBaHHS
CTpyMY BUTOKY, OTpUMaHu# depe3 60 CeKyHI MicIisI IPUKIaAeHHS HAlpyTH,
TOOTO 70 MOMEHTY TIOBHOTO 3racaHHs cmpymy noaspuzayii (abcopbyii).
3HaueHHS OMOpPY 130JAMIi BENMKOI0 MIpOI0 3aJIEKHUTH BiJ] TEMIEpaTypH.
Tomy 1i BUMipIOBaHHS TPOBOAATH MPH TEeMIEpaTypi i30SIl HE HIKYE
+5°C, KpiM BUTIAAKiB, 0OOYMOBIIEHUX CIIEI[iaJIbHO.

OCHOBHUMU BUMIPIOBAILHUMH 3aCO0aMH BU3HAYCHHSI OTIOPY 130JIA11i1 €
MEroMMeTpH, BIATpaayHoBaHi y 3HAYEHHSIX OIMOpPY IMOCTIHHOMY CTpyMY.
[Mupoxe 3acTocyBaHHS y BUIIPOOHUX YCTAaHOBKAX B JAaHWH yac HAOyIHU eJie-
kTpoHHI MeromMmMeTpu tuiry ©4101, ®4102 ma manpyry 100, 500 i 1000 B,
10 YKUBJISITHCS BiJl MEPEkKi 3MiHHOTO cTpyMmy 127-220 B abo mxeperna moc-
TikHOTO CcTpyMy 12 B. VY mpakTuili ekcruryaraiiii elTeKTpHIHUX Ta eIeKTPOH-
HUX anapaTiB 0 TENepilllHbOTO Yacy 3aCTOCOBYIOTHCS TAKOK METOMMETPH
M4100/1-M4100/5 ta MC-05 na manpyry 100, 250, 500, 1000 i 2500 B 3
JKUBIICHHSIM BiJl BOYZOBAaHOTO TeHepaTopa, 0 MPUBOJAUTHCS A0 00epTaHHs
PYKOIO 200 €IeKTPOIIPHBOIOM.

PesynbraTti BUMipioBaHb ONOPY 130JIALlIT TOCTIHHOMY CTPyMY I103BO-
JISFOTH BCTAHOBUTH CTYITIHD 3BOJIOXKEHHS 130JIAIIi1, 1[0 BU3HAYAETHCS HaH-
YacTIIIe 3a J0MOMOTOI0 T.3. Koe@iyicuma abcopoOyii, 110 BU3HAYAETHCS Ha-
CTYITHHUM CITiBBiTHOIIICHHSIM:

Rso

Rys’

ne Reo 1 Ris — omip i301siifHOT0 POMIKKY, BUMIPSTHOTO BiIIIOBIIHO Yepe3
601 15 cexyHx 3 MOMEHTY MPHUKJIAIEHHS 10 HOTO HAMPYTH.

SAxmo i3omsuis cyxa, 1o k,g. > 1, y Bojorii i3onsuii BiH OJU3bKUI
no 1. lle mosicHIOETBCST PI3HUIICIO MPOIIECIB MONMApHU3allii i, BiIIOBIIHO,
PI3HUIICIO B Yaci 3apsay €MHOCTI 130JIAMIHOTO IPOMIDKKY. Y Mepuiomy
BHITQJIKYy Yac 3apsy BEIUKHH, OT)Ke BeNMUYWHH Ris Ta Reo 3HAUHO Binpis-
HSIOTBCS, Y APYTrOMYy — CTPYM aOcopOLiil MIBUAKO JA0CIrae CTajaoro 3Ha-
YEeHHS, 1 BOHM Maii’Ke He BiAPi3HAIOTHCA.

CryniHb 3BOJIOKEHHS 130JI411iT MOKe OyTH BH3HA4YCHA 32 JIOITOMOTOIO
Koeghiyienma neninitinocmi, IKUiA ABJIsie COOOIO BiAHOLIEHHS OMOPIB 1301511
NPY Pi3HUX BEJIMYMHAX NPUKIIAJICHOT HANIPYTH:

— Ris (O'SUH)
Ri3(UBymp),

kasc =

H

212



where Unom, Utest is the nominal and test voltage of the insulation gap,
respectively.

The resultant leakage current measurement also enable to estimate the de-
gree of the insulation humidification. In this case it is carried out by taking the
characteristic lieax = f (Uapp)- Humidified insulation will have nonlinear be-
havior due to the intensification of ionization processes under increasing the
applied voltage Uapp and, respectively, drastic increase in leakage current lax.

Visible discharge (corona) test. The presence or absence of a visible
corona discharge is an important indicator of the condition of the apparatus’
external insulation. The test is carried out by power frequency voltage using
the same circuit (see Figure 3.7). The insulation is tested in a dry conditions in
blacked out HV laboratory or outdoor at nighttime. The voltage across the test
object is gradually increased smoothly to 110-120% of the visual corona
voltage, and then is decreased to the specified test voltage. The availability of
corona is determined visually or by photographing.

Thermal breakdown test. This test is performed in the cases when
thermal breakdown is possible. For example, when the fibrous organic
insulation is used as the main one. In the test process, the insulation
undergoes applying power frequency test voltage until the steady-state value
of the dielectric loss tangent is established.

Dielectric testing of low-voltage apparatus and controlgear. In
compliance with standards [8, 17, 32, 36, 37] and Specs for certain devices,
the main requirements imposed upon the insulation of electrical and power
electronic apparatus rated 1000 V and lower, as well as control, blocking,
signaling circuits are, firstly, a requirement for its electrical strength and,
secondly, the requirement for its electrical resistance. Hence, the main test
types in this case are testing the electrical strength of the insulation (applied
withstand voltage test) and measuring its resistance.

Withstand voltage test (electrical strength test) is usually conducted in
normal climatic conditions and at the upper value of relative humidity. The
test object must be disconnected from external power networks and load;
input (output) terminals must be connected between them or shunted. When
testing power electronic apparatus (converting devices), the contacts of
switching devices of power circuits must be closed or shunted.
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ne Uy, Upunp — BIATIOBITHO, HOMiHATBHA Ta BUIIPOOYBaIbHA HATIPYTA 1307151~
[IHHOTO IPOMIXKKY.

PesynbTaT BUMipIOBaHb CTPYMIB BHUTOKY TaKOX JO3BOJISIIOTH OL[HUTH
CTYIIiHb 3BOJIO’KEHHSI 130J1s111i1. Y AaHOMY BUIIAJKY BOHA 3IHCHIOETHCS 3HATTSIM
XapakTepucThki Iy, = f(Upp). 3B0NOKEHA 13011111 Ma€ HEMIHIMHY XapaK-
TEPUCTHUKY, III0 TIOB'I3aHO 3 IHTEHCU]IKAIIIEIO 10HI3AIIIHNX MPOIIECIB TPH Be-
TKuX BenmurHaX Uy, 1 BIATIOBIAHO Pi3KUM 30UTBIIEHHSM g

Bunpo0yBanHs Ha HAABHICTHL BUAUMOI KOpoHH. HasBHiCTE a0o Bijx-
CYTHICTb BUJIMOT'O KOPOHHOT'O PO3PSILY € BaXJIMBUM IIOKA3HUKOM CTaHy 30-
BHIITHKOI 13071111 anapaTta. BunpoOyBaHHS IPOBOIATHCS HAIPYTOIO TPOMHU-
CJIOBOI YaCTOTH, BUKOPUCTOBYIOUH aHAIOT1uHY cxeMy (IuB. puc. 3.7). [lepe-
Bipka (BUnpoOyBaHH:) Ha BiICYTHICTh BUANMOI KOPOHH IMPOBOAUTHCS Y CY-
XOMY CTaHI y 3aT€MHEHOMY TOMEIIKaHHI a00 B HIYHWIA Yac Ha BITKPUTHX
wiomaakax. Hanpyra Ha BumpoOyBaHOMY 00'€KTi MiJHIMAIOTh TUIABHO JO
110-120% nanpyru BUAMMOI KOPOHH, a MOTIM 3HHXKYIOTh 10 HOPMOBaHOI
BUTIPOOHOI Hampyru. HassBHICTE KOPOHHOTO pO3psiTy BU3HAYAETHCS Bi3ya-
THHO abo oTorpadyBaHHIM.

BunpoOyBanHs i30.s1ii Ha CTIHKICTH MO0 TEMJIOBOr0 MPOOOIO IPO-
BOJUTHCS B THX BHIAAKAX, KOJIM BiH MOXJMBUil. Hanpuknan, npu BUKOpuUc-
TaHHI B SIKOCTI OCHOBHOi BOJIOKHHICTOi OpraHidHoi i3omsmii. BunpoOyBanas
MPOBOJIUTHCS TIOJIAYEI0 JIO 130JISI11ii HOPMOBAHOI BUTIPOOHOT HATIPYTH TIPOMHU-
CJIOBOI YaCTOTH JI0 CTAJIOTO 3HAYEHHsI TAHI'€HCA KyTa Ai€JIeKTPUUHHUX BTPAT.

BunpoOyBaHHs i30J15111ii HU3bKOBOJIbTHUX ANAPATIB TA eJIeMEHTIB.
Bignosiguao g0 cranmapris [8, 17, 32, 36, 37] Ta TeXHIYHMX YMOB HA KOHK-
PETHI MPUCTPOT, OCHOBHUMHU BUMOTAMH JI0 130JIA1IIT €JICKTPUIHHUX Ta €JICKT-
poHHUX anapaTiB Harpyroto 10 1000 B, a Takox ki kepyBaHHS, OJIOKYBaHb,
CUTHAJI3aIlil €, MMO-TIepie, BUMOTa Moo i1 eNeKTPUYHOI MIIHOCTI Ta, I0-
JIpyTe, BUMOTa MI0J10 i1 eEKTPUIHOTO onopy. OTKe OCHOBHUMH BHJIAMH BHU-
MpoOyBaHb y TAHOMY BHITAJIKY € BUIIPOOYBAHHS €JIEKTPUYHOI MIITHOCTI 130-
TSIIT Ta BUMIpIOBaHHS 11 omopy.

Bunpobysanus enexmpuynoi miynocmi IpOBOIATH, SIK TPABUIIO, Y HOP-
MaJTbHUAX KIIMaTHYHUX YMOBAX Ta MPU BEPXHHOMY 3HAUCHHI BiJHOCHOI BOJIO-
rocti. BunpoOyBaHuii 06’ €KT MOBUHEH OYTH BiJi’ €JHAHUI BiJ] 30BHIIIHIX KH-
BISTYMX MEPEK Ta HABAHTAXKCHHS, BXiJHI (BUXIiJ[HI) BUBOAM TOBHHHI OyTH
3’eHaH] Mixk co0oto abo 3anryHToBaHi. [Ipu BUIIPOOYBaHHSX CHIIOBHX €JIEKT-
POHHUX anapartiB (MEPETBOPIOBAIILHUX MPUCTPOIB), KOHTAKTH KOMYTALliHHHX
arnapartiB CUJIOBUX KiJI IOBUHHI OyTH 3aMKHYTi a00 3alIyHTOBAaHi.

214



The test is mainly carried out with a one-minute 2 kV applied power
frequency voltage. During the tests, the following insulating gaps are
verified: between the current-carrying and grounded parts (mainly the device
casing); between current-carrying conductors of dissimilar circuits; the
insulation between the open contacts of the switching devices of the same
circuit is checked separately. If individual elements of the test object, in
compliance with the standard or Specs, have a lower test voltage, then the
tests are conducted with 1.5 kV test voltage.

It should be noted that in the event of breaking down insulation in testing
process, semiconductor devices could undergo the action of high voltage.
Therefore, to exclude the possibility of their fail, these components must be
disconnected or shunted for a while the testing time. All contacts of the control
systems should be shorted or grounded. The corresponding electrical circuits
must be tested separately relatively the casing with the voltage as per Specs.

The device is considered to have passed the test if the insulation gaps
was no broken-down or overlapped.

Resistance measurements of insulation are carried out at the same
environmental conditions as withstand voltage test. Insulation resistance is
measured between electrically decoupled circuits, as well as between
electrical circuits and the casing. If the circuit component is connected to the
case, it must be disconnected for a while the testing time.

The voltage of the measuring device must correspond to the nominal
(amplitude) voltage of the circuit. The voltage can be higher when needed,
but it should not exceed the test voltage.

The apparatus is considered to have passed the test if the resistance value
measured is equal to or exceeds the standard value.
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BunpoOyBanHs 3#1HCHIOETHCS TIEPEBAKHO OJHOXBUIIMHHOKO NPUKJIIAJE-
HOIO HAIIPyTOI0 MPOMHUCIIOBOI yacToTu 2 KB. IIpn BunpoOyBaHHAX 3/iHCHIO-
€TBHCSI TIEpeBipKa 130JIMii MK CTPYMOBEAYYMMH 1 3a3eMIICHUMH YaCTHHAMU
(mepeBa>kHO KOPITyCOM amapata); MiX CTPYMOBEIyYHMH YacCTHHAMH Pi3HUX
KUJT; OKPEMO TIePEBIPAETHCS 130T MK PO3IMKHYTHMH KOHTaKTaMH KOMY-
TaIifHAX amapariB OJHOTO Kojia. SIKIO OKpeMi eJIeMEHTH BHIIPOOYBaHOTO
00’€KTy BIAMOBIAHO CTaHAAPTY a0 TEXHIYHUX YMOB MAarOTh BUIPOOHY Ha-
MIPYTy HIDKYE, TO BUITPOOYBaHHS MMPOBOIATHCS BUMPOOHOIO Hanpyroro 1,5 kB.

Crig 3a3Ha4uTH, MO y BUMAAKY Tpo0OO0I0 1301111 B Tiporieci BUIIPOOyY-
BaHb HAIiBOPOBIAHUKOBI MPHUJIAIH, a TAKOXK CJIEMEHTH CUCTEM KepyBaHHS
MOXYTh MiJJAATUCH Jil BUCOKOI Hanpyru. OTxe, il YCYHEHHS MOKIIUBOCTI
BUXOJTy iX 3 JIaJy, IIi eJIEMEHTH Ha Yac BUNPOOYyBaHb MOBUHHI OyTH BiKIIO-
yeHi a0o 3alIyHTOBaHi. BCi KOHTaKTH cHCTEM KepyBaHHS MarOTh OyTH 3aKO-
pOUeHI Ta 3a3eMJieHi. BiAMoBigHI eNeKTpuyHi Kojia MaroTh BUMPOOYBATHCh
OKpPEMO BIJHOCHO KOPITyCy HAalpyrolo, 110 BKa3aHa B TEXHIYHUX yMOBAX.

Anapat BBa)KaroTh TaKUM, 1[I0 BUTPUMAaB BUNPOOYBaHHS, SKILIO HE Bia-
Oys10cs mpo0Oor0 a0 MEPEKPHUTTS 130JIALII.

Bumiprosanns onopy 130141111 3MiHCHIOIOTH IIPH 30BHIMIHIX YMOBaX, aHa-
JIOTIYHHUX BUMPOOYBAHHSM 11 eNeKTpHYHOI MiITHOCTI. Omip 13051111 BUMipro-
€TBCSI MIXK EJIEKTPUYHO HE3’ €THAHUMH KOJAaMH, a TAKOXK €JICKTPUYHIUMHU KO-
JIAMH Ta KOPITyCOM. SIKIIO elIeMEHT CXeMHU 3’ €JTHAHUH 3 KOPIYyCOM, TO BiH Ha
yac BUNMPOOYBaHb MOBUHEH OYTH BiJI €THAHUH.

Hamnpyra BUMiproBaabHOTO MpHJIaay MOBUHHA BiJIIOBIIATH HOMIHAJIb-
Hill (aMIUTiITYHIA) Hanpy3i Kona. 3a HeoOXiNHICTIO Hampyra Moxke OyTH
O1JIBII BUCOKOIO, aJI€ HE IIEPEBUILYBATH BULIPOOYBaJIbHY.

AnapaT BBa)KarOTb TaKUM, LII0 BUTPUMAaB BHUIIPOOYBaHHS, SIKIIO BHMi-
psIHE 3HAYEHHSI OTIOpPY JOPIBHIOE a00 MEepEeBUIIye HOPMOBAHE 3HAUCHHS.
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4. SWITCHING TESTS OF ELECTRICAL APPARATUS

This type of testing is typical for switching devices, such as circuit-
breakers and fuses for high and low voltage applications, contactors,
magnetic starters, control relays, load-break switches etc. The main
purpose of the tests is to verify the so-called switching ability of the device.

Switching ability is an integral concept defining the property (ability) of
switching device to ensure a certain number of switching (make, break, and
cycle) operations in a power circuit at the given its parameters. The switching
ability includes a number of individual (more specific) concepts (properties)
defined by the purpose of the device and its operating conditions.

Firstly, there is the notion breaking (making) capacity, which is
defined by the maximal value of the current that the device is able to break
(to make). This concept is usually applied to characterize switching devices
that perform protection functions, that is, executing breaking (making) the
power circuit in the event of fault, namely, overload or short-circuit.

Secondly, there is also the notion switching wear-resistance
(electrical life) that defines the permissible number of switching operations
of the load current for specified parameters of the circuit to be switched.
For switching devices designed for frequent switching operations, the
electrical life is also determined for specified switching frequency. The
concept of electrical life is most often applied to characterize switching
devices that perform the functions of switching the load currents, i.e. make
and break operations in normal circumstances.

There are also other concepts in respect to the switching capability of
switching devices. Therefore, switching tests of electrical devices are very
diverse; the purpose of the device and, accordingly, the features of its op-
erating duty in executing make-break operations determine their content.
The initial stage of conducting switching tests is the determination of the
parameters of the test circuit and its adjustment.
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4. KOMYTAIINHI BATTPOBYBAHHS
EJIEKTPUYHUX AITAPATIB

Janwit Bug BUIpoOyBaHb € XapaKTepHIM JIJIsl KOMYTaIlifHIX anaparis:
KOHTaKTOPiB, MAarHITHUX ITyCKayiB, peie, BAMHKAYiB BUCOKOI 1 HU3bKOI Ha-
Npyry, 3a001KHNKIB, BUMUKaUiB HABAHTAXKEHHS, po3'eAHyBayiB i T.1m. Oc-
HOBHOIO METOIO BUTIPOOYBAHB € MepeBipKa IX KOMYTAIIifHOT CIIPOMOYKHOCTI.

Komymayiiina cnpomodicnicms — 11 KOMIUIEKCHE ITOHSATTS, SIKE€ BU3HA-
Yae BIACTUBICTH (CIIPOMOJKHICTB) araparta 3a0e3MeunT BUKOHAHHS 331aHOT
KUTPKOCTI KOMYTalliiHAUX orieparliii (yBIMKHEHb, BUMKHEHb, KOMYTalliHHIX
[UKITIB) TIPH 3a[aHUX TapameTpax Koia, Mo KoMyTyeThcs. Komyrarriitaa
CTIIPOMOKHICTD BKJIFOUA€ y ceOe psii okpeMuX (OLIbII KOHKPETHHUX ) TIOHATh
(BmacTuBOCTEH), SIKi BU3HAYAIOTHCS PEKUMOM EKCIUTyaTallii arnaparta.

[lo-mepmie, icHye TOHSTTS GUMUKANLHA (6MUKATbHA) CHPOMOINC-
Hicmb, K€ BU3HAYAETHCS MAKCUMAJIBHUM 3HAYEHHSM CTPYMY, IKHH Aa-
HUI amapaT CIIPOMOXKHUH BUMKHYTH (YBIMKHYTH). Lle MOHSTTS BUKOPH-
CTOBY€ETHCS YACTIII YCHOTO ISl XapaKTePUCTUKH araparis, sSKi 31HCHIO-
10Th (QYHKIIT 3aXUCTy, TOOTO amapariB, MO 3a0€3MevYyl0Th BUMHUKAHHSI
(YBIMKHEHHS) €EKTPHYHOTO KOJia MPH BUHUKHEHHI YIIKOIKEHB: Tepe-
BaHTa)XEHHS a00 KOPOTKOTO 3aMHUKaHHS.

[o-npyre, icHye TakoX MOHATTS KOMYMAyitHa 3HOCOCMIUKICMb, SIKE
BU3HAYA€ JIOMYCTHMY KUIBKICTh KOMYTAIlill CTpyMy HaBaHTa)KEHHS TIPH 3a-
JIAHUX TapameTpax KoJia, o KOMYTYeThes. Jliist anapaTiB, siki Mpu3HavdeHi
JUISL YaCTHX KOMYTallili KOMyTaliifHa 3HOCOCTIMKICTh BU3HAYAETHCS TAKOXK
npu 33/1aHiii yacToTi KoMmyTarii. [ToHSITTS KOMyTamiiHOT 3HOCOCTIMKOCTI
BU3HAYAETHCS YACTIlll 32 yce JUIsl XapaKTEPUCTUKH arapaTiB, siKi 3iHCHIO-
10Th (QYHKIIIT KOMYTAaIlil CTPyMy HaBaHTa)KE€HHsI, TOOTO BMUKaHHS Ta BUMH-
KaHHS eJIEKTPUIHOTO KOJIa Y HOPMaJIbHOMY EKCILTyaTalliiHOMY PEKUMI.

IcHY!IOTH TaKOXX IHII MOHATTS LIOJ0 KOMYTAIIKHHOI CIIPOMOXKHOCTI
anapartiB. OTxe, KOMyTalliliHi BUIIPOOYBaHHS €JICKTPUYHHUX anapaTiB Be-
JBMH PI3HOMaHITHI; iX 3MICT BM3HAYa€ThCSl MPHU3HAYCHHSIM amapara Ta,
BIJIIOBIIHO, OCOOJIMBOCTSMHU HOT0 €KCIUTyaTalliiHOrO PEKUMY 00 BH-
KOHaHHS KOMyTalliiHUX orepaiiiii. [TouaTkoBUM eTaroM MmpoBeIeHHs KO-
MYTallifHUX BUIPOOYBaHb € BU3HAYCHHS MapaMeTpiB BUIIPOOHOTO KOH-
Typy Ta HOro HaJlalITyBaHHS.
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4.1 Adjustment of the Test Circuit

The test circuit is the most important component of the test setup for per-
forming switching tests. It is an artificially constructed electrical circuit,
which, during the tests, must provide the required parameters of the current
being switched, at a given power voltage, namely:

- rms (amplitude) value of the current;

- electromagnetic time-constant or electrical power factor;

- specified parameters of transient recovery voltage (TRV).

To perform switching tests in short circuit conditions, the test circuit
must also to ensure:

- the peak value of the short-circuit current;

- specified value of DC (aperiodic) component;

The simplest variant of the test circuit to perform switching tests is
shown in Figure 4.1.

R It contains the following basic
— components: reactor (inductive reactance) L;

resistor (pure resistance) R. Their values ensure
¢ }_|:0|_ required magnitude of the current being
switched, as well as electromagnetic time-
constant (electrical power factor) of the test
circuit. In transient condition when AC circuit
Figure 4.1 — Circuit diagram s interrupted, these values ensure the decay
of single-phase test circuit— g410r of the DC (aperiodic) current as well.
The test circuit also contains shunting elements: C is the capacitance; Rs, and
ro are the resistors that ensure specified parameters of transient recovery
voltage: frequency fo, peak factor x,, and the rate of rise. When testing low
voltage devices, they are pre-calculated using the following formulas [17]:
0,4- (42 +m?)-fo L 1,4

Rsn m ; C=4-(7T2+m2)-f0-L'

—0

1
k-1
The process of a test circuit adjustment is to determine and
experimentally verify its parameters in respect to current to be switched
and recovery voltage.

nem=2-In
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4.1 HanamryBaHHs BUIPOOHOT0 KOHTYPY

Bunpobruii konmyp € HaWOIIBII BaXKJIUBUM EJIEMEHTOM BUTIIPOOHOT
YCTAHOBKM [ TPOBEACHHS KOMYTaliiHUX BUNpPOOYBaHb. BumpoOHmit
KOHTYp 1€ IITYYHO CTBOPEHE €NEKTPUYHE KOJIO, IKE B MPOLECi BUIIPOOY-
BaHb TIOBMHHO 3a0€3MEYHTH 3aaHi MapaMEeTPH CTPYMY, 110 KOMYTY€EThCS
NIpY 3a/1aHiil Hanpy3i )KUBJICHHS, a caMe:

- mifo4e (aMIDTITYAHE) 3HAYEHHS CTPYMY;

- eNIEKTPOMATHITHY MTOCTIHHY Yacy (K0oe(]ii€HT MOTYXHOCTI).

- HOPMOBaHI TapaMeTpy TTOHOBIIIOBAHO1 HAIIPYTH.

Jia mpoBeeHHA KOMYTAIlifHIX BUIPOOYBaHb B PEXXKAMI KOPOTKOTO
3aMHKaHHs HeOOXiTHO 32a0€3MMeYNTH TaKOXK:

- yapHe 3HaueHHS CTPYMY K.3.

- HOPMOBaHE 3HAYCHHS arlepioIMIHOT CKIIaIOBOI CTPYMY K.3.

Tunosa enekTpuyHa cxeMa OAHO(A3HOTO BHUIIPOOHOTO KOHTYPY IS
MPOBEICHHS KOMYTaliiHIX BUIIPOOYBaHb HajaHa Ha puc. 4.1.

Ry, Cxema micTuTh peaktop L Ta pesucrop R,
1 SIKi 320€31eUyI0Th 33/1aHy BEITMYHUHY KOMYTOBa-

C o HOTO CTPyMy, a TaKOX E€JIEKTPOMArHiTHy IHOC-
TiliHY 4Yacy (KOoe]ili€eHT MOTYXHOCTi) BHIIPOO-

L R _, HOrO KOHTYpY. VY nepexiTHOMY peXuMI IIpU BU-

MUKaHHI KOJIa 3MiHHOTO CTPYMY I1i BETMYIHMHH 3a-

Pucynox 4.1 — Enextpu- 6 . .
aHa cxeMa OHOGA3HOTO €3MeUyI0Th TAKOXK IIBHUJIKICTh 3aracaHHs arepi-
BHIIPOGHOTO KOHTYPY OJTUYHOI CKJIAJIOBOI CTpyMy. BUnpoOHuii KOHTYp
TaK0X MICTHTh HIYHTYBaNbHi enieMeHTH: C — eM-
HIiCTb; Ry 1 1y — pe3ucTopu, 1o 3a0e3neuyroTh 3aj1aHi mapaMeTpy MOHOBIIIO-
BaHO1 HampyrH: 4actoty fo, koedirient aMrutiTyan K, a TaKOXK MIBHAKICTH
3pocranHs. [Ipu BupoOyBaHHSAX anmapaTiB HU3bKOI HANPYTH iX BEITMYUHH

HOTEPETHBO PO3PAXOBYIOTHCS 38 HACTYITHUMHE (Gopmyiamu [17]:
0,4 (4?2 +m?) - fy-L 1,4

Ru m C=4-(n2+m2)-f0-L'

1
k,—1

[Iponec HanamTyBaHHsS BUIPOOHOTO KOHTYPY MOJATAE Y TOMY, 100
BU3HAYUTH Ta €KCIIEPUMEHTAILHO MIEPEBIPUTH HOTO MTapaMeTPH MO0 KO-
MYTOBaHOI'O CTPyMY Ta IOHOBJIIOBaHO1 HAIIPYTH.

nem=2-In
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Adjustment of the parameters of switched current. As already
noted, the main elements that determine the switched current parameters
are the reactor L and the resistor R. If the reactor L has not ferrous core, its
inductance is measured with the so-called inductance bridge known also as
Anderson or Maxwell Bridge. However, for the purpose to reduce overall
dimensions of test setups, extensive application have iron-cored reactors.
The presence of the ferrous core introduces substantial dependence
between its inductance and carried current. That is why the test circuit is
mainly adjusted under near-testing conditions.

If the test is performed under near-rated conditions, the test circuit
inductance is usually measured using ammeter-voltmeter method combined
by connection of wattmeter or phasemeter with application of relevant
transducers, when it is necessary. The accuracy of the measurements in this
case is defined by certainty of instruments and transducers, as well as their
power consumption. Pure resistance of the test circuit in this case is usually
measured by ammeter-voltmeter method under DC current.

When the tests are carried out in

Nd the short-circuit conditions, the basic
method to measure the test circuit

|- parameters (inductance,
L L electromagnetic time constant, DC

| TZ? component and its decay rate) is

/ recording the transient current. When

0 L the test circuit is energized by DC

power supply Ue, the transient current
trace follows to the exponential curve
as shown in Figure 4.2:

Figure 4.2 — Determining the test cir-
cuit inductance at DC current

i= %(1 - e‘%). (4.1)

The value of steady state current I and electromagnetic time-
constant for the circuit T are measured directly from the transient current
trace. The test circuit parameters are determined according to the
following expressions:

Ue
L=T-R, R=-=S. (4.2)
Is
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HanamryBaHHs mapamMeTpiB KOMYTOBAHOTO cTpyMy. Sk 3a3Haya-
JIOCh, OCHOBHHUMH €JIEMEHTaMH, 110 BU3HAYAIOTh NapaMeTpd KOMYTOBa-
HOTO cTpyMYy € peaktop L ta pesucrop R. Skmio peakrop He Mae pepoma-
THITHOTO CepACYHHKA, TO BUMIipIOBaHHS HOTO 1HAYKTHBHOCTI POBOASATH
BUMIPIOBANLHUMU Mocmamy 3MiHHo20 cmpymy. 1IpoTe, 3 MeTO 3MeH-
[IIeHHS Ta0apyTiB BUIPOOHNX YCTAHOBOK YACTillle BHKOPHCTOBYIOTHCS pe-
aKkTOpH 3 (pepoOMarHiTHUMH CepACYHUKAMH, HAsIBHICTh SIKOTO BHOCHTH iC-
TOTHY 3aJIe)KHICTh HOTO 1HIYKTUBHOCTI BiJl CTpyMYy, IO TPOTIKA€E B peak-
topi. ToMy HacTporoBaHHS BHUTIPOOHOTO KOHTYpY 3a 3BUYA€M 3IiHCHIO-
€THCS B pEXKUMaX, ONMM3BbKHUX 10 BUPOOHUX.

SAxmro BUTIpoOyBaHHS MPOBOISTECS 8 pecumax, OIuzbKux 00 HoMi-
HAIbHO20, TO THIYKTUBHICTH 32 3BUYa€M BHU3HAYAETHCS METOAOM CIIijb-
HOTO BKJIFOUYCHHS aMIIepMeTpa, BOJbTMETpa 1 BaTMeTpa (paszomerpa) 3
BUKOPUCTAaHHSIM BiATOBIHUX BUMIipIOBAILHUX IIEPETBOPIOBAUIB, SKIIO
e HeoOXigHo. ToYHICTh BUMIpIB y TaHOMY BHUMAJIKy BU3HAYAETHCS TOY-
HICTIO BUMIipPIOBIbHHX TPUIAMIIB i BUMiIPIOBAIBHHUX TIEPETBOPIOBAYIB, a
TaKOX MOTYXKHICTIO, III0 HUMHU CTIIOXKUBA€ETHCA. AKTUBHUH OIIip BHIPOO-
HOT'O KOHTYPY BUMIPIOETHCS 32 3BUUAEM METOJIOM aMIlepMeTpa-BOIbTME-
Tpa IpHU MOCTIHHOMY CTpyMi
Skmo sk BHUMPOOYBaHHS TPOBO-
—————————————————————————————— JSTBCSL Y pedcumi K.3., OCHOBHUM METO-

JIOM BUMIPIOBAHHS TTApaMeTPiB BUPOO-

%ICT ————— HOTO KOHTYpPY (IHIYKTHBHOCTI, €NeKT-

L POMarHiTHOI TOCTIHHOI Yacy, BMICTY

R anepioMYHOI CKIII0BOT i IBUAKOCTI 11

3aracaHHs) € ocriorpadyBaHHs niepe-

0 xigHoro ctpymy. Ocuunorpama nepexi-

JTHOTO CTPYMY TIPH i IKITFOYESHHI BUTIPO-

OHOrO KOHTYpY JIO JDKEpelia MOCTIHHOT

Harpyru U¢ Hajiana Ha puc. 4.2, sika Bi-
JITOBIIa€ eKCIIOHEHIIIATbHOMY 3aKOHY:

i= %(1 - e_%). (4.1)

3 ocriorpamu, 3100yTOi €KCIIEPUMEHTATLHO, BHU3HAYAIOTHCS CTajle
3HaYEHHsI CTpyMY lcr 1 enexkTpomarHiTHa noctiiiHa wacy 7. Ilapamerpu Bu-
MPOOHOT0 KOHTYPY BU3HAYAOTHCS Y BIMIOBIIHOCTI 3 HACTYIIHUMU BUPa3aMHU:

Pucynox 4.2 — BuzHaueHHs
IHIYKTUBHOCTI BUIPOOHOTO KOHTYPY
MIPH TOCTIHHOMY CTpYMi

Ue
L=T-R; R=-S. (4.2)
ICT
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The frequent enough case is testing of high-speed switching devices
with obvious limiting of the short-circuit current. In this case, the short-
circuit current is interrupted significantly earlier than it reaches a steady-
state value. In such cases, for the current time-changing according to
equation (4.1), the inductance is determined from the following expression:

U
().,

where (Z—i) is the rate of rise of the current at zero-time moment, which
t=0

, (4.3)

is found graphically by a slope of the current curve at zero-time moment.

The pure resistance can be determined from equation (4.1) or by
ammeter-voltmeter method.

When the tests are performed under AC current, the test circuit
parameters are found also from transient current trace, but in this case, it is
measured under AC voltage. Typical trace of transient current in the test
circuit energized by ac power supply is shown in Figure 4.3.

The test circuit inductance is
found from the DC component of the
short-circuit current expressed by the

~ g
- following equation:
R
i, = Lge . (4.4)
, - From this expression, the

\\ /

1 A e = S
I \/ U \J inductance of the test circuit can be
u[[ ,/ "

o /

i

1]
Ia()
Y

found as follows:

M th
Figure 4.3 — Determining the test cir- L= T (4.5)
cuit inductance at AC current In ILO
atq

where I, and I,;, are the values of the DC component at corresponding

time instants derived from the short-circuit current trace (see Figure 4.3).
The pure resistance of the test circuit R can be measured under direct
current (ammeter-voltmeter method, bridge method etc.).
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VY pexuMi K.3. JOCHTh 4acTO BHIIPOOYIOTBCS amapaTH 3 BUPAKCHUM
eeKTOM CcTpyMOOOMeKeHHs (IIBUAKOAIIOY] 3amo0iKHUKMA 1 BUMHUKAYi).
[Ipu mpOoMy CTpPyM K.3. TIEPEPUBAETHCA PaHilI, HIK BiH JTOCSTAE CTAJIOTO
3HAYeHHs. Y TaKUX BUIMAJAKAX IS CTPYMY, IO 3MiHIOETHCS BIAMIOBIAHO 0
piBHsHHSA (4.1), IHAYKTHBHICTh BU3HAYAETHCS 32 HACTYITHUM BUPA30M:

L= Ue 4.3
- (dT; ( . )
dt/¢=o
e (Z—i) 0 MIBUIKICTH 3POCTaHHS CTPyMy y IOYaTKOBHA MOMEHT
.

yacy, sika BU3HAYAETHCS rpadivyHo Mo JOTUYHIN MPOBEACHIH 3 MOYaTKO-
BOT'O MOMEHTY 4acy.

AKTHBHUH Omip KOHTYpY MOxe OyTH BH3HadeHWi 3 piBHAHHS (4.1)
ab0 MEeTOZ0M aMIlepMeTpa-BOIbTMETPA.

Skio BUpoOyBaHHS 3MIHCHIOOTHCS NpU 3MIHHOMY CHpYyMi, TapaMeTpu
BUIIPOOHOTO KOHTYPY TaKO>K BU3HAYAIOTHCA 32 OCLIMJIOTPaMOI0 CTPyMy K.3.,
aJie Py JKUBJICHHI BiJl JpKEpelia 3MIHHOTO CTPyMY, sIKa HaJlaHa Ha puc. 4.3.

[HOYKTUBHICTE BUIPOOHOTO KOH-
Typy BHU3HAUAETHCS 3a ANEPiOAWYHOIO
CKJIaJIOBOIO CTPYMY K.3., IKa BiJIIIOBiJIa€
HACTYIHOMY PiBHSHHIO:

i

I al) . —Et
i, =lpe L. (4.9)
; OTxe, iHAYKTUBHICTH BUIPOOHOTO
Sl KOHTYpY Oy/le BU3HAYaTHUCh 3a HACTYII-
HUM BHPa30M:
Pucynok 4.3 — Bu3HaueHHs iHAyKTH- I = t1R (4 5)
BHOCTI BUIIPOGHOTO KOHTYPY IIpH 1 Lo’ )
3MIHHOMY CTpYyMi I at,

ne Iyp, Iy, — BETIMYUHY anEpiOAMYHOI CKIIA/I0BOI Y BiINOBIAHAN MOMEHT
yacy, sIKi BU3BHAYAIThCS 3 OCIIUJIOTPAMU CTPYMY K.3. (JTUB. puc. 4.3).

AKTHUBHHI O1ip KOHTYPY R y IbOMY BHIaJKy MOXe OyTH BU3HaUe-
HUW HUIIXOM 0€3M0CEPEeHHOr0 BUMIPY Ha MOCTIHHOMY CTpyMi (MeTO-
JIOM aMIlepMeTpa-BOJIbTMETPa, MOCTOBUN METOA 1 T.1.).
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Adjustment of TRV parameters. The transient recovery voltage
(TRV) is one of the important component characterizing the electric power
circuit to be interrupted and essentially affects the circuit interruption
process. As already noted, of practical importance is the so-called system
or inherent TRV determined without taking into account the properties of
the switching device, when the circuit is interrupted with the so-called
ideal switch. The ideal switch opens at a current-zero crossing; its
resistance is zero prior to current-zero crossing, and is infinite at once after
current-zero. Actually, the ideal switch cannot be constructed. However,
the properties of the switching device used for adjustment of TRV
parameters of the test circuit must be in most degree closed to the
properties of ideal switch. It is sufficiently difficult problem.

In the past, the parameters of TRV were specified with its average rate
of rise and peak value. Currently, the TRV parameters for medium and
high voltage devices are specified with the so-called normalized limiting
curves also known as reference lines, as well as delay lines. Figure 4.4a
shows a reference line, which is determined by two parameters and is
specified for switching devices rated from 6 to 35 kV. Figure 4.4b shows
a reference line 1, which is determined by four parameters and is specified
for switching devices rated of 110 kV and above [28, 33].

a) b)
u u
vl Ui ‘
T o,
| | 1
Uty v
/NZ L fa=R I
O O 1

Figure 4.4 — Reference lines determined by two (a) and four (b) parameters

The TRV curve complies with the norm, if it lies below the limiting
curve 1 and only once crosses the delay line 2. In order to provide a margin
while testing medium and high voltage switching devices, the TRV curve
is generated a little above the normalized curve.

For low voltage switching devices the TRV parameters are
predetermined by a free frequency fo and peak factor x, evaluated by the
empirical formulas [17]:
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HanamryBanus napamerpiB IIIIH. [lepexiona nomosnosana wua-
npyea (IIITH) € ogHuM 13 HAHBAKIMBIIINX CKJIAJ0OBHX, 10 BU3HAYAE BIIac-
THUBOCTI €JIEKTPHYHOTO KOJIA 1 ICTOTHO BIDIMBAE HA IPOIIEC OT0 BUMHUKAHHSL.
Sk 3a3Hauanocs, NpakTUUHUIA IHTEpeC CTAaHOBUTH T.3. 81acHa I111H, sika BU-
3HAYAETHCs O€3 ypaxyBaHHs BIIACTUBOCTEW KOMYTALIHHOTO anapary, T00To
BUXOJSIYM 3 TOTO, 1[0 KOJIO BUMHKAETHCS T.3. i0eanbHum gumurxaiem. Yloro
KOHTaKTH PO3MHKAIOTHCS Y MOMEHT IIEpEXO0Jly CTpyMYy Uepe3 HyJIbOBE 3Ha-
YeHHs1, HOTo OIIip Iepes HyJIbOBUM 3HAUCHHSAM CTPYMY AOPIBHIOE HYIIO, a
BiZ[pa3y MiCist HYIISl CTPyMY — O€3KiHEUHOCTI. 3BUYAITHO, 1110 «i1eanbHuil BH-
MHKa4Y» HEe MOKe OyTH CTBOPEHHH B pealbHOCTI, IPOTE BIACTUBOCTI BUMH-
Kadga, IO 3aCTOCOBYETHCS I HajamTyBaHHs mapametpiB [IBH BunpoOy-
BAJILHOTO KOHTYPY, MMOBUHHI OyTH MaKCUMAJILHO OJM3bKUMHU JIO BIACTUBO-
CTeil 11eabHOro, 10 € JOCUTH CePHO3HOI0 IIPOOIEMOIO.

Y muHynomy, B sikocTi HopMmoBanux napameTpis [1ITH BukopuctoBy-
BaJIMCsI CEPEIHsI IIBUKICTh 3pOCTaHHs 1 mikoBe 3HaueHHs [IBH. ¥V HuHi-
mHii gac mapametpu [IITH ans amapaTiB BHCOKOI HAIpyTH peryiaMeHTy-
IOTBCSI HOPMOBAHUMU OOGIOHUMU KPUBUMU, A TAKOK JIHIAMU 3ANI3HEHHS.
Ha puc. puc. 4.4a nagana o0OBifHa KpHuBa 1, sika BU3HAYAETHCS ABOMA T1a-
pamMeTpamMu 1 BUKOPHUCTOBYETHCS TSI allapaTiB 3 HOMiHAJIHHOI HAIIPYTOI0
Bix 6 0 35 kB. Ha puc. puc. 4.46 Hanana oOBiiHA KpuBa 1, sika BU3HAYA-
€THCSI HOTUPMA MTapaMeTPaMu i BAKOPUCTOBYETHCS AJIs anapaTiB 3 HOMiHa-
apHOO Harpyroto 110 kB i Burie [28, 33].

a) 0)
u U
Ul oo ‘
i Ui !
, 3 , 1
vy Uthl
[ ffi2
O Ot 1

Pucynok 4.4 —Hopmogani 06BiaHi kpusi [1ITH, 1o Bu3HayaoThCs
nBoMa (a) Ta Yotrpma (0) mapamerpamu

Kpusa IIITH Oyae BiamoBimatu HOpMI, SIKIIO BOHA HE BUXOAMTD 3a
MeXi OOBIHOI KPUBOI, 1 JIMIIE OJUH pa3 NEPETHHAE JIIHIIO 3aMi3HIo-
BaHHA 2 . OgHaK, NpU BUIIPOOYBaHHIX 3 METOIO 3a0e3MeueHHs 3amnacy,
crBoproerbes Kpusa [1ITH, 1o e aekiiibka BHIlle 00BIIHOT KPUBOI.

Jiist KoMyTaniiHUX anapariB HU3bKOT HANPYTH MEepeXiiHa TTOHOBIIO-
BaHA HAMpPYyTa 3a/1a€ThCs BIACHOK YacTOTOHO fo 1 KoedillieHTOM aMITTi Ty Td
Ka, IKI BA3HAYAIOTHCS 110 eMITipuIHuX Gopmysnax [17]:
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fo=A13U;%% + 10 kT, (4.6)
ky =B+ C-exp(—0,016-A-12U;*®) £ 0,05 (4.7)

where o is the value of the current to be interrupted; Uo is the power
frequency recovery voltage; A, B, C are the constants: A = 2600; B = 1,15;
C = 0,5 ( for “heavy” switching conditions); A =2000; B=1,1; C=0,4
(for “soft” switching conditions).

There are a number of measuring techniques to determine the TRV
parameters. The most extensive application has received two methods.
The first one is insertion of rectifier into a line realized by the circuit
shown in Figure 4.5.

=U Ignitron | (its semiconductor
analog is a thyristor) is connected
across line break S. It, by the
properties, are most close to ideal
switch. Ignition of the ignitron is
carried out by thyratron 7. At the
end of the conductive half-cycle
the ignitron cuts off and the power
voltage recoveries across it. The
process is periodically repetitive
and if oscillograph is auto-
triggered, the recovery voltage
Figure 4.5 — Circuit for experimental de-  trace is steady displayed on the
termining TRV parameters screen.

The application of semiconductor devices (diodes, thyristors) in this
case is extremely undesirable, because these devices have insufficiently
high resistance and very high capacitance in reverse direction that leads to
considerable distortion the TRV curve.

The main advantages of this method is simple realization, and the fact
that it does not require de-energize the circuit, i.e., practically does not fail
normal operation of the electrical system. The main its disadvantage is the
use of this method at HV is impossible, however it has extensive
application in low-voltage test setups.

3-phase test circuit
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fo=A"13U;%% + 10 kT, (4.6)
ky=B+C-exp(—0,016-A-12U;*®%) £ 0,05 (4.7

1e lo— BenmmunHa cTpyMy, 10 BUMHKA€EThCST; Up — IMOHOBTIOBaHA HATIPYTa IIPO-
MHCJI0BOI yacTotu; Koedimientu: A = 2600; B = 1,15; C = 0,5 (w1 "»xopct-
kux" ymoB komyTaitii); A = 2000; B = 1,1; C= 0,4 (uis1 "M'skux" yMOB).

Icnye aexinbka coco0iB eKCIIepUMEHTANBHOTO BU3HAUEHHS MTapame-
tpiB [1ITH. Hait6inem mmpoke BukopucTaHHs HaOymu aBa metoaw. llep-
M METO TIOJISITae Y TAKIIOYeHHI BUMIPSMIISTIA B PO3PHB ONHIET 3 (a3,
KU peanizyeThCcsl CXeMOI0, 10 HaJlaHa Ha puc. 4.5.

=U Y po3puB ojHiei 3 a3 S

BKJIFOYA€ETHCA ITHITPOH / (HOTO
HAIiBIPOBITHUKOBUM aHAIIO-
TOM € TUPUCTOP), SIKUH 3a CBO-
iMM BIIACTHBOCTSIMH OJU3bKUI
[0 ifeabHOTO BUMUKayva. Jliis
HOTO MinatoBaHHs BUKOPHUC-
TOByeTbest TupatpoH 7. Ha-
MIPUKIHII HAaMiBIEPioAy Mpo-
I BITHOCTi ITHITPOH 3aMHKa-
€ThCSA 1 HA HHOMY TIOHOBJIIO-
€ThbCs Hampyra jxkepena. [Ipo-
LeC NepioAWYHO MOBTOPIO-
€THCSI, 1 P BIJIMOBITHOMY Ha-
JAMITYBaHHI, HA €KpaHi OCIHU-
norpada YTBOPIOETHCS CTiiKe
300pakeHHs KpHUBOi TOHOBIIOBAHOI HAMIPYTH.

BukopucTaHHsT HaMiBIPOBITHUKOBUX MPHIAiB (Ji0iB, THPHCTOPIB)
y IaHOMY BHIIQIKy BKpail HeOaskaHO, OCKIJIBKH 1X MaJIUii Omip y 3aepToMy
CTaHi Ta JOCTaTHHO BEJIMKA EMHICTh 3HAYHO CHIOTBOPIOIOTH KprBy [1ITH.

OCHOBHUMM TIepeBaraMu JJAaHOTO METOJIY € MPOCTOTA y peaizaiii,
a TaKOX Te, 1[0 HEe BUMAarae 3HeCTPyMIIGHHS KoJja, TOOTO MPaKTHYHO HE
MOPYIIyE YMOB HOpMaJibHOT po0OTH eneKkTpuuHoi cucteMu. OCHOBHUM
HOTO HEeJOJIIKOM € HEMOXKJIMBICTh BUKOPUCTAHHS IIPH BUCOKUX HAIpy-
rax, ajie y BUIPOOHUX YCTAaHOBKax HU3bKOI HamNpyTH 1ei Metoa HaOyB
IIMPOKOTO BUKOPHUCTAHHS.

Ha PII

3-(ha3Huit BUIPOOHHH KOHTYD

Pucynok 4.5 — Cxema eKCriepuMeHTAILHOTO
BU3Ha4eHHs napametpis [TITH

228



TRV parameters of the test circuits designed to test high-voltage
switching devices are measured by another method named half-waved cur-
rent injection. In this case, the test circuit is separated from the power
source and is shorted out as shown Figure 4.6.

Unipolar half-waves of current

| three-phase | With an amplitude of at least 1 A are
I testcircuit | injected into the test circuit from the
-—/——{ JI high-frequency source HF. At the half-
_________ wave end the voltage recovery occurs.
Recovery voltage trace is displayed by
URadd VD cathode-ray oscillograph N. The
/N N operational frequency f of the source is
HF chosen according to the magnitude of
the current being interrupted lo:
'@ at lp <1000 A, f =2 kHz;
Figure 4.6 — Circuit to determine at lp > 1000 A, f =4 kHz;

TRV parameters in HV systems  put it should not exceed 10 % of TRV
natural frequency fo. As the rectifier
VD, kenotron is recommended for application.

The principal drawback of this method is that measurements are taken
under low current conditions. Under short-circuit conditions, the TRV pa-
rameters can be somewhat distinctive due to eddy currents, change in the
permeability, the proximity effect, and other factors. To mitigate the noted
drawback, the TRV parameters are measured under the condition the de-
rivatives of the currents at zero moment are the same:

Iy fo=1o" fo, (4.8)
where Iy, f; is, respectively, the current to be interrupted and its frequency
at which the apparatus is tested; I}, f, is, respectively, the current and op-
erational frequency, at which the test circuit is adjusted.

It should be noted that there exist some other techniques for the exper-
imental determination of the TRV parameters [44].

4.2 Power Supply Sources for Test Setups

Conducting switching tests of high- and low-voltage switching
devices, in particular the ultimate switching capacity tests, necessitates
generation of short-circuit currents at rated voltage. Such tests are
performed in specially equipped high power (HP) laboratories.
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[Ipu HacTpoOrOBaHHI KOMWBANBHUX KOHTYDIB AJISI KOMYTalliHHUX BH-
MpoOyBaHb BHCOKOBOJBTHUX BUMHUKAYiB BHKOPHCTOBYEThCS IHIIAIA Me-
TOA. Y 1aHOMY BHIIAJKy BUIPOOHHH KOHTYD BiZOKPEMIIOETCS Bifl JUKe-
pera )KUBIICHHS 1 3aKOpOUy€eThes, pHC. 4.6.

——————————— Bin mxepena Bucokoi yactoru (y Aa-
— |

| 3-pasamii | HOMY BHIAIKY 3BYKOBOIO TIeHepaTopa

—|| unpo6uuit xoutyp | 317) B KOHTYp HOCHIIAIOTHCS OJIHOMOJISA-

L L I pHI TIiBXBWJII CTPyMy aMILTITYyJOI0 He

menmie 1 A. Hampukinni miBXBuii BigoOy-

BA€THCS TIOHOBJICHHS HAIIPYTH 3 BIIACHOIO

D Rn VD 94acTOTOI0 KOHTYpY fo 1 XapakTepHUM Juist

/ N HBOTO KOE(iIlIEHTOM aMIUTITYU K,. Ller

3r niporiec (iKCyeThCs Ha SIEKTPOHHO-ITPO-

@ MeHeBomy ociiorpagi N. Poboga wac-

TOTa JKepena BUOUPAETHCS B 3aJIEKHO-
PI/IcyHO.K 4.6 — CxeMa BU3HAYEHHS I1a- CTi Bi,I[ BEJIMYMHH CTPYMy, IO BHMHKA-
paverpis ITITH ZT‘ZPI\I;‘;KOBO“LTHHX " ervest: ipu lo < 1000 A f = 2 x['w; npu

lo > 1000 A f = 4 kI', ane He MOBHHHA
nepeuiyBatu 10% Bix BracHoi yactotu fo. ¥V sikocti Bunpsimisiua VD pe-
KOMEH/Ty€ThCSl BUKOPHCTOBYBAaTH KEHOTPOH.

OCHOBHUM HEAOIIKOM PO3IJISIHYTOTO METOAY € T€, 110 BUMiPIOBAHHS
3IHCHIOIOTHCS HE B PEXKUMI K.3., [IPH SKOMY Yepe3 BUXPOBi CTPYMH, 3Mi-
HEHHS MarHiTHOT npOHHKHOCTi edexty 0m3bkocti mapamerpu [IITH mo-
KyTb OyTH JieKibka iHIMMA. JUisi 9aCTKOBOTO yCYHEHHs 3a3HAYCHOTO
Henoniky BuzHadeHHs napametpis [1ITH 3ailicHIO€TECS TpH TOTpUMaHH1
HACTYITHOI YMOBH:

10'f0=1(’)'f0’ (4.8)
e IO, fo — BIATOBITHO CTPYM, 110 BUMHUKaEThCs, 1 wactoTa [1ITH B pearns-

Hux ymoBax; |, f — BimnmoBimHO cTpyM, 110 BUMHKA€THCS, 1 YyacToTa
y B 0 0 Y ’ ]

[ITH B yMmOBax BUMiprOBaHHSI.
Cripg Bij3HAYHUTH, 110 iICHYOTh TAKOX i1HIII METOJN €KCIIEPUMEHTab-
Horo BusHaueHHs [1ITH [44].

4.2 Jl:xepeiia KUBJIeHHSI BATIPOOHUX YCTAHOBOK

KomyTamiiini BunipoOyBaHHs anapatiB BUCOKOI Ta HU3bKOI HANPYTH,
30KpeMa BUTIPOOyBaHHS HA TPaHHYHY KOMYTaIliiHY 3/1aTHICTh, OB's3aHi 3
HEOOXiZHICTIO CTBOPIOBATH CTPYMH K.3. IIpU HOMiHaJIBHIM Hanpysi. Taki
BUNPOOYBAHHS IPOBOJATH Y CIIENiaNbHO 00JIaJHAHKUX 1aO0pamopisx ge-
JIUKOI NOMYIHCHOCHI.
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With an increase in the voltage ratings and short-circuit currents to be
interrupted, tests become more and more problematic due to lack of
sufficient power at the test facilities. For example, to perform full-scale
(direct) testing a circuit breaker rated 750 kV and short-circuit current
63 KA, it is necessary to have supply source with the capacity:

S =+/3:750-63 = 81742 MVA

Such powers can be generated only by powerful power systems. The
construction of test setups for such high powers is economically
impractical, because at first, this involves in great investments numbered
in millions and even tens millions dollars and, secondly, switching
devices (circuit-breakers) with high switching capacity are manufactured
in very small quantities.

Table 4.1 shows testing capabilities of largest HP laboratories in
the world.

Table 4.1 — Parameters of the most powerful HP Laboratories

Oraanization Short-circuit Synthetic circuit
gname ! Location power, Voltage, Current,
MVA kV kA

KEMA-CESI, Arnhem,
HP Laboratory The Netherlands 12600 1200 100
KEMA-CESI, Chalfont, 3250
KEMA-Powertest | USA
ABB, Ludvika,
HP Laboratory Sweden 4000 550 80
EDF, Renardieres
Electrical Equip- Erance ' 6600 1000 -
ment Laboratory
HMUII BBA Moscow, Russia 5000 400 63
CPRI, Bangalore,
HP Laboratory India 2500 245 63
LAPEM, Irapuato,
HP Laboratory Mexico 2200 i )

Thus, even the largest laboratories have powers, which essentially less

than those that required perform full-power (direct) testing. Therefore,
there are two basic switching test methods, direct and indirect.
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3 miABHUIECHHSAM HOMIHANBHUX HAIIPYT 1 3pOCTaHHSM CTPYMIB K.3., 1110
BiJIKITIOYAIOTHCS. BUMHUKa4aMH, BUMIPOOYBaHHS CTAIOTh BCE OLIbII YTpPY-
HEHUMH 4epe3 HEIOCTATHIO MOTYKHICTh JDKepeln KuBleHHs. Hanpukian,
JUTSL IPOBEICHHS OBHOLIHHUX (MPSAMHUX) BUMIPOOYBaHb BUMHKAUa 3 HOMi-
HaJBbHOIO Harpyroto 750 kB 1 HOMiHaTBPHAM CTPYMOM BHMHKAaHHA 63 KA
HEOOXiHE JKepeso MOTYXKHICTIO:

S =+/3-750-63 = 81742 MBA

Taxi mOTY>XKHOCTI MOXKYTh OyTH CTBOPEHI JIUIIIE Y AyXKe IMOTYKHUX
eHeprocuctemMax. byliBHUIITBO % BUITPOOHMX YCTAHOBOK Ha TaKi BEJIMKI
MOTY>KHOCT1 €eKOHOMIYHO HeAoIIbHe. Lle moB's3ano, mo-niepie, 3 BeIu-
KMMHU KaliTaIbHUMH BUTpaTaMH, sIKi IPU CTBOPEHHI J1abopaTopiil Benn-
KOi TIOTY>KHOCTI OOYHCITIOIOTHCSI MUTBIOHAMH 1 HABITH JECATKAMH MiJTb-
HOHIB JTOJIAPIB 1, MO-APYyTre, BAMHKAYI 3 BEJIMKOK KOMYTAIIHHOK MOTYX-
HICTIO BUPOOJISIOTHCS Y AyKe MaIHX KiTbKOCTAX.

VY tabnumi 4.1 mokazaHo BUIIPOOYBajIbHI MOXKIMBOCTI HaMOIIBIINX
nmabopaTopiil BEIUKOI IOTY>KHOCTI y CBITI.

Tabmurs 4.1 — [lapamerpu nabopaTopiit BEIUKOT TOTY>KHOCTI

IloTty:xHicTh CuHTeTHYHA cXeMa
IthTl/lTylllﬂ, Micue KOPOTKOIo Hanpyra, Crpym,
HaAaMMECHYBaHHS po3TallyBaHHs 3aMUMKaHHA,
MBA kB KA
KEMA-CESI, Anxewm,
HP Laboratory Hinepnaau 12600 1200 100
KEMA-CESI, Yandowur, 3250 _ B
KEMA-Powertest | CIIIA
ABB, JIronBuKa,
HP Laboratory [IBemis 4000 550 80
EDF, : Penapn’e
Electrical Equip- | o pAE, 6600 1000 -
ment Laboratory PaHiilA
HJIl BBA Mocksa, Pocis 5000 400 63
CPRI, Banranop, 2500 045 63
HP Laboratory Trist
LAPEM, IpamyaTo 2200 ) )
HP Laboratory Mexkcunka

Taxum 4MHOM, TOTYKHOCTI HaBiTh HAMOUIBIINX J1A0OPATOPii BUABIIS-
F0ThCSI YaCTO 3HAYHO MEHIIIMMU, HiXK OTPIOHO /151 TPOBE/ICHHS IIOBHOLIIH-
HUX (IpsMUX) BUNPoOyBaHb. OTXKe, iCHY€ JBa OCHOBHI PI3HOBUAN KOMY-
TaI[ifHUX BUTIPOOYBaHb: MPsIMi Ta HENPSIMI.
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Direct test method is used in the case when the laboratory power
supply is sufficient to provide required switching power for the breaker. In
this case, three-phase circuit-breaker is tested on a three phase circuit at
full current and full voltage.

If the power of the source is not sufficient to perform direct test, the
so-called indirect test is performed. There are several indirect test methods.

» single-phase test: in this case only one pole of the breaker undergoes
to the test; nevertheless, the test is performed at full power to be switched
by the breaker pole;

* unit tests: such tests are the variety of single-phase tests and are
suitable for ultra-high-voltage breakers having a several identical
interrupters in series on each pole; The test is performed at full rated short
circuit current and at a voltage level that is equivalent to the ratio of the
number of interrupters used in the pole assembly to the full rated voltage
of the complete pole;

« two-part test that consists of two essentially independent tests; the
first test is the one where the interrupter is tested at full rated voltage and
at a reduced current; in the second test, the maximum current is applied at
a reduced voltage;

« synthetic test: it is essentially a two-part test that is done all at once;
the test is performed with application of the so-called synthetic circuits
combining a moderate voltage source, which supplies the full primary short
circuit current with a second, high voltage, low current, power source that
injects a high frequency, high voltage pulse at a precise time near the
natural current zero of the primary high current.

Among the indirect test methods, the most effective is the application
of synthetic circuits. This method is currently the most widely used when
conducting switching tests of high-voltage circuit-breakers. A typical
structure of the synthetic circuit is shown in Figure 4.7.

) 0, Besides test circuit-breaker Qst, this
— circuit contains a current source (CS), a voltage
Orest source (VS), as well as auxiliary switches Q1

and Q. The test is perform in the following
order. At first the auxiliary switch Qs is closed,
providing the application of a short-circuit
current pulse of a given value from the current
source to the test breaker.

Figure 4.7 — Structure
of synthetic circuit

233



IIpami sunpodysanHsa IPOBOIATH Y TOMY BHIIAJKY, KOJH MOTYXHICT
JDKEeperia JKUBJICHHS J1abopaTopii JocTaTHs A1 3a0e3neueHHS HeoO0XiTHOI
KOMYTOBAHOI MOTYKHOCTi BUMHKa4a. Y [[bOMY BUMAJAKY 3-TIONIOCHUI BH-
MHUKa4 BUNPOOYeThes y 3-hasHOMY pexuMi MpH HATpY3i, SKa JAOPIBHIOE
HOMIHAJIBHII HANPY3i BUMHKa4a, IIPU CTPYMI, SIKHI JOPIBHIOE OTO HOMi-
HaJIbHOMY CTPYMY BUMHUKaHHS.

SIKIIo X MOTYXHOCTI JpKepea HEeAOCTaTHBO JAJIS MPSMHUX BHIPOOY-
BaHb, MIPOBOMSTH Henpsami unpoOysanHs. ICHye KilbKa METOJIB TPOBe-
JICHHSI HETIPSIMUX BHIIPOOYBaHb:

* 00HOGha3HI unpobysarHts: y IbOMY BUITAJIKy BUIIPOOYBAHHSM ITiJI-
JAE€THCS TIIBKU | TOJIOC BUMHKAya, MPOTE BHMPOOYBAHHS MPOBOISATHCS
MIPH MTOBHIM KOMYTOBaHO{ IMOTY>KHOCTI MOJIF0Ca BUMUKaYa,

* BUNPOOYBAHHS OKPEMO20 PO3PUBY: TaKi BUTIPOOYBAHHS € Pi3HOBUIOM
oxHO(a3HMX BUTIPOOYBAHB JJ1sl BAMUKAUiB YJIbTPABUCOKOI HAMPYTH, IO Ma-
I0Th KiJTbKa ITOCTIIIOBHAX PO3PUBIB; Y I-OMY BUTIA/IKY BUTIPOOYBAHHSM ITiI-
JTAETHCS TLIBKH OJIMH PO3PUB MPY MOBHIN HOT0 KOMYTOBaHOI OTYKHOCTI 3
ypaxyBaHHSIM HEPIBHOMIPHOTO PO3MO/ILITY HAMPYTH TIO TIOIIOCY;

* 060pa306i 6UNPoOYsaHHaA: y IbOMY BUIIAJIKy TIPOBOJISTE JIBa He3aje-
JKHUX BUIPOOYBaHHS: TIEepIle — IPH HAIPY3i, M0 JOPIBHIOE HOMiHATBHIH
Hanpy3i BUMHKaya i 3HIDKCHOMY 3HA4eHHI CTpyMy, II0 BUMHKA€THCS
Jpyre — IpU CTPYMi, IO AOPiBHIOE HOMIHAILHOMY CTPYMY BUMHKAHHS BH-
MHUKa4a Ta 3HWKEHIi Hanpy3i;

* cummemuuHi eunpoOyeauws. e, MO CYTi, JBOpPa30Bi BHIPOOY-
BaHHS, SIKI NMPOBOJATHCS OJHOYACHO B OJHOMY JOCHIifi; BOHU IPOBO-
JSTHCS IUITXOM BUKOPUCTAHHS T.3. CUHMEMUYHUX CXeM, SIK1 € CTIONTyYeH-
HSIM JDKeperia 3HIDKEHOT HalpyTH, sSKe 3a0e3edye OBHUI CTPYM K.3., Ta
JUKepella BUCOKOT HAPYTH, SIKE i KII0Ya€ThCS MO0IN3Y HYJILOBOTO 3HA-
YeHHS CTPyMYy K.3., puc. 4.7.

O 0, Cxema, OKpiM BHUIIPOOYBAaHOI'O BHMH-
- kaua Quu, MicTUTh jKepeno ctpymy (HAC),
Oun mkepeno Hanpyru (JH), a takox mormomi-

[] xHi BuMukadi Q1 ta Q». BunpoOyBaHHs Bi-

NOyBa€eTbCcsl HACTYMHUM 4YUHOM. CriodaTky
BMHUKA€ETHCS JTOTIOMIKHUN BuMUKad Qi, 3a-
—_ Oe3neuyrour Moaavy Ha BUIPOOYyBaHUI BU-

Pucynok 4.7 — Ctpyktypa ~ MHKau IMIYJIBCY CTPYMY K.3. 33/1aHOI BeJIH-
CUHTETHYHOI CXEMHU YUHU BiJ JDKepesa CTPyMy.
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When the contacts of the test switch are opened, an electric arc
discharge occurs, but the voltage drop across the contacts is relatively
small. Therefore, the current source EMF is usually relatively small, but
its value should be sufficient to maintain the burning of the arc between
the contacts of the test breaker. When the arc current approaches zero,
the auxiliary switch Q, is opened and separates the test breaker from the
current source. At the same time, the auxiliary switch Q- closes, thereby
providing the application of high recovery voltage of the specified
parameters to the test breaker from the voltage source. Clearly, the
operation of all the switches in the circuit must be synchronized, which
is quite a grave problem.

If the arcing time in the test breaker according to the test conditions
should be more than one half-cycle, the circuit should provide restoration
of the short-circuit current in the next half-cycle. This principle of test
construction enables us to realize test circuits for ultimate voltages and
powers, because construction of distinctive current source and voltage
source is not a significant problem.

The current source in synthetic circuits is usually specially de-
signed impulse current generator most often called short circuit gener-
ator. Their main component is energy storage device that accumulates
energy for the relatively long time and at the testing moment for a very
short time gives up the energy as a current pulse. The most extensively
used storage types are capacitive, inductive, mechanical, chemical, as
well as their various combinations [41, 42, 44].

Capacitive storages: in this case, energy is accumulated by the capac-
itor banks as electric field energy. Accumulation of energy occurs when
capacitor bank is charged from a low-power rectifier for a relatively long
time, usually a several minutes. Then the capacitor bank is connected to
the test object with the help of a switching device, usually an arrester, and
is discharged during a very short time span.

Mechanical storages. One of their varieties, the so-called impact-
excited generators, are most extensively used in HP laboratories. Impact-
excited generator, usually called simply short-circuit generator is a modified
three-phase turbine generator with a capacity of up to 300 MVA designed to
give away high power for a very short time. In momentary duty, its power is
an order of magnitude higher than under long-term operation. The energy
accumulated by the generator has reached 10° kJ; the maximum currents are
several hundred kiloamperes with a duration of 0.1-1 s.
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[Ipu po3MuKaHHi KOHTAKTiB BUIIPOOYBaHOTO BUMHKa4da BUHUKAE EJICK-
TPOAYTOBHIA PO3PS, aje MaJiHHS HAPYTH MK KOHTAaKTaMH BiTHOCHO He-
Benuke. OT:xe MPC mxepena cTpyMy 3a 3BUYa€EM BiTHOCHO HEBEIUKA, aJle
ii BeMMYMHA MMOBMHHA OYTH JTOCTATHBOIO ISl MIATPUMAHHSA TOPIHHSA TyTH
Mi)X KOHTaKTaM¥ BUIIPOOYBaHOTO BUMHUKaYa. [Ipu migxomi cTpyMy Oyrd 10
HYJIbOBOTO 3HAYCHHSI BUMHUKAETHCS JOTIOMDKHUN BUMHKA4 Q1 1 BIIOKpeM-
JIFO€ BUNIPOOYBaHUI BUMHUKA Bij Jkepena cTpyMy. OHOYacHO 3 UM, BMH-
KaeThCs JOTIOMDKHHUN BUMHKKad Q2, 3a0e3medyioun THM caMHM Tojady Ha
BHIIPOOYBAHHI BUMHKAY BUCOKOI IOHOBITIOBAHOT HATPYTH 38/IaHNX Mapame-
TPIB Bl JUKepelIa HANPYTH. 3BUYAIHO, 11O Aist y01x BUMHKAYiB B CXEMi I10-
BUHHA OyTH anxpOHlsoBaHa 110 € TOCUTB CEPHO3HOI0 MTPOOIIEMOTO.

Sxmo vac ropiHs xyrd B Qg 32 yMoBaMu BUNIPOOyBaHb MOBHHEH
OyTH OiNbIle OJTHOTO HAIIIBIIEPiOy, B CXeMi OBUHHO OyTH mependaveHe
TIOHOBJICHHS CTPYMY K.3. Y HACTYMHUI HamiBnepion. Takuii mpuHOMM HO-
Oym0BH BHNIPOOYBaHE J03BOJIE peasli3yBaTH BUIPOOHI KOHTYPH Ha Ipa-
HUYHI HAIpPYTd i NOTY)XHOCTI, TOMY IO CTBOPCHHS OKPEMHX JUKEpEl
CTpYMYy 1 Hampyru He € 3HaYHOIO POOIIEMOIO.

JIKepenom CTpyMy B CHHTETUYHHX CXEMaX 3a 3BUYa€M € TaK 3BaHUM
2eHepamop iMnyabCcHo20 cmpymy. Y1oro OCHOBHUM €J1€MEHTOM € HAKONU-
yyeay enepeii, IKUA BITHOCHO TPUBAIIMH Yac HAKOIIMYIY€ €HEPrilo, a B MO-
MEHT BUNPOOYBAaHHS 32 BIIHOCHO KOPOTKHI yac BiAJla€ €HEPTil0 y BU-
TJISIIL CTPYMOBOTO iMITyIbcy. OCHOBHUMU Pi3HOBHIAMH HAKOITHYYBaYiB
€Heprii, 10 BUKOPUCTOBYIOTHCS y HUHIILITHIH Yac B 1a00paTopisix BEIUKOI
MOTYXHOCTI € EMHICHI, IHIIyKTHBHI, MEXaHI4Hi, XIMI4Hi, & TAKOX Pi3HI iX
cnionyuenns [41, 42, 44].

Emnicni Hakonuuyeaui: y JaHOMY BUMAJIKY €HEPIisl HAKOTTMYY€ETHCS
KOH/ICHCATOPHUMU 6aTape;1M1/1 Y BHIIII CHEPrii eIeKTPOCTATHYHOrO
nosst y. HakormdeHHst eHeprii BiOyBaeTbCs B IIPOLEC 3apsijly KOHJICH-
CaTopiB BiJl MaJONOTYKHOTO BHIPSIMIISYA BIPOLOBXK BIXHOCHO TPHBA-
Joro (JeKiabKa XBUIIMH) TPOMIXKKY 4acy. [ToTiM KoHZIeHCaTopHa OGaTapest
i AKJTI0YAETHCS 10 BUITPOOYBAHOTO BUMHKAUa Yyepe3 KOMyTaliHHUN TpH-
CTpi# (JacTim 3a BCe PO3PAIHUK) 1 PO3PAIKAETHCS BIIPOJOBXK JIyXKe KO-
POTKOTO TIPOMIXKKY 4acy.

Mexaniuni naxkonuuyeaui. HaiiGinpiie nomumperHs B 1abopaTopisx
BEJINKOT OTYXKHOCTI Ha0YB OJIUH 3 iX PI3HOBUIIB, T.3. YOAPHI 2eHepamopu.
VY napHuii reHepatop abo reHepaTop YAapHOro 30yIKEHHS SBIIE cOO0I0
Mo udikoBaHu TprudazHUl TypOOreHepaTop 3 HOMiHALHOIO HAMPYTOIO,
notyxHictio 10 300 MBA, p03anOBaHHI71 Ha Bi;u:[aqy BEJIUKOL eHepri'l'
IPOTSTOM KOPOTKOTO IPOMDKKY 4acy; y Lieii mepioj HOro moTyKHICTh Ha
TMOPSIZIOK  TIEPEeBHIIlye HOMiHanbHy. EHepris, mo Hakomwdye ynapHuii
reneparop, pocsrae 10° /K, MakcumanbHi cTpyMu (JIEKiIbKa COTEHb
Kiyoammnep) npu Tpusainocti 0,1-1 c.
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To increase the capacity of the laboratory, the parallel operation of
several generators is frequently used. The prime mover for impact-excited
generator is usually an induction motor supplied from the network. It
speeds up the generator under no-load operation and then is disconnected
from the network at the test moment.

The main requirement imposed upon an impact-excited generator is
minimal leakage reactance in order to simulate the maximum values of
the short-circuit currents. This is achieved by a certain constructive
techniques. First, as differentiated from general-purpose turbine
generator, impact-excited generator has the reduced air-gap and the less
number of turns of its stator winding. Secondly, the generator has the less
deep and more width of the slots, thereby its rotor and stator windings
are brought nearer to the air-gap. Finally, the rotor contains full damper
winding, and the rotor winding ends are shielded. In order to reduce
heavy mechanical loads to the foundation and case, the generator active
part is fastened to the casing with an elastic element.

Inductive storages. In this case, the energy is accumulated by an
inductive coil as magnetic field energy. It occurs by means of charging the
coil by the current from DC supply source. Inductive storages is one of the
most rational types of energy storage due to the simplicity of design, high
reliability, good weight, size and energy performance, the possibility to
apply uncontrollable low voltage primary power sources. The
disadvantages of inductive storages devices include the presence of high-
speed high-current switches in their circuits, great electrodynamic forces
in the active zone, and complicated cooling systems. [42, 49].

The recovery voltage source in synthetic circuits is usually either a
step-up transformer supplied from the current source of the synthetic
circuit, or an oscillatory circuit adjusted to the TRV frequency. The
auxiliary breakers in synthetic circuits are usually either the test breaker
poles or controllable spark arresters.

It should be noted that HP labs are utilized not only for switching tests,
but also for peak and short-time withstand current tests of switching and
other electric apparatus (see subsection 5.2). Typical supply circuit of a HP
lab equipped by a short-circuit generator is shown in Figure 4.8.
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J1a i IBUIIIEHHS TTOTY KHOCTI JIabopaTopii TOCHTH 9acTO 3aCTOCOBY-
€ThCS IIapaJiesIbHE BKIIIOYCHHS IEKIIbKOX yIapHUX reHeparopis. IlepBun-
HUM JIBUTYHOM JUISI YIAPHOTO IeHepaTopa € 3a 3BU4aEM aCHHXPOHHUH IBU-
TYH, SIKH{ po3raHs€ HOro Ha XOJIOCTOMY XOi, i Ha MOMEHT IPOBEJCHHS
BUTIPOOYBaHHS, BIIKIIIOUAETHCA BiJl MEPEXKI.

OCHOBHOIO BUMOTOIO /IO YIAPHOTO reHepaTopa € 3abe3rneueHHs MiHi-
MaJILHOT'O PEaKTUBHOTO OTOPY PO3CIIOBaHHS 3 METOIO OJiep>KaHHS MaKCH-
MaJIBHUX BEJIMYUH CTPYMiB KOPOTKOTO 3aMMKaHHs. Lle nocsraeTbcst KoHe-
TPYKTHBHUMH 3aXO/JaMH: 3MEHIIIEHa KUTBKICTh BUTKIB OOMOTKH CTaTOpa,
3MeHIIeHa IrOuHa 1 30iblIeHa IUPHHA 11a3a CTaTOpa, 3SMEHIICHUH MOBi-
TPSHUIA 3230p Ta NPHUOJIMIKEHI 0 3a30py OOMOTKH CTaTopa Ta poTopa, eK-
paHoOBaHi JJ0OOBI YacTHHU 1 TOBHA AeMIipepHa 0OMOTKa Ha pOTOpi. AKTH-
BHA YaCTHHA CTAaTOPa KPIMUTHCS JIO KOPITYCY 3a JOMOMOTOIO EIaCTHYHOTO
eJleMeHTa JJIsl 3HW)KEHHSI BEJIMKMX HaBaHTaXEeHb Ha (YHAaMEHT 1 KOPITyC
TIpH MIPOBEJICHHI BUITPOOYBaHb.

Inoykmueni naxonuuyeaui enepezii. y IbOMy BUTAJIKy BiIOYBa€THCS
HaKONHMYEHHsI €HePTii MarHITHOTO TIOJISI B MIPOLIEC 3apsKaHHsI KOTYILIKH 1H-
IYKTUBHOCTI BiJl [pKepesa IOCTIHHOTO cTpyMy. [HIIyKTHBHI HAKOTIMIYBayi €
OITHUM 3 HAWOUIBIN parlioHAbHUX THITIB HAKOTIMYIYBadiB €HEprii 3aBIsSKA
MPOCTOTI KOHCTPYKIIii, BUCOKOI HaIilfHOCTI, TOOpHUM MacorabapuTHUM Ta
EHEepPreTUYHNM ITOKa3HUKaM, MOXKIIMBOCTI BUKOPHCTAHHS HEPETYIHOBAHIX
NEPBUHHUX JKepesl KHUBJICHHS HU3bKOI Hanpyry. Jlo HenoMiKiB 1HIYKTHB-
HOI'0 HAKOMUYyBaya CJIiJ] BIAHECTH HASBHICTD y X CXeMaXx IIBUIKOIIFOUNX
CHIILHOCTPYMOBHX KOMYTaTOpiB, BEJIMKI €NEKTPOANHAMIYHI 3yCHIIIS B aK-
THBHI 30Hi, a TAKOX YCKJIaJHEHI CUCTEMHU OXOJIO/KeHHsT [42, 49].

Jl>xepenoM MOHOBJIIOBAHOI HAIIPYTH B CHMHTETHYHHUX CXEeMaX CIyTye
abo0 MiABUIIYBaIBHUHA TpaHCHOPMATOP, MO JKUBUTHCS Bifl CTPYMOBOTO
KOJIa caMOi CHHTETHYHOI CXeMH, a00 KOJIMBAJIbHUI KOHTYp, HAJIAIITOBA-
HHUH Ha 4aCcTOTy MOHOBJIIOBaHOI HaNpyrH. JJOMOMKHUMH BUMUKa4aMu y
CHUHTETHYHHX CXEeMaX € 32 3BHYAEM IOJIIOCH BUNPOOYBaHUX BHMHKAYiB
a00 KepoBaHi ICKPOBI PO3PSITHUKH.

Cuiz 3a3HaYUTH, IO B JTA0OPATOPIsIX BEIUKOI MOTY>KHOCT] IPOBOIUTD
HE TIIbKHM KOMYTaliiiHi BUPOOYBaHHs, ajie i BUIIPOOyBaHHA Ha CTIHKICTh
amnapariB (He TUIBKH KOMYTaIliiHHX ) IPY TPOTIKaHHI HACKPI3HUX CTPYMIB
KOPOTKOTO 3aMUKaHHS (IUB miapo3ain 5.2). Tumosa cxema KHUBIICHHS Jia-
Oopartopii BenMKOi MOTYKHOCTi, OCHAIIEHOI T'€HEPAaTOPOM IMITyJIBCHOTO
cTpyMy (yIapHUM T€HEpaTopoM), HajaHa Ha puc. 4.8.
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Figure 4.8 — One-line diagram of a testing station using a short-circuit generator

Power supply is applied via the source switch SW to the induction
motor 1M, which prior to the test speeds up the short-circuit generator Gsc
to its synchronous speed during about 20 minutes. Hence, the power taken
from the network is much lower than the power applied to the setup during
the test. At the test moment, the short-circuit generator is excited from the
exciter E, and then with the help of the make switch MS it is connected to
the test setup containing the current-limiting reactor L, the short-circuit
transformer T, the test circuit and the test breaker TB.

The test setup is supplied during the test due to the excitation and kinetic
energy of the generator rotor mass. The master breaker MB serves to protect
the test equipment against short circuit faults. Because the short-circuit
generators are usually rated by 10-20 kV, to test circuit breakers for other
ratings, specially designed adjustable short-circuit transformers are used.

Besides the laboratories equipped with short circuit generators,
there are HP laboratories, where the current source is the power
network. In this case the testing station is directly supplied from the
network as shown in Figure 4.9.
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Pucynok 4.8 — OHouniniliHa cxeMa BUITPOOHOT yCTaHOBKU
JULSL KOMyTaliifHUX BUIPOOYBaHb 3 BAKOPHCTAHHAM yJIapHOTO TeHepaTopa

JXKusnenns Bix mepexi yepe3 BuMuKad SW NoJa€Thbesl Ha aCHHXPOH-
Hui nuryH |M, sxuii mepen mpoBeACHHSIM BHIPOOYBAHHS YIIPOIIOBXK
nopsaky 20 XBUWINMH po3raHsie ynapauid renepatop Gsc 10 HOro CHHXPOH-
HOT mBHIKOCTI. OTKE MOTYXKHICTh, IO CIIOXUBAETHCS BiJ MEpexi 3Ha-
YHO HMKYE MOTYXKHOCTI, IO CIIOKMBAETHCA IiJl Yac BUNpoOyBaHHA. B
MOMEHT MPOBEICHHS BUMIPOOyBaHHS BijI 30y KyBaua E Ha reneparop mo-
JA€ThCS 30YDKSHHS 1 3a JIONIOMOT0I0 KOMYyTalliiiHoro anapara MS BiH mi-
JOKITI0YA€ETHCS 0 CXEMH BUIPOOYBaHb, SIKa MICTUTh CTPYMOOOMEXYBajlb-
HUil peaktop L, ynapuuii tpancdopmatop T, BUIIpoOHHI KOHTYp Ta BH-
npobyBanuit Bumukad TB.

JKuBreHHs cXeMH BIPOJOBK BUIIPOOYBaHHS 3A1HCHIOETHCS 32 paxy-
HOK eHeprii 30y/DKeHHS Ta KIHETUYHOT eHEeprii poTopa yJaapHOro reHepa-
Topa. BBigHMi1 BuMukaud MB ciyrye s 3axucty BUIPOOHOTO 0O0aj-
HaHHA BiJ KOPOTKHUX 3aMHMKaHb. OCKIJIbKM Hampyra Ha BUXOJIl YAapHOTO
rereparopa 3a 3BuuaeM ckiajgae 10-20 kB, aist BUunipoOyBaHHS BUMHKAYiB
Ha 1HII KJIacH HAIPYTd BUKOPHCTOBYIOTH T.3 YOapHi mpancghopmamopu
crenianbHOI KOHCTPYKLUIT 3 perytoBaHHAM HalpyTH.

[opsin 3 mabopaTopisiMu, OCHAIIEHUMH T€HEPaTOPaMHU IMITYJIbCHUX
CTPYMIB, iCHYIOTb JIAOOPaTOPii BENTUKOI MOTY>KHOCTI, JI€ IKEPEIIOM CTPYMY
€ cunosa mepesica. Y 1IbOMYy BHUIAJKy BUNPOOHA YCTaHOBKA MiAKIIOYA-
€THCSI JIO MEPEXKi HANPSIMY, SIK TIOKa3aHo Ha puc. 4.9.
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Figure 4.9 — One-line diagram of a testing station using a power network

The simplicity, as well as rather low financial investments and modest
maintenance costs are the main advantages of HP laboratories supplied
from the power network. Their main disadvantage is the probability of
unstable operation of the network during tests, since the network in this
case is used to directly supply short-circuit power. Therefore, the available
network power must be at least ten times the power required for short-
circuit testing, which often necessitates testing at night.

Along with laboratory testing, in some cases there is need to perform
testing circuit breakers in real power systems. Such tests have certain
advantages, such as the cost intensive test setups are not required, and the
switching conditions are as close as possible to real ones. However, such
tests have also the grave drawbacks. First, in order to provide the required
power to be switched, it necessary to disconnect a certain part, and in some
cases, all consumers, that is not always acceptable. Secondly, at the testing
moment under short-circuit conditions, strong load steps, disturbing normal
operation of the power system, can take place. Therefore, in a real power
system, only some (e.g., certificate) testing are performed. However, when
new engineering developments of arcing devices are performed, such tests
are unsuitable because the number of experiments is great.

4.3 Testing of LV Apparatus

As it was noted, the switching tests are quite diverse and are defined
by switching modes, which, in turn, are defined by the functional purpose
of the device. From this standpoint, there are exist two main groups of
switching devices for low-voltage applications that switch relatively high
power: control switchgear and distribution switchgear or shortly
switchgear and controlgear.
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Pucynok 4.9 — OHoniniiiHa cxema BUIIPOOHOT yCTaHOBKU
3 BUKOPUCTaHHAM CHJIOBOT MEpexi

OCHOBHMMH IepeBaraMu jJadopaTopiii BENUKOI MOTYXKHOCTI 3 KHUB-
JICHHSIM BiJl CHJIOBOI MEpeXi € MPOCTOTa, a TAKOX HU3bKI KaliTaloBKJIa-
JIeHHS Ta BUTPATH HA eKCILTyaTallilo. IX OCHOBHMM HEIONIKOM € Biporij-
HICTh HecTabUTFHOI POOOTH MepeKi MiJ Yac BUIIPOOYBaHb, OCKITBKU Me-
pexa y IbOMY BHUIIQJKy BHKOPHUCTOBYETHCS Ul Oe3nocepeHboi mogadi
MOTYXHOCT1 KOPOTKOT0 3aMuKaHHs. OTKe, JOCTYITHA OTYKHICTh Mepexki
TIOBHHHA, K MiHIMYM, y JI€CATh pa3iB MepeBUIYBaTH MOTYKHICTb, TIOTPi-
OHy a1 BUIIPOOYBaHHS B PEXHMMi KOPOTKOTO 3aMHKaHHS, 1[0 4acTO BH-
KITMKa€e HEOOX1AHICTh TPOBOIUTH BUIPOOYBAHHS y HIYHHI 4ac.

[Mopsin 3 mabopaTopHUMU BHITPOOYBAHHSAMH, y JESKHX BHIIAJKaX BH-
HUKa€ HEOOXiTHICTh MPOBEIEHHS BUNPOOYBaHh BUMHKAYiB Ha KOMYTa-
UifiHY CIPOMOJKHICTD B peanvHux eiekmpuunux cucmemax. Taki BunpoOy-
BaHHS MalOTh TIEBHI MepeBary, OCKUIbKH HE OTPEOYIOTh IOPOTUX BHUIIPO-
OHHX YCTaHOBOK, JIO TOTO X YMOBH KOMYTallil, MAKCUMaIILHO HAOJIKEHI
10 peanbHUX. Hemonmikamu Takux BUIPOOYBaHb €: TO-TIEpINE, Ul CTBO-
peHHs He00X1THOT KOMYTaIlifHOT TOTY>KHOCTI HEOOXITHO BiAKITFOUATH PSJT
CMIOKMBAYiB, a HAlJaCTIIIe i BCI CIIOXKUBAYi, IO HE 3aBXKIU € MPUIAHST-
HUM; MO-JPyTe, Y MOMEHT MPOBEACHHS JOCIiay K.3. BAHUKAIOTh CHIBHI
MIOLITOBXM HABAHTAXKEHHS, IO MOXYTh MOPYIIUTH HOPMalbHY POOOTY
eJIEKTPUYHOI cucTeMu. ToMy B pealibHiil eNeKTPUYHIA CHCTeMi MOXKITHBI
JIUIIE eMi30AnYHi (HaIPUKIIa] KOHTPOJIbHI) BUIPOOYBAHHS araparis, MPH
PO3po0I1Ii )X HOBUX KOHCTPYKIIIH TyrOTacCHIIBHUX MPUCTPOIB TaKi BUIIPOOY-
BaHHS HEMOXIJIVBI, OCKIIBKH YHCIIO JOCTI/IIB K.3. BEJHKE.

4.3 BunpoOyBaHHs anapaTiB HU3bKOI HANPYrH

Sk 3a3HavaANOCs, KOMYTAlildHI BUIPOOYBaHHS JIOCUTh PI3HOMAHITHI i
BU3HAYAIOThCA PEKUMAMHU KOMYTAIlil, SIKi, CBOEIO YEPror0, BU3HAYAETHCS
(bYHKIIOHATEHIM MPU3HAYEHHSIM anapary. 3 IUX MO3UIIH pO3PI3HSIOTH JBi
OCHOBHI I'pyIIU arapaTiB HU3bKO1 HAPYTH, 110 KOMYTYIOTb BiZTHOCHO BEJIMKi
MOTY>KHOCTI, 1I¢ arapaTy KepyBaHHS Ta alapaTd pO3NOAITIbHUX PUCTPOIB.

242



Control switchgear usually called controlgear, that is, switching
devices for control applications, fulfill control by functioning of electric
equipment (mostly electric motors). They are designed for frequent
switching operations of load current and infrequent switching operations
of overload currents (up to 10l,). This type of switching devices include
DC and AC contactors, magnetic starters, control relays etc. These devices
carry out switching operations of the currents typically in the range of 5 to
8000 A. As per valid standards [8, 17, 32], controlgear undergoes the
following types of switching tests:

1. Infrequent make and break operations test: this test is purposed
to verify making and breaking capability of the apparatus under
overload current. The value of the current being switched is determined
by the utilization category of the apparatus for the mode of infrequent
switching operations.

During the test, 20 make and 25 break operations are conducted,
excepting the devices for utilization categories AC-3 and AC-4, for which
100 make and 25 break operations are made. The time to stay the device in
the on position is usually set in the range of 0.05 to 0.5 s; the intervals
between make operations are in the range of 5 to 30 s, according to the
value of the current being switched. The test outcome is considered as
positive, if the following conditions are fulfilled:

- in the process of testing, there was no stable arcing or transition of
the arc on the device dead parts and, accordingly, dielectric failures;

- after the test is completed, the device must be suitable for further operation
in nominal conditions (after cleaning the contacts and arcing device).

2. Switching wear-resistance (electrical life) test: in this case, the to-
tal permissible number of switching operations of the switching device is
verified under load currents. Its value is determined by the utilization cat-
egory for the device for the mode of normal switching operations.

In the test process the frequency of switching operations must be cor-
respond to permissible one for given device. The duration of staying of the
device in close position must be at least 0.1 s. The number of switching
operations is controlled by relevant counters. After every 10% of specified
number of switching operations, the test device components are permitted
for visual inspection and cleaning, as well as adjustment of contact pres-
sure and follow-through, if the maintenance manual specifies this. Other
corrections or substitutions of the elements during testing are not admitted.
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AnapaTti KepyBaHHSI 3IMCHIOIOTh (YHKIII KepyBaHHS pPEXKHMOM
POOOTH eNeKTpOyCTaTKyBaHHS (TIEPEBaXKHO ENEKTPOABUTYHIB). BoHM npu-
3Ha4YeH] I YaCTUX KOMYTAIliil CTpyMy HaBaHTa)KEHHs 1 HE9aCTUX KOMY-
Taniit ctpymiB nepeBantaxenHs (1o 101y). lo HUX BimHOCATBCS KOHmMAK-
mopu NOCMIUHO020 I 3MIHHO20 CMpPYMY, Y TOMY YHCI MacHIimHi nycKaui,
pene KepyeéaHHs Ta iH. J[1st 7aHO1 rpymnu anapaTiB, XapaKTepHUM € KOMYyTa-
1ist cTpyMiB y Mexax Big 5 70 8000 A. BiamoBigHO 10 iCHYFOUHX CTaHIa-
ptiB [8, 17, 32], komyTaniiiHi BUNIpoOyBaHHS arapariB KepyBaHHS 31iiic-
HIOETBCS Y HACTYITHAX PEXXUMaX:

1. Bunpooyeannsa 6 peixcumi pioKicHUX Komymauiii. y 1IbOMYy pe-
JKAMI 3TIMCHIOETRCS TIEPEBIpKa CIIPOMOXKHOCTI arapara IoJa0 BMHKAHHS
Ta BUMMKAHHS CTPYMy MEPCBAHTAKCHHA. BemudamHa KOMyTOBAHOTO
CTpYMy TOBHHHA BIZIMOBIAAaTH KaTeropii 'BUKOPHCTAHHS anapata, BifmoO-
BiJTHO, JJISL peCUMy piOKICHUX KOMYMAayitl.

B mporieci BunpoOyBaHb 3ailicHIOETHCS 20 onepaliiii BMUKaHHS Ta 25
omepariiii BUMHKaHH:, OKpiM Kateropiit Bukopuctanus AC-3 1 AC-4, ans
akux 3iicHoeTbes 100 omepartiii BMUKaHHA 1 25 omeparliii BAMUKaHHS.
Yac nepeOyBaHHs y BKIFOUeHOMY IosioxkenHi Big 0,05 no 0,5 ¢; inTepBanu
MIDX OmeparlisMi BMUKaHHS Bif 5 10 30 ¢ B 3aJIe)KHOCTI BiJl BETHYHUHH KO-
MYTOBaHOTO CTpyMy. Pe3yibpTaTi BUIIPOOYBaHb y JaHOMY PEKUMI BBaxa-
I0Th TIO3UTUBHUMH, SIKIIO BUKOHYIOTHCSI HACTYITHI YMOBH:

- B IIpOIleCi BUMIPOOYBaHHS HE BUHUKAJIO CTIHKOTO TOPiHHS IyTH a00
NepeKuAaHHs AyTH Ha T1 YaCTHHY anapaTta, 00 He 3HAXOISAThCSI 1]l HaTpy-
roI0 Ta BIAOBIIHO MOIIKOKEHHS 130111

- TICIIS 3aBepIIeHAS BUIPOOYBaHb arapaT MPUIATHAN JUTSI TIOJAITbIIO]
pOOOTH Y HOMiHAIBHUX peXuMax (TICIs YHCTKU KOHTAKTIB Ta JyroracH-
JHHUX TIPUCTPOIB).

2. Bunpooyeannsa na xomymauiiiny 3n0cocmiiikicms. y JaHOMY pe-
JKMMI1 BH3HAYAETHCS 3araJIbHa JOMYCTHMA KiIBKICTh KOMYTAIl (KOMyTalliii-
HUIA pecypc) arapara Ipy CTpyMax HaBaHTaKEHHsI, BEIMYNHA SKOTO [TOBHHHA
BIJINTOBIZIATH KATETOPil BUKOPUCTAHHS JUISl PENCUM) HOPMATLHUX KOMYMAYILL.

B mporeci BunpoOyBaHb 4acToTa KOMYTallidi MOBUHHA BiAMOBINATH
JIOITYCTHMIi BiJITOBITHO IO CTAHJAPTIB i TEXHIYHMUX YMOB Ha amapat. Yac
nepe0yBaHHA y BKIIOYEHOMY ITOJIOKEHHI OBUHHO OyTH He MeHtre 0,1 c.
KoHTposb KITBKOCTI KOMYTaIil 3/{iHCHIOETHCS BiIOBIIHUMH JIIYMIEHU-
kamu. [Ticis koxxaux 10% Bij 3a1aHOT KITBKOCTI KOMYTAIli JOITYCKA€ThCs
OTJISAT 1 YMCTKA €JIEMEHTIB BUIPOOYBAHOTO amapara, a TaKoX PEryiro-
BaHHsI KOHTAKTHUX HATHCHEHb 1 MPOBAIY KOHTAKTIB, SKLIO 1€ mependa-
YEeHO IHCTPYKIII€IO 3 eKcIutyaranii. [Hmmx BumpaBieHb abo 3aMiHu eeme-
HTIB IIPH BUTIPOOYBaHHIX HE JOMYCKAETHCS.
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The apparatus is considered as withstood tests, if the following condi-
tions are fulfilled:

- inthe process of the test, any failures did not occur under make-break
operations, such as welding of the contacts, pole-to-pole or pole-to-ground
arcing, etc.;

- after the test apparatus has executed the specified number of the
switching operations, the follow-through of the apparatus contacts com-
prises at least 1/5 of the minimum value of the initial one (i.e. prior to test-
ing); in addition, the apparatus is suitable for further operation, and passed
the temperature-rise test.

3. Critical breaking capability test: in this case, the device is verified
in respect to its ability to break the so-called critical currents. The critical
currents are usually in the range from 2 to 10% of the nominal operating
current of the device and is characterized by longer arcing. Before the test,
the presence of the zone of critical currents is first checked. During the test
the arcing time is measured that, as noted, can be some longer than when
interrupting the load or overload currents. The device is considered as
passed the test, if it provided reliable interruption of the circuit.

In all discussed testing conditions, direct tests are performed, since the
required power in these cases usually significantly less than those in available
HP laboratories. Therefore, the tests of 3-pole devices are performed in 3-
phase conditions according to the circuit shown in Figure 4.10.

Besides test apparatus Qiest,

Zy Q‘“‘_,_ _________ the circuit contains a three-phase
Zz L I test circuit and limiting element Z,
Uz 13— —] 3-phase test circuit | intended to limit the current in the
o2 | | event of fault (short circuit). The
_________ test circuit is adjusted with taking

Figure 4.10 — Circuit for testing 3-pole into account its impedance.
control switchgear Distribution  switchgear

fulfills protective functions for electric equipment in low-voltage power
systems. Their main purpose is, primarily, to de-energize the faulty
subsystem in the event of overload or short-circuit. This type of switching
devices includes safety devices (fuses) and automatic circuit-breakers.
Automatic breakers fulfill also infrequent switching operations under load
current. As per valid standards [8, 17, 32], the distribution switchgear
undergo the following types of switching tests:
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Amapat BBa)Ka€ThCS TaKUM, II0 BUTPUMAB BUIIPOOYBaHHS, SIKIO BH-
KOHYIOTBCS HACTYIIHI YMOBH:

- B TpoIIeCi BUNPOOYBaHb HE BifOYBAIOCH BIIMOB NPH BMUKAHHI Ta
BUMUKAHHI: TPUBAPIOBAHHS KOHTAKTIB, NEPEKMIAHHS JyrH MK IO-
nrocamu abo Ha 3a3eMJICHI YaCTHHHU 1 T.11.;

- TICIIT BUKOHAHHS 331aHO1 KIJTBKOCTI KOMYTAaIliif TPOBaJI KOHTAaKTiB
CKJIaJiae He MeHII 1/5 Bij MiHIMAIBLHOTO 3HAYCHHS MPOBAITY J0 BHIIPOOY-
BaHHS, KpPiM TOT0, arapaT NpuaaTHHI IS TONAIBII0i poOOTH 1 BUTPUMAB
BUNIPOOYBaHH: Ha HArPiB.

3. Bunpooysanna na 6uMuUKAHHA KPUMUYHUX CIMPYMIE. Y TAHOMY
BUTIAJIKY 3A1MCHIOETHCS MEpEeBipKa CIIPOMOXHOCTI amapaTa o0 BHUMHU-
KaHHS T.3. KPUMUYHUX cmpymie. 30Ha KDUTUYHHUX CTPYMIB JISKHUTh y Me-
skax Big 2 10 10% Big HOMIHAJIBHOTO POOOYOrO CTPYMY amapara i xapak-
TEPU3YETHCs OLIBII TPUBATHM TOpiHHSIM Ayru. Ilepes npoBeneHHsAM BH-
npoOyBaHb CIIOYATKY nepempﬂeTbca HASBHICTh 30HU KPUTHYHHX CTPYMIB.
B mporieci BUNpoOyBaHb 31iiCHIOETHCS KOHTPOJIb Yacy FOPIHHS JyTH, sKe,
SK 3a3HA4ajoch, MOXKe OyTH Jlemo Oinblne, HiXK TIPU BUMHUKaHHI CTPYMiB
HaBaHTA)XKEHHS 1 IEpPEBaHTAXCHHS. ATIapaT BBaYKAETHCS TAKUM, 1[0 BUTPH-
MaB Bano6yBaHH5{ SKIIO BiH 3a0e31eduyBaB HaJiiiHe BHMUKAHHS KOJIA.

B ycix 3a3HadeHUX peKUMax MPOBOJIATHCS nmpsiMi - BUNPOOYBaHHS,
OCKUTBKM B yCiX BHIAJKaxX MOTpiOHA KOMyTaumHa TOTYXXHICTh 3HAYHO
MEHIIe, HDK HasBHa Yy JIa0opaTopisiX BEJHMKOi MOTyXHOCTi. OTxe
BUNPOOYBAaHHS TPUIIOJIOCHAX AamapaTiB KEepPyBaHHS IPOBOISTHCS Yy
Tpuda3zHOMY peKUMI BiJIIOBIZTHO JI0 CXEMH, sika HajaHa Ha puc. 4.10.

0 Oxpim BUIIPOOYBaHOTO

o_%_/gr " amapara Q. cxema MICTUTh 3-

A S— (asHnit BUNMPOOHMIT KOHTYp, a
Uso— 1+ o i i

~ | —‘ BnpOGHHii orTyp  TAKO OIIP Z,, IpU3HAYECHUHN IS

e OOMEXEHHSI CTPYMy KOPOTKOTO

b ——————— 3aMUKaHHA. BuUnpoOHWIT KOHTYp

Pucynox 4.10 - CxeMg BUIPOOYBaHb HAAIITOBYETHCA 3 YPaXyBaHHAM

3-I0IFOCHHX amnapariB KEpyBaHHA I7'IOFO OHOpy.

AmnapaTtu po3mogiTbHUX MPHUCTPOIB 3IiMCHIOITH (DYHKIIT 3aXHCTy
€IIeKTPOYCTaTKyBaHHSI Y HU3BKOBOJIBTHUX CHUCTeMax. BoHM mpu3HadveHi,
TOJIOBHMM YHMHOM, JIJIsl BAMUKAHHS KiJ1 IPY BUHUKHEHHI TIOIIKOKSHb: TIe-
pEeBaHTaKEHHS, KOPOTKE 3aMUKaHHs. [0 MaHoi rpynu KoMyTalliiHUX ana-
paTiB HajexaTh 3allO0DKHUKH Ta aBTOMAaTH4YHI BUMHKadi. ABTOMAaTHYHI
BUMUKa4i MPU3HAYCHI TAKOX JUIsi BUKOHAHHS OTIEPATUBHUX KOMYTAIliid B
CNICKTPUYHHUX MEpEeKax, TOOTO HEYacTHUX KOMYTalllii CTpyMy HaBaHTa-
JKeHHs. BifmoBiaHo 1o airounx cranmaptiB [8, 17, 32], amapatu po3smo-
JIBHUX TPUCTPOIB MiIAI0THCS HACTYITHUM BHIIPOOYBAHHSIM:
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1. Switching wear-resistance (electrical life) test.

2. Critical breaking ability test.

3. Rated short-circuit current test. In this test, the apparatus is verified in
respect to its ability reliable making (breaking) the short-circuit current, the
parameters of which must correspond to the rated short-circuit current of the
apparatus. The number of switching operations, as well as the interval between
them, are established by standards for certain types of apparatus [17].

4. One-time switching capability test. In this test, the device must in-
terrupt the current of a certain magnitude once, under the condition of
safety for the service personnel and the equipment located nearby; in the
process, the device may be so damaged that it cannot be repaired.

The first and second types of tests are performed in the same manner as
the corresponding tests for controlgear using the same circuit (see Figure 4.10).

As for testing for the nominal and one-time switching capability of
distribution switchgear, it should be noted that the power of available HP
laboratories is usually sufficient to perform direct tests Therefore, in short
circuit conditions, the circuit shown in Figure 4.11 is usually used.
pmmie

Ry
Mv T LV R Orest

6 i
C 0
—1_H
e e |
| Ry I
R L
e
Ry
S I
o }Q
Figure 4.11 — The circuit for switching capability test
of low-voltage distribution switchgear

The circuit is powered from the impact-excited generator G via a step
down transformer T. The specified parameters of the short-circuit current
are ensured by the aggregate impedance of generator, transformer and lim-
iting resistor R. Shunting elements R, ro, and capacitor C provide the spec-
ified parameters of the recovery voltage.
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1. Bunpooysanns na komymauiiHy 3n0cocmiiikicms.

2. Bunpooysanns Ha 6UMUKAHHA KPUMUYHUX CHIDYMIG.

3. Bunpob6yeannsa na HOMiHAIbHY KOMYMAUIIHY CRPOMOdicHiCmb. Y
JAaHOMY PEXHMi 3[IHCHIOETbCS TIepeBipKa CIIPOMOKHOCTI amapata o0
BMUKaHHS (BUMUKAHHSI) CTPYMY KOPOTKOTO 3aMUKaHHS, TAPaMETPH SIKOTO
MOBHHHI BIATOBIIATH HOMIHAJIFHOMY CTPYMY BMHKAaHHS (BHUMHKAHHSA)
anapara. KinpkicTh omnepaliiii BMUKaHHS Ta BUMUKaHHS, a TAKOXX 1HTepBal
MiK HUIMH BCTaHOBITIOIOTHCS CTaHIapTaMHy Ha TIEBHI BUAX amaparis [17].

4. BunpoOysannus na 00Hopazosy cpanuyny KOMymauiiny cnpomo-
Jcnicmp. Y TaHOMY PEXUMI armapat Mae OAHOKPAaTHO BUMKHYTH CTPYM Iie-
BHOI BEJINYMHH 32 YMOBH O€3IEKH ISl 00CIYTOBYIOUOTO IEPCOHATY Ta PO-
3TAIIOBAHOTO OOIU3Y 00MafHAHHS; TIPH [[LOMY arapat Moke OyTH HaCTi-
JILKY TIOIIKOKEHUH, 1110 HE TOMYyCKAae PEMOHTY.

[lepmi aBa BuIM BUTIPOOYBaHB 3IHCHIOIOTHCS TAKUM K€ YHHOM, SIK 1
BiJIMOBiIHI BUITPOOYBaHHS anapartiB KepyBaHHSI, IPH [IbOMY BUKOPHCTOBY-
IOTBCS Taka K cxeMa BUnpoOyBaHb (quB. puc. 4.10).

[I{o cTocyeThcs MepeBipKkd HOMIHAIBHOI Ta OAHOPA30BOI TPAHHIHOL
KOMYTalilHOi CIPOMO>KHOCTI anapaTiB pO3NOAUIEHUX MIPUCTPOIB, TO CIIJ
BiJI3HAYHTH, [0 HASBHA MTOTYKHICTh Ta00paTOPiil BEMHKOI MMOTYKHOCTI, 5K
MPaBUIIO, TOCTATHS JUIsl IPOBEJICHHS MPSIMUX BHIIPOOYBaHb. OTke, B IIUX
BUTIAJIKaX BUKOPUCTOBYIOTh CXEMY, sIKa HajaHa Ha puc. 4.11.

o

BH HH R'Q/Br:l

Pucynok 4.11 — Cxema 1 mepeBipKkr KOMYTaliiHOT CIPOMOXKHOCTI
amapariB po3MOAUTEHUX MPUCTPOIB HU3bKOT HAIPYTH

KuBneHHs cxeMH 3JIIHCHIOETRCS Bl yiapHoro reHeparopa Gy uepes
MOHIKYBAIIbHUIM TpaHc(opMaTop, omip SKUX IMOBUHEH BPaxOBYBaTHCh
npy BHOOPI mapameTpiB BUPOOHOTO KOHTYpY. 30KpeMa, X OMopH, a Ta-
KO OITip 00MEKyBaJIbHOI'0 pe3ucTopa R 3a0e3meuyroTh 3a/1aHi apaMeTpu
ctpymy k.3. lllyaTyBansHi exement Ry, o ta C 3a0e3medyroTs 3a/1aHi na-
paMeTpy TTOHOBJIFOBAHOT HATIPYTH.
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4.4 Testing of HV Circuit Breakers: Test Content

High-voltage circuit breaker is the main switching device of power
distribution systems in power stations and substations. Its reliable
operation essentially ensure reliable power supply of industries and
populated regions. The main duty of high-voltage circuit-breaker is to
protect the main equipment, that is, it must ensure reliable de-energizing
the faulty subsystem. Failure to perform this duty can result in serious
damage to equipment, loss of stability, and even collapse of the system.
Therefore, short-circuit testing is a very important tool for designing high-
voltage circuit breakers. It is well known that in the process of interrupting
high power, the breaker is subjected to extremely high mechanical, thermal
and electrical stresses, which are difficult to take into account when
performing engineering calculations. It should also be noted that high-
voltage circuit-breakers perform switching operations in electric power
circuits under other conditions, namely:

- make-break operations in normal circumstances (e.g., when the main
electric equipment is put into service or removed from service to repair);

- making and breaking of unloaded power transmission lines and
transformers (i.e., small capacitive and inductive currents) and others.

As per valid standards [8, 33], high-voltage circuit breakers undergo the
following switching test types:

1. Interruption of currents comprising 10, 30, 60 and 100 % of the
rated short-circuit current of the breaker with an unbalance factor of no
more than 0.2. In the test process, at least six breaking operations are
performed at each current magnitude.

2. Interruption of critical currents comprising 2...6 % of the rated
short-circuit current of the breaker. As already noted, the arcing time
significantly increases in the zone of critical currents. In the test process,
at least six break operations are performed as well.

3. Make operation of the current equal to the rated short-circuit
current of the breaker. In the test process, at least two make operations are
performed.

4. Execution of rated switching sequences under rated short-circuit
current. For the breakers designed for autoreclosing operations, these
sequences are as follows:

sequence 1 is O-tg-C0-180 s-CO;

sequence la is O-t3-C0O-20 s-CO.
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4.4 Bunpo0yBaHHsl BUMHKA4iB BUCOKOI HANIPYI'M: 3MicT BUIPOOYBaHb

Bumukaui BUCOKOI Hampyrd € OCHOBHUMHM KOMYTAlllHHUMHM amnapa-
TaMH PO3MOITBHUX MPUCTPOIB, IX HaAiHA poOOTa GaraTo B YOMY BH3HA-
4yae HaAIHICTh enekTpornocTadanHs. OCHOBHOIO (DYHKITIEIO BHCOKOBOIIBT-
HUX BUMHKAUiB € 3aXHUCT OCHOBHOTO €JIEKTPOYCTaTKyBaHHs Bijl IepeBaH-
Ta)KeHb Ta KOPOTKUX 3aMUKaHb: BOHU MOBHHHI 3a0€3M1€YUTH HaIiliHE BU-
MKHEHHS TIOIIKO/KEHOI MUISHKY. BiaMoBa npu BUKOHaHHI i€l QyHKIi
BeJle 710 TOMIKO/HKEHHS O0JIaHAHHA, BTPATH CTIHKOCTI Ta HaBITh PyHHY-
BaHHIO cucTeMu. OTKe BUIPOOYBaHHS B PEKUMI KOPOTKOTO 3aMUKAHHS €
Iy’e BaXJIMBUM IHCTPYMEHTOM NPOEKTYBAHHS BUCOKOBOJIBTHUX BUMHKA-
yiB. J[oOpe BioMoO, 110 B MpoIieci BUMUKAHHS BEJIHKOI MOTYKHOCTI BUMH-
Kad MiAJAETHCS Iy’Ke BUCOKUM MEXaHIYHUM, TEPMIYHUM Ta €IEKTPUIHUM
HaBaHTAXEHHSM, SKi Ba)KKO BpaxyBaTd MPHU BUKOHAHHI iH)KEHEPHHUX PO3-
paxyHkiB. CItiJl TAKOX 3a3HAYNTH, III0 BUCOKOBOJIbTHI BUMHKAYi 3/ ICHIO-
10Th (DYHKIIIT KOMyTalii eIeKTPUIHHUX KiJI B IHIIINX PEXUMaX, a CaMe:

- BMUKaHHS Ta BUMHKAaHHS y HOMiHAaJbHUX pexXuMmax (MpU BBe-
JIEHHI OCHOBHOTO €NEeKTPOYCTaTKYBaHHsS IO €KCIUTyartarii abo BHUBe-
JIeHH]1 HOT0 Y PEMOHT);

- BMHKaHHS Ta BUMHUKaHHS HEHABAaHTAKEHUX IOBITPSHUX JiHIA Ta
TpaHC(OPMATOPIB (MATMX EMHICHUX Ta IHAYKTHBHHX CTPYMIB); PHYOMY,
SIK ITOKa3aB JOCBI/ SKCILTyaTauii, B FOMY BHTIAJIKY JUIs BHUMHKAaUiB CKJa-
JAIOTHCS JIOCUTH Ba)KKi YMOBU KOMYTAITii.

BinmoBigao 10 ynHAEMX cTaHAapTiB [8, 33] BHCOKOBOIBTHI BUMHKAYI
MiIJTAI0ThCS HACTYITHUM BU/IaM KOMYTaI[ITHUX BUTIPOOYBaHb:

1) Bumukannsn cmpymis, wio cknaoatoms 10, 30, 60 i 100% nomina-
JIbHO20 CIMPYMY 6UMUKAHHA 6UMUKAYA NPU Koediyienmi acumempii ne
oinvw 0,2. B mponeci BUnpoOyBaHHs IpU KOKHOMY 3Ha4€HHi CTPyMY IIPO-
BOJIUTHCS HE MEHIIIE IIECTH BUMKHEHb.

2) BuMuKauHs KpumuuHux cmpymie, wio CKiaoaioms npudiu3sHno 6io
2 00 6% Hominanvrnozo CMpyMYy 6UMUKAHHA BUMUKAYQ. Sk BxKe 3a3HaYa-
JIOCh, Y 30HI KPUTUYHUX CTPYMiB 3HAYHO 3POCTAE TPUBAIIICTH TOPIHHSI JIYTH.
B npoueci BunpoOyBanb TPOBO/TUTHCS HE MEHIIE ECTH BUMKHEHb.

3) Bmuxanua cmpymy, AKuil OOpPIiGHIOE HOMIHAILHOMY CHIDYMY
6MUKaHHA eumuKkaua. B miporeci BUIpoOyBaHb MPOBOJUTHCS HE MEHILE
JIBOX YBIMKHEHb.

4) Bukonanus Hopmosanux Komymauiﬁﬂux uumi@ npu HOMIHATb-
HOMY CIPYMI 6UMUKAHHA | HOMIHATTLHOMY CIpPyMi éMuKanna. Jls Bu-
MHKaYiB, IO JIONyCKAIOTh ABTOMATHYHE MOBTOPHE BMUKaHH: (AIIB) Ta-
KHMU [UKJIAMHU € HACTYIIHI:

- nukia 1: O-t4—BO—-180 c—BO;

- ik la: O-t;,—BO-20 c-BO.
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For the breakers that are not intended for autoreclosing operations, the
sequence 2 is used: 0-180 s-C0O-180 s-CO,

where O is the operation of interrupting; CO is the reclosing on an
available short-circuit followed by the immediate (with no time delay)
interruption; tq is the specified dead time for the breakers (usually in the
range of 0.3 to 1.2 s according to the breaker type); 180 s (20 s) is the time
span in seconds.

5. Interruption of current comprising 60, 75 and 90% of the rated
short-circuit current under short-line fault conditions; and 25% of the
rated short-circuit current under out-of-phase switching.

6. Make-break operations for no loaded power transmission lines and
power transformers.

All types of switching tests are performed under rated (operating)
voltage. The TRV parameters of the test circuit should comply with
specified values (see subsection 4.1).

As already noted, switching tests of HV circuit-breakers in short-
circuit conditions are performed by two methods direct and indirect. Direct
tests are usually performed according to the circuit shown in Figure 4.11.
However, unlike this circuit, in given case the test circuit should be
powered via stepping up transformer. Indirect tests, including synthetic
tests, are usually performed for the most part with application of specially
designed circuits containing energy storages.

4.5 Synthetic Testing of HV Circuit Breakers

The main problem facing the construction of electric circuits to
conduct synthetic tests is to support their equivalence. This means that the
synthetic circuit should reproduce the switching conditions that are as close
as possible to those taking place when the breaker operates in real power
network. It is generally agreed that most close to actual operational
conditions are simulated in HP labs where the current source in the circuit
is impact-excited generator. However, taking into account their high cost
and investments for such test setups, the so-called oscillation circuits (i.e.,
capacitive storage) have received extensive application as current source,
especially at moderate powers to be switched.
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s BUMUKadiB, HE IPU3HAYCHHX 1T poOoTH B pexxumi AIIB, Takum
ukiIoM € ki 2: O—180c—B0O-180 c-BO, nie O — onepalliss BAMUKaHHS;
BO — omepariisi BMUKaHHS Ha ICHYIOU€ KOPOTKE 3aMHKAHHS 1 HEraliHOTO
(6e3 BUTpUMKH yacy) BUMHUKaHHS; {5 — O€3cTpyMoOBa may3a, 10 TapaHTy-
etbest U1t BUmMukaviB (mpu AIIB cknanae 0,3—1,2 ¢ B 3a5€KHOCTI BiJl TUILY
Bumukaya); 180 ¢ (20 ¢)— npomMixKoK 4acy B CEKyH/Iax.

5) Bumuranus cmpymis 60, 75 i 90% 6io nominanvnozo cmpymy éu-
MUKAHHA 8 YMOBAX HEBIO0AIEH020 K.3.; @ maKoyc 25% 6i0 nominans-
HO020 CIPYMY BUMUKAHHA 8 YMOBAX HEY3200M#ceHoCmi (as.

6) Bumukanua i 6MUKAHHA HEHABGAHMANCEHUX NIHIN | CUN08UX
mpancghopmamopis.

Bci Buan koMyTaniiHuX BUTIPOOYBaHB MPOBOISTHCS MTPH HOMiHAJh-
Hill (HaiOieIIiN poboyiit) Hanpysi. [lapamerpu ITITH BunpoOHOTO KOH-
Typy TIOBHHHI BiJIIIOBiaTH HOPMOBaHUM (MB. migpo3aia 4.1).

Sk BxKe 3a3HAYANOCSA, KOMYTAIliiHI BUITPOOYBaHHS BUCOKOBOJIBTHUX
BUMHKAYiB B PEXKHMI KOPOTKOT'O 3aMUKAHHS 3/[IHCHIOIOTHCS JBOMA METO-
JaMH: TpsSMEM 1 HerpsiMaM. [Ipsimi BUnpoOyBaHHS 3a3BHYail BHKOHY-
IOTBCS 32 CXEMOI0, MoKazaHoto puc. 4.11. IIpoTe, y 1bOMyY BUIAAKY KHB-
JICHHSI BUIPOOYBAIBHOTO KOHTYPY IOBUHHO 3/1MCHIOBATHCS Yepe3 MiABH-
uryBasibHUN TpaHchopmarop. HenpsiMi, 30kpeMa CHHTETHUYHI BUTIPOOY-
BaHHS, 3a3BUYAil IPOBOJISATHCS 3 3aCTOCYBAaHHSIM CHHTETHYHUX CXEM, IIO
MICTSITh HAKOIIMYYBai EHepTii.

4.5 CuHTeTHYHi BUNIPOOYBAHHSI BHCOKOBOJILTHUX BUMHKAYiB

OCHOBHOI0 33]1a4€l0, 10 CTOITh PH OOYI0B1 SIIEKTPUIHUX CXEM IS
NPOBE/ICHHS CUHTETUYHUX BUIIPOOYBaHb, € 3a0e3MeUeHHs 1X exgisaienn-
Hocmi. lle 03Havae, M0 CHHTETHYHA CXeMa Ma€ BIATBOPUTH YMOBH KOMY-
Tallii, IKi MAKCUMaJIbHO HAOJIMOKEH] 10 peajbHUX YMOB pOOOTH arapara B
Mepexi. 3aralbHOBH3HAHO, 10 HAHO1IbII OJIN3bKI YMOBH 10 peaJIbHOI Me-
PEXi CTBOPIOIOTHCS B JIAOOPATOPISIX BEJIMKOI MOTYXKHOCTI, [ JHKEPEIoM
KUBIICHHS € yapHuil reneparop. OJHaK, 3 OISy Ha BUCOKY 1X BapTiCTh
1 KamiTaJabHI BUTPATH, JOCUTH 4aCcTO, OCOOJIMBO MPH BiJHOCHO HEBETHKHX
NOTYXHOCTSIX KOMYyTalii, [PKEPEIoM CTPYMY CUHTETUYHOI CXEMH € KO-
6AIbHULL KOHMYP, TOOTO BUKOPUCTOBYETHCS EMHICHUN HAKOITMYYBad.
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For the first time, the idea to test circuit breakers with application of
an oscillation circuit was offered in 1937 by Professor A.A. Gorev. His
project had been developed by the Leningrad Polytechnic Institute, and
then had been practically realized in All-Union Electro-Technical Institute
in 1950. Now this idea has gained extensive application. The test setups
for switching tests with application of oscillation circuits has been
designed and are operated in many countries [41, 42].

There is a major variety of circuit designs with an oscillation circuit;
they may be united in two groups, namely, single-frequency circuits, in
which the current subcircuit and a recovery voltage subcircuit are
integrated, and double-frequency circuits, in which they are separated.

Single-frequency oscillation circuit. It is mainly used for single-
phase and unit tests of the breakers with medium voltage ratings. It can be
used also in two part and synthetic tests as the current source only. Simplest
circuit for testing high-voltage circuit-breaker with application of single-
frequency oscillation circuit is shown in Figure 4.12.

S Os L
+o"" l .
FV C Qtest CO
U- ., i ?Uo [] —
1
R
_ 0 1

Figure 4.12 — Single-frequency oscillation circuit

Prior to the test the capacitor bank C is pre-charged up to amplitude
value of power frequency recovery voltage Uy from a low-power rectifying
installation for a relatively long time (usually a few minutes). Then, the
capacitor bank is disconnected from the charge subcircuit with
disconnector S. In order to ensure specified parameters of TRV the
capacitor bank Co is connected in parallel to the test breaker Qst. It should
be noted that the same result is attained in the case the capacitor bank Co
to connect in parallel to the reactor L. That is more, such manner to ensure
the specified TRV parameters has a number of advantages, compared with
the circuit in Figure 4.12, and its application is more suitable [41].
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Brieprre iest BAKOpHCTaHHS KOJIMBAJILHOTO KOHTYPY Ul BUIIPOOy-
BaHHS BHCOKOBOJBTHHX BUMHKa4iB Oyia 3ampornoHoBada B 1937 p. mpo-
¢decopom A.A. T'opeBum, sika y 1950 p. Oyna mpakTuuHO 37ilicHEHa y
BcecotozHOMy €1eKTpOTEXHIYHOMY iHCTHTYTI 3a MPOEKTOM, po3pobie-
HUM y JIeHIHTpajChKOMY TIOJIITEXHIYHOMY IHCTUTYTI. Y HUHIIIHIA 9ac 115
imest Habyra IIMPOKOT0 PO3MOBCIOKEHHS; Y 6araTh0X KpaiHax CTBOpeHi
H eKCIUTyaTyIOThCSl BUITPOOHI YCTAHOBKH 3 KOJMBAIBHUMHU KOHTYpaMu Yy
CHHTETHYHHX cxeMax [41, 42].

IcHye BenmKa pisHOMaHITHICTh BUITPOOHUX CXEM 3 KOJIHBAIHHIM KO-
HTYPOM, YcCi X MOXHa 00'€ITHATH y NIBi TPYIIU: OJHOYACTOTHI, € CTPY-
MOBE KOJIO 1 KOJIO IIOHOBJIFOBAHOT HANIPYTrH 00'€AHaHI, 1 TBOYACTOTHI — 3
PO3IiIEHNMH KOJIaMHU.

OaHOYACTOTHUI KOJIMBATbHUNA KOHTYP BUKOPHCTOBYETHCS, TOJIOB-
HUM YHHOM, 7151 onHO(a3HMX Ta OJIOKOBUX BUTIPOOYBaHb BUMUKAYIB 3 Bi-
JTHOCHO HEBEJIMKOI0 HOMIHAIBHOIO HAampyror. BiH Tako BHKOPHCTOBY-
€THCSI TIPH IBOPA30BHUX Ta CHHTETUYHUX BUIPOOYBAHHSIX TUTBKH B SKOCTI
Jokepena ctpyMmy. Hainpocrima cxema BUIIPOOyBaHb BUMHKAUIB 3 BUKO-
PHCTaHHSIM OJHOYACTOTHOTO KOJIMBAILHOTO KOHTYpPY HaJgaHa Ha puc.4.12.

S O L
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Pucynok 4.12 — CxeMa 0THOYaCTOTHOTO KOJIMBAILHOTO KOHTYPY.

Jns mpoBenieHHs1 BUIPOOYBaHHs KOHIeHcaTopHa Oarapest C mornepe/-
HBO 3apsKae€Tbesl 10 aMIUTITYZAHOTO 3HAYEHHS MOHOBIIOBAHOI HAmpyrd
MPOMHUCIIOBOI YacToTH BUMHUKauda Ug BijI MaIOMOTYXHOT BUIIPSAMHOT yCTaHO-
BKH TPOTSTOM BiTHOCHO TPHBAJIOTO MPOMIXKKY Hacy (3a 3BUYa€EM JIEKiIbKa
XBHJIMH ), TTICTISl YOT'O BOHA 3a IOTIOMOTOI0 PO3'€AHYBava S BiIOKPEMITIOETHCS
Biz 3apsaHoi cxemu. [ist 3a0e3neueHHst MOTpiOHUX (HOPMOBAHHMX) Mapame-
tpiB [1ITH mapanensHo 1o BUNpoOyBaHOTO BUMHKaya Qun MiJIKIFOYAETHCS
koHAeHcatopHoi Oatapest Co. Cinif 3a3HAYNTH, 110 AaHAIOTIYHUNA PE3yJIbTaT
Oyne JoCsSTHYTO, SIKIIO KOoHIeHcaTopHa Oatapest Co Oyie miKiIoueHa napa-
JIETIBHO JI0 peakTopa L; mpuaoMy, Takuii criocid 3a0e3rneveHHst HOpMOBaHUX
napamertpis [TITH mae psig nepeBar y nopiBHsIHHI 3i cxemoro puc. 4.12 [41].
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In testing, the circuit operates as follows. With the help of making
switch Qs, the capacitor bank C is connected to the test breaker Qs Via the
reactor L. At this instant, the slowly decaying sine current starts to flow in
the circuit as it is shown in Figure 4.13:

. R
Ui i i=1I,e I sinwt, (4.9)
lest

where R is the pure resistance of

N uQmsi: Uard

\ oscillation circuit elements; Im is
> t the current amplitude in the circuit
! N ’ that must correspond to the testing
ue S~ conditions and is determined as
N Ou= Uy follows:
Figure 4.13 — Time diagrams of the cur- Uy
rent and voltages in testing Iy = oL (4.10)

Taking into account that the value of R is insignificant, the current
frequency in the oscillatory circuit will be expressed as follows:

1
w = 2nf Tic (4.11)

The parameters of the oscillation circuit are selected so that the
frequency f would be equal to the power frequency (50 or 60 Hz),

At the instant 1 (see Figure 4.10), the contacts of the test breaker starts
to open followed by arc ignition, but the current i continues to flow through
the circuit. At the instant 2, when the current reaches its zero value, the arc
extinguishes and voltage across Qs Starts to recovery until its steady state
value Uo according to the following equation:

u, = U, (1 — cos wyt), (4.12)

C+C,

where g is the frequency of TRV expressed as follows:

wo = 21fy = (4.13)

1
JLCo
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[Tpu BUNIpoOyBaHHIX cXeMa MPAIIOe€ HACTYITHUM YHHOM. 3a JIOTTOMO-
roro BMuKava Q, KOHJeHcaTOpHa OaTapes MiJKITFYaEThCs 10 BUMPOOyBa-
Horo BUMHKada Qg uepes peakrop L. [Ipu 1ipomy vepe3 BUIpoOyBaHUIH
BUMHUKA4 TOYHMHAE MPOXOJUTH TMOBUIBHO 3aracaroumii CHHYCOiaJTbHUN
CTPYM, SK IOKa3aHo Ha puc 4.13:

. R
u,i . -2t .
g, i =I,e T'sin wt, (4.9
AL o=l Je R — akTuBHUI onip eIeMEeHTIB KOIH-
\ .
NN ; BaJIBHOTO KOHTYPY; Im — amrmiiTymHe
1 N p 3HAUCHHS CTPYMY Y KOJi, SIKE TOBUHHO
~ . . .
u, S~_ BIJIMIOBIZIATH yMOBaM BHUIPOOYBaHb 1
g, BHU3HAYAE€THCA HACTYITHUM YHMHOM:
Uo
Pucynok 4.13 — Ocuutorpamu — ( 4.1 0)
CTpyMy 1 HaIIpyT TP BUIIPOOYBaHHIX m oL

3 oy Ha Te, IO BeaMuMHA R HeBenuka, yactora CTpyMy B KOJIU-
BaJIbHOMY KOHTYP1 BU3HAUAIOTHCS HACTYITHUM YMHOM:

1
w = 2nf Tic (4.11)

[TapameTpu KOJMBaJIbHOTO KOHTYPY BHOWPAIOTHCS TaKUM YHHOM,
106 gacrora f mopiBHIoBana npomuciosiii yacrori (50 a6o 60 I').

Y momeHT yacy 1 (uB. puc. 4.10) mOYMHAIOTH PO3MUKATHUCH KOHTAKTH
BUTIPOOYBaHOTO BUMHKa4a Qgn, OTKE Mi’K KOHTAKTAMH BHHUKAE EIEKTPO-
nyrosuii po3psia. [Ipu mepexoni ctpyMy depe3 HyIbOBe 3HaUE€HHS (MOMEHT
yacy 2) ayra 3racae i Ha HOro KOHTaKTaX MOYMHAE IMOHOBJIIOBATUCH Ha-
MpyTa BiJIMIOBITHO /IO HACTYITHOTO BHPA3y:

C
Uy = Uorco(l — Cos wot), (412)

Jie 0o — KyroBa yacroTa I1ITH, sika BU3HAYa€ThCS HACTYITHUM BHPA30M:
1

JLCy

wo = 2Tfy = (4.13)
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At the current-zero moment, spark gap FV is triggered and capacitor
bank C is connected to the reactor L; with inductance equal to the induct-
ance of the reactor L. It results in the TRV curve will contain two compo-
nents: power frequency and high frequency (of the test circuit natural os-
cillations) ones, thereby approaching the waveform to real single-fre-
guency TRV curve (see Figure 4.11).

Thus, the testing conditions for the breaker in the oscillation circuit in
all stages are practically identical to operating conditions of the interruption
in the network. It is confirmed by comparative transient analysis in the
oscillation circuit and in the circuit fed from impact-excited generator [41].

As already noted, at high powers to be switched, the tests are
performed with application of two power sources of moderate capacity (see
Figure 4.8), that is, a two-frequency circuit is used. As an example, let us
consider the most extensively used synthetic circuits with series and
parallel current injection.

Series current injection method. This method is realized by the so-
called series current injection circuit that also known as USSR circuit,
which is represented in Figure 4.14.

The power frequency oscillation
circuit C1—L1 of reduced voltage U
serves as the current source while the
increased  frequency  oscillation
circuit Co-L, of high voltage U
serves as the recovery voltage source.
Charging subcircuits of the capacitor
banks, as well as elements ensuring

Figure 4.14 — Series current specific parameters of the TRV are
Injection circut not shown in the circuit. The
parameters of the oscillation circuit C;—L; are selected so that the current
value would be correspond to testing conditions, and its frequency would
be adequate to the network frequency 50 or 60 Hz (see expressions 4.9
and 4.10). Capacitor banks C; and C; are pre-charged by the voltage U,
and Uy, respectively. The sum of charging voltages of the capacitor banks
should correspond to required peak value of the power frequency
recovery voltage: U, = U; + U,.
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B MoMeHT nmepexony cTpyMy depe3 HyJIbOBE 3HAUEHHS CIIPALbOBYE
po3psannuk FV i mapanensHo Gatapei C migxkmrodaeTbes peaktop Li, iH-
TyKTUBHICTD SIKOTO JOPiBHIOE IHAYKTHUBHOCTI peakTopa L, y pe3ymprari
yoro kpuBa [1ITH Oyne maTu ABi CKIaM0Bi: CKIaJ0BYy IPOMHUCIOBOI Yac-
TOTH 1 CKJIaJJOBY BUCOKOI YAaCTOTH BJIaCHUX KOJUBAaHb BUIIPOOHOTO KOH-
TYpY, HaOIIKAOUMCh 10 (pOPMHU OTHOYACTOTHOI KPHUBOi TIOHOBITIOBAHOT
Hanpyru (auB. puc. 4.11).

Taxum yMHOM, YMOBU BUNPOOYBaHb BUMHKaua Y KOJMBAIBHOMY KO-
HTYpI1 B yCix (a3ax MpaKkTUIHO 30iraroThCs 3 yMOBaMHU poOOTH BUMHKAYa
B MepexXi B mpoleci BUMHKaHHs. L{e miaTBepIKy€eThCs aHATI30M Iepexi-
JHUX TMPOLECIB y KOJUBAILHOMY KOHTYpi M y CXeMi 3 >KMBICHHIM Bij
ynapHoro renepartopa [41].

Sk 3a3Hayanoch BHILE, MPU BEIHKHX MOTYKHOCTSX BUIPOOYBaHHS
MIPOBOJSITHCS 3 3aCTOCYBAHHSM JIBOX JKEPET BiTHOCHO HEBEJIUKOI MTOTYK-
HOCTi (nuB. puc. 4.8), TOOTO BUKOPUCTOBYETHCS TBOXYACTOTHHIA KOHTYP.
Sx npukian, po3risiHeMO HAHOIIbII MOMIMPEHi CHHTETHYHI CXEMH 3 TTOC-
JIOBHUM Ta NapaJieIbHUM HAKJIaJCHHSIM CTPYMY.

CxeMa 3 MOCJiTOBHIM HAKJIAIEHHSM CTPYMY HajaHa Ha puc. 4.14.
Jxepenom cTpyMmy B cXeMi € KOJIHMBaJIbHUN KOHTYP IPOMHUCIIOBOT YaCTOTH
C1—L1 3HMKEHOI HampyTH; JHKEPeIoM BHCOKOI MOHOBIIOBAHOI HANIPYTH €
KosmBasbHUM KOHTYp Co—L2. B cxemi He mokasaHi 3apsiiHi KOHTYpH KOH-
neHcaropuux Oatapeii C1 u Co, a TAKOXK €JIEMEHTH, sIKi 3a0€31eUyI0Th I10-
TpiOHI (HopMoBaHi) mapametpu [TITH.

[TapameTpn mxepena cTpymy BH-
OMpParOTHCS BUXOJISUH 3 TOTO, 11100 Be-
JWYMHA CTPyMY BIJINOBiana yMoBam
BUNPOOYBaHH:I, a HOTO YacToTa BiMO-
BiflaJla poMHUCIIOBii vactoti 50 abo
60 I'ry (muB. Bupasu 4.9 ta 4.10). KoH-
neHcatopHi 6arapei C1 u C, moriepe/-
HBO 3apsKAIOTHCS BIIOBITHO 70 Ha-

PucyHok 4.14 — Cxema 3 nocninosumm  TIpyr Uz Ta U,. Ix cyma nosunHa Biz-
HAKTAICHHAM CTPYMY MOBiIaTH MOTPIOHOMY aMILTITYyJHOMY
3HAYEHHIO ITOHOBJIIOBAHOI HANIPYIHM ITPOMHUCIOBOI yactotu Uy = U; + U,.
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Initially, the test breaker and auxiliary
switch Q, are in close position, the make
switch Qs is in open position. In the test

Lo\ i process, the c_ircuit operates as follows. At

W, first, the making device contacts are closed

0T R and slowly decaying sine current i, starts to
u flow through the current subcircuit C1—Li—
e Qo—Qtest (i.e., in same manner as in

foregoing single-frequency oscillation
circuit) that shown in Figure 4.15 (see
expression 4.8). After sometime, at instant
1 (see the Figure 4.15), the contacts of the
test breaker and interrupting device Q, are
opened, however the current i, continues to
flow through their arc gaps.
Figure 4.5  Time diagrams of ... At instant 2 the spark gap FV is
the currents and voltages for se- triggered gnq the current of increased
fies current injection circuit  "eéquency iz is started to flow through the
subcircuit C»—L—Q,. In the process, the
total current through Qo will be determined by the difference: iy, = i;-i,
At instant 3, the current i1, reaches its zero value. If at this moment,
the arc extinguishes in Qo, then the current and voltage subcircuits form
one oscillation circuit having capacitance:

qucslz Uy

C,C;
Co = R (4.14)
and inductance:
Lo=1Ly+L,. (4.15)

A current i; flows through the circuit formed; its slope in the near-
zero zone must have the same value as for currents i, and i,. Therefore, the
inductances of the subcircuits are decided from the following condition:

Up U
Ly Ly

If at zero crossing of the current i7 (instant 4) the arc extinguishes in
Qest, then the voltage across its contacts will recover until steady-state
value Up with the frequency:

(4.16)

259



VY mo4aTkoBOMY MOJIOKEHHI KOHTaKTH
BHIIPOOYBAHOTO BUMHKA4a 1 JOMOMIXKHOTO
BuMHKaua Q, 3aMKkHyTi, BMuKada Q, — po3i-
iy 1\ . MkHyTi. [Ipu mpoBemenni BUNpoOyBaHb

O\ CIOYaTKy 3aMHUKAIOTHCSA KOHTAKTH Qp 1 B
Vi L KOHTYpi cTpyMy C1—L1—Qo—Qrest moUMHAE
2 [ TEKTH MOBIJILHO 3aTyXalO4uil CUHycoifa-
JBHAN CTPYM IPOMHCIOBOI YacTOTH i,
puc. 4.15 (quB. Bupas 4.8). B moMeHT yacy
1 pO3MHKaIOTHCSI KOHTaKTH BUITPOOYBaHOTO
BUMHKa4a 1 BUMHKILHOTO MPUCTPOIO Qo,
aie yepe3 oOnBa AyToBi MPOMIXKKH IPOJIO-

1

“Qm: Uy

BJKY€ TEKTH CTPYM l1.
béu% B MOMEHT 4acy 2 CIIpaiboBye PO3psiI-
Huk FV i B xorTYpi Co—L2—Q, MOUnHaE TIpO-
PucyHok 4.15 — Ocummnorpamu XOJUTH CTPYM MiBHIIEHOT 4acTOTH 2. [Tpn

CTPYMIB Ta HAIIPYT VI CXEMA 3 TI0-  [bOMY 4epe3 Q, IPOXOIUTH CTPYM:
CIIIJ0BHUM HAKJIaACHHAM CTPYM { — 7
Py i1 = i1—Ip.
B mMomenT bacy 3 ctpyMm Iz, mo Teue B Q, MpOXOAuTh Yepe3 HyIbOBE
3Ha4YeHHs. SKIIO B 1ield MOMEHT ayra B Q, 3racHe, TO KOHTYp CTPyMY i KOHTYP

HaIpyTy YTBOPIOIOTH OJIWH MOCTIIOBHUH KOJIMBAJIBHUI KOHTYP 3 EMHICTIO:

GGy
Co = m, (4.14)
1 IHIlyKTUBHICTIO:
Lo=L;+ L, (4.15)

B yTBOpEeHOMY KOHTYPi IIPOXOAUTH CTPYM i, IIBHKICTH 3MiHH SIKOTO
MIPH TAXOJII IO HYJIS Ma€ T€ K 3HAYEHHS, 110 1 JJIs CTPYMIB i1 1 2, TOMY
IHAYKTUBHOCTI KOHTYPiB BUOUPAIOTH BUXOASYH 3 HACTYITHOI YMOBH:
U %
Ly L
SIkmo npu nepexoii ctpymy iy depe3 Hyib (MoMeHT 4) nyra y Qun
3racHe, TO Ha HOro KOHTakTax Oyjie MOHOBIIIOBATHICH HAMPYTa JIO CTAJIOTO
3Ha4deHHs U 3 yacToToro:

(4.16)
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21 /LyCo
Parallel current injection method. In 1942, F. Weil introduced a
synthetic test circuit, which was later improved by G. Dobke and others
and is now used worldwide, as the parallel current-injection circuit often
referred to as the Weil-Dobke test circuit. This method has received very
extensive application, especially for testing the circuit-breakers with ultra-
high switching capability. In this case, construction of the synthetic circuit
at combined operation of short-circuit generator and oscillation circuit is
economically suitable. This circuit is represented in Figure 4.16.

Ly

0, \e,

fo= (4.17)

L, FV
0 noo—
Ul Qtest CO
&

[ ] o KBS

Figure 4.16 — Parallel current injection circuit (Wail-Dobke circuit)

The current source in this circuit is an impact-excited generator G of
power frequency voltage Ui:. The oscillation circuit Co—L,, connected
across the test breaker Qst, Serves as the high recovery voltage source. The
parameters of the circuit are selected from the equality requirement of the
current derivatives in both subcircuits at a current zero crossing. This is

ensured under the following condition:
U U
L= (4.18)
Ly L

Prior to the test, the contacts of Q. and Qs are in the closed position,
and Q; is in the open position. After the generator G has been speeded up
and excited, the contacts of Q, is closed, and power frequency current iy is
started to flow through Q, and Qs that is shown in Figure 4.17.
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Cxema 3 napaJjieJIbHUM HaKJIaJeHHs M cTpymy. Llsg cxema Oyna 3a-
nporioHoBaHa . Beitnmom y 1942 poui, a mi3Hime Oyja BIOCKOHanIEeHa
T". JloOke Ta iHIIMMH, OTKE YacTo il Ha3UBaIOTh cxemoro Beiina-/Jodke. Y
JaHW{ Yac BOHA HaOyla BENbMH HIMPOKOTO MOIIUPEHHS, OCOOIMBO IS
BUNIPOOYBaHHS BUMHKAUiB HA TPaHUYHI OTYKHOCTiI BAMUKaHHS. Y [IbOMY
BUTIAAKY €KOHOMIYHO JOUIUJIFHIM € TT00Y/T0OBa CXEMH 31 CTIOTYIEHHSM yia-
PHOTO reHepaTopa i KOJIMBAILHOT'O KOHTYPY, K MoKa3aHo Ha puc. 4.16.

fo= (4.17)

QB \ QO
G L, FV
UIT v —1"00—

QBH CO
UQT::Q

Pucynok 4.16 — CuHTeTHYHA cCXeMa 3 MapaielbHUM HaKIaJICHHIM CTPyMY

Jlxepenom cTpyMy y aHii cxeMi € ynapHuii reaeparop Gy 3 Hampy-
roto U; mpoMuciioBoi yacToTu. >kepenomM BUCOKOI HAIPYTH € KOJIHUBAJIb-
HUit KoHTYp Co—L2 Bucokoi Hanpyru Uy, SKWH AKITIOYA€EThCS MapajieaTbHo
BUTIPOOyBaHOMY BHMHKady Q... [lapamerpu KOHTYpiB BHOMparOThCS 3
YMOBH PIBHOCTI MOXiJHUX CTPYMiB B 000X KOHTYpax IpH iX MiAXO0.i J0

HYJILOBOT'O 3Ha4eHHs. |le 3a0e3neuyeThcs MpU HACTYIHINA YMOBI:
Up U,
—=— 4.18
L L (4.18)

Y 1o4aTkoBOMY MOJIOKEHHI KOHTAKTH Qo 1 Qun 3aMKHYTI, a Q; — po3i-
MKHYTI. [Ticst po3roHy yaapHoro reaepaTtopa i moaadi Ha Hboro 30yI>KEeHHS
3aMUKaIOTHC KOHTaKTH Qg 1 uepe3 Qun 1 Qo MOYMHAE TIPOXOUTH CTPYM IIPO-
MHCIIOBOI YacTOTH i1, SIK TIOKa3aHO Ha puc. 4.17.
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At time instant 1, the contacts of Q, and
Qrest begin to open followed by the ignition
IQe,  Of arcs in them, and current iy continues to
flow. At instant 2 the spark gap FV is
triggered and, thereby the recovery voltage
4 source is connected to Qrwst. From this point,
the current through the test breaker is equal
Figure 4.17 — Time diagrams for  tg the sum of the currents through the current
parallel current injection circuit and voltage sources: iQtest =i +i, At
instant 3 the current in interrupting device Q, i1 passes through zero, the
arc extinguishes in it, thereby the test breaker Q:est becomes to be connected
to the recovery voltage sources only. At instant 4 the current in the test
breaker Qust, equal to current i,, reaches zero value followed by the arc
extinguishes and voltage recoveries across its contacts. The parameters of
TRV are defined by the values of r,, Co and L.

Voltage injection method. The voltage injection method, in principle,
is the same as the parallel current injection. The fundamental difference is
that the high recovery voltage is injected across the contacts of the test
breaker following the interruption of the short circuit current. When the
short circuit current crosses its zero value, the test breaker opens.
Practically at same instant, the auxiliary switch Q, also opens and thereby
separates the test breaker from the current source. The only after that, the
spark gap FV is triggered and recovery voltage is injected.

This method is less expensive compared to the current injection one
because it allows the use of capacitor banks of a much smaller
capacitance, since the current injected from the voltage source in this case
is much smaller. However, it is not very popular because it requires
accurate timing for the recovery voltage injection, which considerably
complicates the control circuit.

Switching tests of circuit-breakers are frequently performed in espe-
cial conditions. In such cases, considered above series or parallel current
injection circuit is supplemented with appropriate components.

In the process of switching tests, it is quite often necessary to simulate
special operating conditions or duties for circuit-breakers. For example,
interrupting a short-line fault, arcing during a few half-cycles, and others. In
such cases, the discussed above series or parallel current injection circuits
are supplemented with special devices that provide such conditions or duties.

|
I
|
1
(U 2 34
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B MoMeHT 1 po3MHKarOThCA KOHTa-
KT Qo 1 Quu, B HUX BUHHUKAIOTH IYTHU 1
NPOJIOBXKYE TEKTH CTPyM i1. B MomeHT 2
! CHpaiboBye po3psaHuK FV 1 KoHTYyp mo-
| HOBITIOBAHO1 HAMPYTH IMiIKIIOYAETHCS 10
il ‘ Qsn. 3 IBOTO MOMEHTY CTPYM Y B.I/IMI/IKa‘Ii,
; Y\ 7 mo BumnpoOyerbcs, Oyne JOpIBHIOBATH
S cymi: i = ij +i,. B MomeHT uwacy 3
Pucynok 4.17 — Ocuunorpamu ctpy- CTPYM i1 IPOXOAUTH Yepes3 HYyJb, AyTa B
MiB JUIsl CXCMH 3 TTApANieTbHAM Ha-  HpOMY 3raca€ i Qun BUSBIISETHCS MIKIIIO-
ITa/ICHEGIM CTPYMY YEHHM TUTBKH 710 KOHTYPY TTOHOBITFOBAHOT
Hanpyru. B MoMeHT 4 cTpyM y Qun, 1110 IOPIBHIOE CTPYMY i2, IPOXOIHUTh
Yyepe3 HyJIbOBE 3HaUCHHSI, IyTa B HbOMY 3racae i Ha Horo KOHTaKTax IMoHO-
BIIOEThCs Hanpyra Uz, sika 00ymoBieHa napamerpamu I, Co i Lo.

CxeMa 3 HAKJIQICHHSIM Hanpyru. 3a moOyIOBOIO I CXeMa € aHallo-
TiYHOIO IO CXEMH 3 MapasieIbHUM HaKIaJCHHAM CTpyMy. IIpHHINIOBOIO
BiZIMIHOIO € T€, IO BUCOKA MIOHOBJIIOBaHA HANIPYTa MOAAETHCS HA KOHTAKTH
BUIPOOYBaHOTO BUMHKAaua MiCIsi BUMHKAHHA CTPYMY KOPOTKOI'O 3aMH-
kaHHs. [Ipy IpoXomKeHH] CTpyMy KOPOTKOTO 3aMHUKaHHS 4epe3 HyJIbOBE
3HAYEHHS MPAKTUYHO OJHOYACHO BUMHKAIOTHCS BUNIPOOYBaHUI BUMUKAY
1 JonmoMikHUN BUMHKA4 Qo, SKHI BIIIUIsIE BUTPOOYBAaHUN BUMHKAY BiJl
JOKepea CTpyMy, 1 JIUIIe TiCIIs IHOTO CIPanboBYye po3psaauka FV i 3miii-
CHIOETKCS 110/1a4a TIOHOBJIFOBAHOT HATIPYTH.

L5t cxema € GBI EKOHOMIYHOIO Y TIOPIBHSIHHI 31 CXEMOIO 3 HaKJIa IeH-
HSIM CTpyMYy 0O J103BOJIsiE BUKOPHCTOBYBAaTH KOHJICHCATOPHI OaTtapei 3HauHO
MEHIIOT EMHOCTI, OCKUJIBKH CTPYM, 10 IOAAETHCS Bij JUKEepesa Haupyru y
LOMY BUTIJKy 3Ha4HO MeHIe. [IpoTe, BoHa He HaOyJa MIMPOKOTO BUKO-
PHCTaHHsI, OCKIIBKY BUMAara€ TOYHOI CHHXPOHi3allil MOMEHTY T10/1a4i IIOHO-
BJIIOBAHOI HAIIPYTH, 110 3HAYHO YCKIIAJHIOE CXEMY KEpPYBaHHSI.

B nporieci komyTamiiHuX BHITPOOYBaHb JIOCHThH YaCTO BUHUKAE HEOO-
XIIHICTh BIITBOPHUTH CHeMiaNbHI yMOBH a00 pekUMHU poOOTH BUMHKAUIB.
Hanpukian, BUMHKaHHS HEBIIIAJIEHOTO KOPOTKOTO 3aMUKaHHSI, iCHY-
BaHHS JIyTH BITPOJOBXK JICKUTLKOX HAIIIBIEPiOAiB Ta iHIIi. B Takux Bunam-
Kax PO3IJITHYTI BHUILE CXEMH 3 ITOCIIOBHUM a00 MmapajieibHUM HaKJIaJACH-
HSIM CTPYMY JIONOBHIOIOTHCS CIICLiaIbBHUMHU MIPUCTPOSIMHY, SIKi 3a0e3medy-
I0Th TaKi yMOBH 200 PEXXUMH.
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Short-line fault test. It is well known that a one of the heaviest
condition for HV circuit-breakers is clearing short-line fault. This
condition can be simulated in the circuit shown in Figure 4.18a. In this
case, a conventional series current injection circuit is complemented by a
short-circuited transmission line of given length, which is shunted by the
arcing switch Qarc. Figure 4.18b illustrates the operation of this circuit by
the time diagrams of currents.

2) b)
F”“ﬂ”‘l , i
QB " “N\
C' So T i Owe N\ i1
esl i % lrine 2 iﬁ I
o | A\
1 2 3 456

Figure 4.18 — Synthetic circuit for the short-line fault test (a);
time diagrams of the currents (b)

In the same manner as in conventional synthetic circuit, at instant 0
making switch Q, is closed and half-wave of power frequency current i;
begins to flow through the current subcircuit, and at instant 1 the contacts
of the test breaker and auxiliary breaker Q, are opened. At instant 2 the
contacts of Qac begin to open, thereby the arc with almost invariable
voltage is initiated between them, which begins to charge the line by the
current ijine. In the process, the current flowing through Qurc is determined
by the difference: iy, = = ig,... — line-

At instants 3 and 4, the circuit operates similar to conventional circuit.
Atinstant 5 (when iy, reaches its zero value), the arc in Qar extinguishes
and the line becomes to be connected into the test circuit. In such a way,
the conditions, corresponding to short-line fault, are created in the circuit.

In the high-power laboratory, it is not very practical to use a real
overhead transmission line for short-line fault testing, especially in the
cases, when several lines in parallel should be connected according to the
test conditions. For this reason, the short-line fault tests are frequently
performed with application of artificial lines (RLC circuits), which enables
relatively simply to simulate transmission lines of any length.
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Cxema aJ1s1 BiTTBOpeHHs HeBiagaaeHoro k.3. Jloope Bigomo, 1o o1-
HUAM 3 HaWOLIBI BAKKUX PEKUMIB € BUMHUKAHHS Hegi00aneH020 KOPOm-
K020 3amuxanns. Takuil pexxuM Moxke OyTH BIATBOpEHHH B CXeMi, IO Ha-
JaHa Ha puc. 4.18a. Y naHoMy BUNAJKy 3BHYailHa CHHTETHYHA CXEMa 3
TIOCJTIIOBHUM HaKJIaJCHHSAM CTPYMY JIOTIOBHIOETHCS JIYTOTacCHUM amapa-
ToM Q;, Mapane’IbHO SKOMY ITiJKITF0YA€THCS KOPOTKO3aMKHEHa JIHIS 3a/1a-
Hoi goBxuHu. Ha puc. 4.186 HagaHO ocMIIOTpaMu CTPYMIB, SIKi LTIOCTPY-
10Th (DYHKITIOHYBaHHS CXEMH.

a) 6)
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Pucynok 4.18 —CunTeTH4Ha cXeMa Uil BUIIPOOYBaHb B PEXKUMI
HEBIIAJIEHOT0 K.3. (a); ocumiorpaMu cTpymis (6)

Tax camo sK 1 y 3BUYaliHill CHHTETHYHIH cxemi, y MOMeHT () BMHKa-
€Tbcsi BMUKaY Qg, 1 B KOHTYPl CTPyMy MOYMHAE TEKTH MiBXBUISI CTPYMY
HPOMHCIIOBOI YaCTOTH i1, 2 Y MOMEHT | PO3MHUKAIOTHCSI KOHTAKTH BHIIPO-
OyBaHOro BUMHKaua Ta JIOTMOMIXKHOTO BUMHKada Q,, B MomeHT 2 po3mu-
KaloThCSI KOHTAKTH Q,, MK HUMU BHHUKAE €JICKTPUYHA JyTa 3 Maiike He-
3MIHHOIO HAIPYTOI0, SIKA TIOYNHAE 3aps/PKATH JIHII0 CTPYMOM I, CTpym y
Q. 3 IOTO MOMEHTY JIOPiBHIOE Pi3HUIT lg, = lg,, — In-

B momentr 3 Ta 4 cxema QyHKLIOHY€E Tak caMo SIK 1 3BUYaiiHa cxema. Y
MOMEHT Yacy 5 mpu mepexoii igy depe3 Hymb ayra B Q. racHe, i jiHis
BUSIBIISIETHCS BKITFOUEHOIO TIOCITIIOBHO Y BUTIPOOHUIA KOHTYp. TakuM 4MHOM, Y
KOHTYPi CTBOPIOIOTHCSI YMOBH, 1110 BiATIOBIJAaI0OTh PEKUMY HEBIIIAIICHOTIO K.3.

BunpoOyBanHs BUMHKaYiB B JaDOpaTOPHUX YMOBaX 3 BUKOPHUCTaHHSIM
peanbHUX JIiHIN Hepenay AajieKo He 3aBXK AU MOXKIIUBO, OCOOJIMBO SKIIO 110~
TPiOHO BKJIFOUMTH MapaieibHO ACKIbKA JNiHiH. Y 3B'I3Ky 3 IIUM, IIHMPOKE
MOIIMPEHHS IPU BUIIPOOYBaHHAX BUMHUKAYiB B PEKUMI HEBiIAIECHOTO K.3.
HaOyII0 BUKOPUCTAHHS wimyunux niniti (nanyrocosux RLC cxem), siKi 103B0-
JISIFOTh BITHOCHO MPOCTO BiITBOPIOBATH JIiHIT OY/1b-SIKOT JTOBKHHHU.

266



Substitution of a real line with an
artificial one makes it possible to
change the manner to connect the line
into synthetic circuit and thereby
simplify the synthetic circuit. In this
case, there is no necessity to connect
the artificial line near the ground point
(as in the circuit considered above, see
Fig. 4.18a). It can be disposed directly
near the test breaker as shown in
Figure 4.19.

An artificial transmission line is usually made of identical lumped LC
networks, such as pi-networks shown in Figure 4.20a, T- networks shown
in Figure 4.20b, or L- networks shown in Figure 4.20c, but there are other
networks for constructing artificial lines.

Figure 4.19 — Short-line fault test circuit
with artificial transmission line

a)
L L
To Iy Lo L
L L2 L/ ) L/

Figure 4.20 Artificial transmission lines made of
I1-type circuits (a), T-type circuits (b), and L-type circuits (c).

The application experience of the artificial lines shows that they ensure
the simulation of triangular (saw-tooth) oscillations of the recovery voltage
in the case when the number of sections is in the range of 5 to 10 [41].
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L L, 3amiHa peanbHOI JIiHIT JIaHIIOro-

T \—_l BOIO CXEMOIO JIa€ MOXKJIMBICTh 3MIHUTH

0 (> cnoci6 1i mimKTIOUEHHS i THM caMuM

FV COPOCTUTH CHHTETHYHY cXemy. Y

~ - ___ UbOMy BHIAIKy HEMa€e HEOOXiIHOCTI

ia;‘;‘;:i:l BKJTIOYATH JIAHLIOTOBY CXEMY y TOUKH

3a3eMJICHHS, SK Y PO3DJISIHYTIH BHIIE

cxemi (muB. puc 4.18a), a Oe3mocepea-

Pucyno 4.19 — ITiakmouenns 1aHo- - ypo y BUpo6yBaHOr0 BUMHKAYA, SIK T10-

T'OBO1 CXEMH 110 BPIHpO6HOFO KOHTYpY
Ka3aHo Ha puc. 4.19.

HITyuHa niHig mepeaadi 3a 3BUYa€M BUKOHYETHCS 3 i1enTHyHnX LC na-

HIforoBux cxem: [1-manok, puc. 4.20a, T-nmanok, puc. 4.2100, a6o ['-nmaHok,
puc. 4.20B, ane iCHYrOTb ¥ 1HIII cxeMH OOYIOBH INITYYHHX JTiHiH.

L L L
0 0 R N/ IR
L2 L/2 L2 ? L2 L2 L)

Pucynok 4.20 — llItyuHi JiiHii nepeaay (IaHIIOTOBI CXEMHU) BUKOHAHI:
3 [I-nmanok; T-naHok; I'-nmaHok

JlocBi BUKOpHCTaHHS JIAHLIOTOBUX CXEeM II0Ka3aB, 110 BOHU 3a0e31e-
YYIOTh €KBIBaJICHTHICTh BHITPOOYBaHb, TOOTO BiITBOPEHHS TPHKYTHUX KO-
nuBanb [1ITH, sikio kinbKicTs Janok He menrre 5—10 [41].
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The parameters of the artificial line are decided basing upon the
predetermined values of the line length I (i.e., the distance from the breaker
terminals to the fault location), as well as its wave impedance Zji,. and
running inductance of the line Lo. For the decided number of sections n,
the inductance and capacitance of the section are determined as follows:

1L, L

s C = TR
n Zline

(4.19)

At the same time, despite the relative simplicity, substitution of the
line with distributed parameters by the artificial line may violate, in some
degree, requirement as for test equivalence. Therefore, tests with the
application of artificial lines are appropriate, when they are supplemented
by network tests, when it is possible, or tests in synthetic circuit with
application of actual transmission lines.

Testing with prolonged arcing. In certain cases, in compliance with
testing conditions, there is necessity to prolong the arcing time for the
breaker to be tested after current zero. In this case, the synthetic circuit
must ensure arc reignition, which is usually carried out by the arc space is
subjected to an ignition pulse the at the current-zero instant. Figure 4.21
represents one of the circuits that enables this to be ensured.

FU FV3
L A ——=+00

R
| 0 | 8FV]
FV |
IL& U,

Lo [0

oJo,
Figure 4.21 — Circuit diagram for the testing with prolonged arcing

U

The ignition pulse is generated by the capacitor bank Cign disconnected
from the test circuit by the spark gaps FV1, FV2, FV3. In burning the arc
between the contacts of the test breaker, the voltage Uarc across Qo and Qiest
are directed opposite to Uign and the voltage Ujg, — uarc acting to the spark
gap FV1 does not cause its triggering.
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[TapameTpy JTaHIIOTOBOI CXeMH BHOWPAIOTHCS BUXOYM 3 3aJTaHHX
3Ha4YeHb JOBXHUHM JiHii | (To6TO BigcTaHi BiJ BUMHKava IO MICII K.3.), a
TaKOX ii XBHJILOBOTO ONOPY Z; Ta MOTOHHOI IHAYKTUBHOCTI JiHii Lo. [Tpn
00paHoi KiIbKOCTI JJaHOK N, IHAYKTHBHICTH 1 EMHICTh JJAHKH BU3HAYAIOTHCS
3a TAKHMH BUpa3aMu:

"L, L
n leine.

(4.19)

Pa3om 3 TiM, HE3BaXKarOUW Ha BiTHOCHY MPOCTOTY, 3aMiHa JIiHii 3 po-
3MOAIJICHUMH IIapaMeTPaMH JIAHIFOTOBOIO CXEMOIO MOXKE IO ITOPYLIUTH
YMOBH €KBiBaJICHTHOCTI BUNPOOYBaHb. TOMy BHUIIPOOYBaHHS 3 BUKOPHC-
TaHHAM JaHIIOI'OBUX CXEM HOHiHBHO JOIIOBHIOBATH, KOJIH L€ BUABJIAETHCA
MOJJINBUM, MEPEKEBUMH BUIIPOOYBaHHIMHU a00 BUIPOOYBaHHSIMH B CHH-
TETHYHIH cXeMi 3 BAKOPUCTAHHSIM pealibHOl JIiHIT mepeaayi.

CxeMa 3 IpOI0OB:KeHHIM iCHYBaHHSI Iyru. B psii Bumaaxis 3a ymo-
BaMH BHIIPOOYBaHb iCHY€E TIOTpeOa MPOJOBKUTH Jac TOPIHHS IYTH MiX KO-
HTAaKTaMH BUIIPOOYBAaHOTO amnapara. ¥ bOMY BUIAJKy CHHTETUYHA CXeMa
IIOBHUHHA 336C3HC‘IyBaTI/I IIOBTOPHC 3allaJltOBaHHA OYTH i, SKC 3a 3BUYaEM
3MIHCHIOETHCS JIE€I0 3aIMalfOBATBHOTO IMITYJIbCY HA MDKKOHTAKTHHIA TIPO-
MDKOK M yac mepexoay CTpyMy OyrH yepe3 Hyiab. OnHa 3 cxem, 1o J0-
3BOJISIIOTH 11€ 3a0€3MeUnTH, HalaHa Ha puc. 4.21.

U F V3
—1
L L,
~ F V |
T C 1 111;{ Cﬂiﬂ
Ul ~ BIT
U, R
[|:| T”a' FV2

PucyHok 4.21 — CxeMa 3 IpOJOBKESHHSIM FOPiHHS AyTH

3ananoBabHAN IMITYJIEC CTBOPIOETHCS 32 JIOTIOMOTOK KOHJIEHCATOP-
Hoi Oarapei Cyiy, SKa BiIOKpEMIICHA Bijl BUITPOOYBAIILHOTO KOHTYPY PO3psi-
naukamu FV1, FV2, FV3. Tlin yac icHyBaHHS J{yrOBOTO pO3pSILy HApyTa Uy
Ha Qun CHIpsSIMOBaHA 3yCTPIYHO 10 BigHOIIEHHO 10 Uyiy 1 HA po3psianuk FV1
nie nanpyra Uy, — U, SKa HE TIPU3BOIHUTE 110 HOTO CIPalbOBYBAHHS.
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During the recovery voltage process, it undergo the action of the
voltage defined by the sum Ujgy, + u, (since recovery voltage ur coincides
in direction with Uig,) that lead to triggering the spark gap FV1, and then
triggering the spark gaps FV2 and FV3. As a result, the capacitor bank Cig,
is connected to the Q. and Qest, and initiates arc discharge in them.

To eliminate the influence of the capacitance Cign on the TRV
parameters, the fuse FU, actuating under passing of the ignition pulse, is
used. The arc, initiated in the process, is rapidly extinguished.

The conceptual shortcoming of this circuit is the fact that the ignition
pulse affects the arc spaces of the switches Q. and Qiest during the recovery
process, when they have been already deionized enough. In the process,
significant energy is necessary for arc reignition that necessitates
application of capacitor banks of significant capacitance.

Application of inductive energy storage. The integration of power
generating units at power stations, as well as the need to enhance the
reliability of power supply necessitate the so-called generator circuit-
breakers to be installed between the generator and transformer at the unit.
The construction of 1000 MVA power units and higher power ones
requires the use of generator circuit-breakers with rated 160 kA short-
circuit current containing a very high (100 % and above) DC component
at the voltage in the range of 24 to 35 kV.

The noted parameters exceed the capabilities of available test setups.
To enhance their test capabilities by increasing the capacity or number of
impact-excited generators involves in significant capital investments. The
application of current sources based on inductive energy storages in
synthetic circuits is sufficiently effective alternative. Their basic
advantages are the constructive simplicity and the high specific
accumulated energy, so their use enables significantly increase the testing
capabilities of test facilities at relatively low costs. Now, inductive storage
devices are not extensively used, but their creation is a promising direction
in the technique of switching tests [48].
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VY mpormeci MOHOBIEHHS HANPYTH HIiCHIS HYNS CTPyMYy Ha HBOTO
BILIMBA€ HAIpyra, Ka J0PiBHIOE cyMi Uy + Uy, (OCKUIBKH MOHOBIIIO-
BaHAa HaNpyra U, Ji€ y MPOTIJICKHOMY HAIpPsAMKY), MiJ €0 SKOTO
crpainboBye po3psaaauk FV1, a motim i1 pospsaauku FV2 i FV3. Takum
qiHOM, O0atapest Crix MiIKII0YAETHCS TapaienbHo A0 Qo i Qun, 30ymKy-
104l B HUX €NEeKTPUYHI TyTH.

Jna ycynenns BBy €eMHOCTI Crip Ha napamerpu IIITH B cxemi 3a-
CTOCOBaHO 3an00DKHUK FU, sSIKuil py MpOXoAKeHH] 3aMaiioBaIbHOTO M-
MyJbCY CIPAIbOBYE; a AyTa, 10 yTBOPIOETHCS MIPH LIBOMY, IIBUAKO 3racae.

OCHOBHHMM HEJOIIKOM CXEMHU € Ta 00CTaBHHA, 1110 3aMaIFOBaILHUI 1M-
MyJBC Ji€ Ha AYTOBI MPOMiXKH anapatiB Qo i Quu B MpoIeci MOHOBICHHAS
HaNpyTH, KOJU MPOMIXKKH BXe JOCHUTH JICi0HI30BaHi, 10 3MYIIYE 3aCTOCO-
BYBaTH KOH/ICHCATOPHI 0aTapei 3Ha4HO1 €MHOCTI, 00 3a0e3MeuuTH 0/1ep-
JKaHHS HEOOX1THOT IS TiAMaNOBaHHs eHeprii.

BuxopucranHsa IHIYKTHBHHUX HAKONMYyBayiB eHeprii. Ykpyn-
HEHHS eHepro0JIOKIB Ha €JICKTPOCTAHINISIX, @ TAKOK HEOOXIAHICTh Ii/IBH-
IICHHS HA[IHHOCTI €IeKTPOIIOCTadYaHHI 00yMOBWIIH YCTAHOBKY Y KOJII MiXK
TeHEPaToOpPOM 1 TpaHC(HOPMATOPOM TaK 3BAHUX 2EHEPANOPHUX GUMUKAYIS.
CrniopymxeHHst eHepro0:1okiB noTyxHicTio 1000 kBA 1 Ginbin Bumarae 3a-
CTOCYBaHHSI TeHEPAaTOPHUX BUMHKAYiB 3 HOMIHAJIbHUMHU CTPyMaMH BUMH-
kaHHA 160 KA 3 myxe Benmukoro (1o 100% i BuIe) anepioIMYHOIO CKIIAI0-
BOIO IpH Hampy3i 24-35 kB.

3a3HavyeHi mapaMeTpH MEPEeBUIYIOTh MOKIMBOCTI ICHYIOUMX BHIIPO-
OHMX ycraHOBOK. [limBUIIEHHS BUPOOHUX MOYKIIMBOCTEH MIISTXOM 301116~
HICHHS MOTYXKHOCTI yJapHHX TeHepaTopiB a00 iX KUTbKOCTI BUMararoTh
3HAYHUX KalliTAIOBKIAJCHb. BebMU e)eKTHBHOIO allbTEPHATUBOIO € BH-
KOPHCTaHHS Y CHHTETHYHHUX CXeMax B SKOCTI JDKEpesa CTpyMy iHOYKmug-
HUX Hakonuuyseauié enepeii. OCHOBHUMH iX TIepeBaraMu € MpocToTa KOHC-
TPYKIIi i BUCOKA TUTOMA EHEPTisl, 0 3a11aCa€ThCsI, OTHKE iX BAKOPUCTAHHS
JTO3BOJISIE€ 3HAYHO ITiIBUIIMTH BUIIPOOYBaIbHI MOXKIMBOCTI BUIIPOOHUX YC-
TAHOBOK IPHY B1IHOCHO HEBEJIMKUX BUTparax. B nanuii vac iHqyKTUBHI Ha-
KONM4yBavi He HaOylM MIMPOKOTO BUKOPUCTAHHS, MPOTE iX CTBOPEHHS €
HEePCIIEKTUBHUM HAITPSIMOM y TEXHilli KOMyTaliiHuX BUMPoOyBaHb [48].
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5.0THER TESTING TECHNIQUES OF ELECTRICAL
AND POWER ELECTRONIC APPARATUS

5.1 Research and Testing for Temperature-rise in Rated Duty

It is well known that one of the main operating conditions of electrical
and power electronic apparatus is the nominal (design) condition, when the
electrical installation operates in normal circumstances. This duty is
characterized by a long-term flowing load current that causes main (Joule’s)
and additional losses in the current-carrying parts of the apparatus that results
in their heating, as well as heating of adjacent components. Under the action
of alternating electromagnetic fields produced by current-carrying
components, the apparatus constructive components (free from a current load)
also generate thermal losses. Elements of electromagnetic systems, such as
windings and magnetic circuits are also thermal sources in electrical apparatus.
The most concentrative thermal source of power electronic devices are power
semiconductor devices that require special cooling systems.

It should be also noted that calculations relating to evaluation of
thermal behavior of electrical and power electronic apparatus are highly
complicated. It is practically impossible to calculate the main and
additional losses, as well as the temperatures of all parts of a complex
apparatus or a complete device, taking into account all factors and with a
sufficient degree of accuracy. Thus, the experimental determination of the
thermal behavior of the apparatus and its individual elements is the most
objective and accurate, and just at the stage of R&D-works the
temperature-rise investigations and tests are especially topical and urgent.

There are various types of tests involved in verification of thermal
behavior of electric equipment and its components. Among them, testing
under long-term flowing load current, called frequently loading test, is
most essential. The main tasks of these tests are the following.

First, the task is to determine the rated current of the apparatus under
development, in the given operating duty, at the near ultimate permissible
temperatures of its current-carrying parts; in this case, the so-called
maximum current test is performed. Such type of tests are usually
performed at R&D stage and are research ones. The value of the maximum
current in this case is usually determined by the way of recalculations
according to the following expression:

273



S. IHIOI METOAU AOCJIITKEHD TA BUIITPOBYBAHD
EJIEKTPUYHUX TA EJIEKTPOHHUX AITAPATIB

5.1 Tocaix:keHHsI Ta BUIPOOYBAHHS HA HATPiB Y HOMiHAJILHOMY pe:KuMi

Ho6pe Bigomo, 110 OHUM 3 OCHOBHHX PEKHMiB POOOTH €IeKTpoycTa-
HOBOK Ta, BIIIIOBITHO, CJIEKTPHYHUX Ta EICKTPOHHUX aIlapariB, € HOMiHa-
TBHUH PEKUM, SIKHI XapaKTEPU3YETHCS TPHBAIUM MPOXOKEHHIM CTPYMY
HaBaHTaXeHHL. 1Ipy 1bOMy, y CTPYMOBEIyUYHX YacTHHAX alapara BUHUKA-
FOTh OCHOBHI Ta JOJATKOBI BTPATH, HACTIAKOM SIKOTO € iX HarpiB, a TaKOX
HArpiB MMOPs/ PO3TAIIOBAHUX €JIeMEHTIB. [1ij1 Ti€r0 3MIHHUX eIeKTpoMarHi-
THUX TIOJNIB, SIKI YTBOPIOIOTHCS CTPYMOBEAYYHMH €JIeMEHTaMH, TETUIOBi
BTpaTH BUHUKAIOTH TAKOX B €JIEMEHTaX KOHCTPYKIii anaparis. xepenamu
TeIJIa B ENEKTPUYHHX arapaTtax € TaKoX eJIeMEHTH eIeKTPOMAarHiTHUX CHUC-
TeM: OOMOTKHM Ta MarHiTHi kKojia. Hali0inbIl KOHIIEHTPOBAaHUM JDKEPEIIOM
TETJIOBOI €HEPTii CUIIOBUX €NIEKTPOHHHUX arlapatiB € CUIIOBI HAITIBIIPOBIIHH-
KOBI MPHJIaIH, SKi TOTPEOYIOTH CIEIiaIbHIX CUCTEM OXOJIOKSHHSI.

Crig TakoX BiA3HAYWTH, IO PO3PAXYHKOBHUU aHAIi3 TEIJIOBOTO pe-
KUMY €JIeKTPHUYHHX Ta eJICKTPOHHUX arapaTiB SBJsiE COOOI0 TIOCUTH CKJIIa-
IHY 3a1a4y. BuzHaunTH po3paxyHKOBHM LUISIXOM OCHOBHI Ta JOJATKOBI
BTpPAaTH, a TAKOXK TeMIIEpaTypy BCiX YAaCTHUH CKJIAJHOTO amnapara abo KoM-
TUIEKTHOTO MIPUCTPOIO, 3 ypaxyBaHHIM YCiX YHHHHUKIB 1 3 JOCTaTHIM CTy-
NIEHEM TOYHOCTi, IPAaKTUYHO HEMOXUINBO. OTXKe, eKCIIEpUMEHTAIbHE BU-
3HAYEHHS TETUIOBOTO PEXXUMY anapaTa i OKpeMHX HOTO eJIEMEHTIB € Haii-
Oinpie 00'€eKTUBHUM 1 TOYHHMM, 1 caMe Ha CTajii MpOEKTYBaHHS JIOCIi-
JOKSHHS TETUIOBUX PEXHUMIB arapariB Ta BUMPOOYBaHHS HA HArpiB 0CO0-
JIUBO aKTyaJIBHi 1 HEOOXIIHI.

IcnyroTh pi3Hi BHAM BUIPOOYBaHb, SIKi NOB'A3aHi 3 MEPEBIPKOIO TeIl-
JIOBUX PEKUMIB arapaTiB i 1x enementiB. Cepesl HUX iCTOTHA POJIb IPUi-
JSIETBCS BUNPOOYBAHHAM HA HASPI8 NPU MPUBANOMY NPOMIKAHHI CMPYMY
HABAHMACEHHs, TOMY 1X 4aCTO HAa3UBAIOTh HABAHMAIICY 8ATIbHUMU BUNPO-
oysannsmu. OCHOBHUMHU 3aJladaM¥ JaHUX BUTIPOOYBaHb € HACTYITHI.

[Mo-nepure, 1ie BU3HAUSHHS HOMIHAJIBHOTO CTPYMY arapara, 1o po3-
poOIIETBCS, y 3aJaHOMY PEKUMI POOOTH, IIPHU TeMIlepaTypax CTPyMOBe-
JY9HX YacTUH, OMU3BKUX JIO JONMYCTHMHUX; Y IIbOMY BUIAJKy TPOBOISTH
6unpobysanHs Ha maxcumanrvHuii cmpym. Taki BUNPOOYBaHHS HPOBO-
JSThCA, SIK IPaBUJIO, Ha CTaAil po3poOKy anapara i € JoCii THUIbKUMU. Be-
JMYUHA MaKCUMAaIIbHOTO CTPYMY V IIbOMY BHIIQJIKy BU3HAUAETHCS 32 3BH-
YaeM IUISIXOM IIepepaxyHKy Y BiIOBITHOCTI JO HACTYITHOT'O BUPa3y:
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71105
Imax = 11 T_ ’
2

where 15 is the current passing through the test object, when it was tested,;
71 IS the steady state temperature-rise measured during the test; 12 is the
permissible temperature-rise as per valid Specs.

No less important task of the temperature-rise tests is to verify the
compliance with Specs in respect to heating the current-carrying parts un-
der continuously flowing rated current called temperature measurement
test. This test is also included usually to the program of periodic and type
tests. Besides, this test is performed to estimate the results of other tests,
such as switching and mechanical life, peak and short-time withstand cur-
rent, switching capability etc.

The power supply of the test circuit must provide the required type of
current, which must correspond to that for which the apparatus being tested
is designed. At alternating current, the test circuit is usually supplied from
a step-down high-current transformer with output voltage of a few volts.
Three-phase apparatuses must be tested with three-phase current. At direct
current, a separately-excited generator or a rectifier is usually used. The
main measuring means used for testing are temperature sensors; the most
extensive application in this case is thermocouples (see section 2).

Ambient temperature in testing must comply with the maximum one
for the apparatus to be tested; accordingly, the device should be placed in
a heating chamber. However, in certain cases, it is admitted to perform the
test at a lower ambient temperature provided by corresponding corrections
of the test results. The ambient temperature is usually measured at a
distance at least one meter away from the test apparatus. Prior to testing, it
should be taken measures excluding additional heating the test apparatus
by extraneous heat sources (space heaters, direct solar radiation etc.), as
well as additional cooling the apparatus by the extraneous factors (airflow
from a ventilator, draughts, etc.).

In order to perform the temperature-rise test, the apparatus to be tested
is installed in its operating position. If the apparatus has several operating
positions, then it is installed in most unfavorable position from the
standpoint of its thermal behavior. Thermal behavior of the apparatus
current-carrying parts is substantially influenced by the parameters of the
conductors connecting the test apparatus with the power supply, such as
cross-sectional area, length, and their cooling conditions. Therefore, their
parameters are established by test engineering specifications.

275



Tl 0,5
Il MakKcC =1 1 i
T2

ne |1 — cTpymM, mo nporikae yepe3 amapar B Mpoleci BUNPOOyBaHb; T1 —
CTalle [IePEBHILCHHS TeMIIEPATypH, 3100yTe P BUPOOYBAHHSX; T2 — 10-
IMyCTHME TIEPEBUILCHHS TEMIIEPATYPH BIAMOBIIHO 0 CTAHAAPTIB.

He mMeH11 BaxiiMBHUM 3aBAaHHSIM BUTIPOOYBaHb Ha HArpiB € MEpeBipKa
BiJIIOBITHOCTI HOPMaM HarpiBy CTpyMOBEIYYHX YaCTHH arapara npu TpH-
BAJIOMY NPOTiKaHHI HOMIHaJBHOTO cTpyMy. Takuil BHI BUIPOOYBaHb 3a
3BHYAEM € CKJIQJO0BOIO YACTUHOIO NEPIOJUMYHMX Ta TUIIOBUX BUIIPOOYBAHb.
Kpim Toro, Taki BUNpoOyBaHHsI 4aCTO MPOBOJSTH 3 METOIO OL[IHKH PE3yJib-
TaTIiB 1HIINX BI/IHp06YBaHI> a came anp06yBaHL Ha KOMyTauiﬁHy Ta Me-
XaHIYHY 3HOCOCTIHKICTh, Ha KOMYTalii{Hy CIIPOMOXKHICTb, Ha CIICKTPO/IH-
HaMiYHYy 1 TEPMIYHY CTiHKICTb i T.1.

Jlxepeno KuBIEHHs] BUNPOOYBaJIbHOI YCTAHOBKU ITOBUHHO 3a0e3Iedy-
BaTH MOTPIOHMIA Pifi CTpyMY, KW MOBUHEH BiJIIOBIAATH POy CTPYMY aria-
para. IIpu 3MiHHOMY CTpyMi JKEpeoM >KUBIICHHS MIPY BHIIPOOYBaHHAX Ha
Harpis, SIK IPaBHUIIO, € TOHIKYBAJIBHUHN TpaHc(opMaTop, Ha BUXOII SIKOTO Ha-
TpyTa CKJIaJae OMHUIN BOJIBT. TpudasHi anapaTti MOBHHHI BUIIPOOYBATHCS
tpudazaum ctpymMoM. [Ipu moctiiiHoMy cTpyMmi, SIK TIPaBUIIO BUKOPHUCTOBY-
I0Th T€HEPATOP 3 HE3IEKHUM 30y KeHHSIM a00 BUpsivursid. OCHOBHUMU BH-
MipIOBaTbHUMH 3aC00aMU IPpU BUTIPOOYBaHHSAX € JATYHKU TEMIICpaTypH, B
SIKOCTI SIKUX HaWO1JIBII YaCTO BUKOPHCTOBYIOTH TEPMOIIAPH (IIMB. PO3ILT 2).

TemmepaTtypa HaBKOJIHIITHBOTO CEPEIOBHIIA IPH BUNIPOOYBAHHSIX MA€E
JIOPIBHIOBATH MaKCHMAaJbHIA JUIsi BUINPOOYBAaHOIO arapara, BiIOBiTHO
amapar Mae po3MIllyBaTUCh y Kamepi Tema. [Ipore, y MeBHUX BHIMAAKaX
JIOITyCKA€EThCA POBOANTH BUNPOOYBaHHS IIPH MEHLIIM TeMIiepaTypi npu
BHECEHHI B Pe3yJIbTaTH BUIIPOOYBaHb BiAMOBIIHUX MONpaBok. KoHTpoib
TeMIIepaTypy HaBKOJIHMITHBOTO CEPEIOBUIIA 3/IIHCHIOETHCS, K MPABHIIO,
Ha BijficTaHi He MeHIe |1 M Bij BunpoOyBaHoro anapara. [Ipu npoBenenHi
BUTNIpOOYBaHb MOBUHHI OyTH MPHUHHATI 3aX0JH, SIKI BUKJIIOYAIOTh HArpiB
amapara BiJ CTOpOHHiX JoKepen Teruia (6atapeii onaneHHs, NPSIMHX COHS-
YHUX [POMEHIB 1 T.I1.), @ TAKOXK OXOJIOJUKCHHS ariapaTa CTOPOHHIMU YHH-
HUKaMH (TIOTIK MOBITPsI BiJl BHTHIISTOPA, IPOTATH 1 T.IL.).

BunpoOyBanHsi Ha HarpiB IPOBOASATHECS Yy POOOYOMY TIOJIOKEHHI aria-
parta; AKIIO iX JIeKiJIbKa, TO BUOMPAIOTh HANOLIbIIE HECIIPUSTIUBE 3 MOTIISITY
TEIUIOBOTO peXHUMY. ICTOTHO Ha TEIUIOBHI PEXUM CTPYMOBEAYYHX YaCTHH
HOTY)KHKX amapariB BIUIMBAIOTh MapaMETpU CTPYMOBEIYYHMX YacCTHH, IO
3'€JIHYIOTh BI/IHpO6yBaHI/H/I arapar 3 JuKepelioM XuBJieHHs.. Binirpae pors sk
iX MONePEeYHNI [IEPETHH, TAK i IX TOBKHHA, TOMY BOHH CIICLIAIbHO 00yMOB-
JIFOIOThCSl HOPMATUBHO-TEXHIYHOIO JIOKYMEHTAIIIEI0 HA BUTIPOOYBAHHSI.
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Besides the current-carrying parts of power circuits, such components
of electrical equipment as windings of electromagnetic systems for various
applications, auxiliary contacts etc., are also the objects of temperature-rise
tests. The tests of different components of the apparatus should be
performed simultaneously, if the mutual heat exchange between them takes
place. The location of the temperature sensors must comply with the
program and test procedure for the appropriate type of device.

In the course of testing, the temperature-rise magnitudes are measured
at regular intervals until the steady state temperatures have reached (for
long-term duty). The test findings are logged to a register and the heating
curves are plotted. The temperature is considered as have been reached of
steady state value, when during a one hour under load operation the change
in the temperature being measured does not exceed one degree. In the case
of testing under intermittent load, the process is considered as quasi-
stationary, when the difference between two sequential temperature peaks
does not exceed five degrees. The temperature-rise test findings (i.e. the
values measured at steady state temperatures) are compared with
permissible norms in compliance with valid standards and Specs.

It is known that the heating time of the device to a steady state
temperature is approximately 3-5 times longer than its thermal time
constant, which frequently comprises tens of minutes or even hours.
Therefore, temperature-rise tests of electrical and electronic apparatuses
require quite a lot of time.

There exist two main techniques,
~ . which enable to speed up the tests. The
At 7 I lﬁfﬁ first method is to use the so-called
| forced heating, that is, heating the
device at the first stage with an
increased (two to three times) current.
v £ In the second stage, when the
L_T, ALN temperature-rise approaches a steady
state value, the current is reduced to the
Figure 5.1 — Determining steady state  ominal value. Of course, the thermal
temperature time constant of the device and its
steady state temperature should be approximately known. The second
method consists in graphically determining the steady state temperature by
using the initial section of the heating curve taken in passing the nominal
current as shown in Figure 5.1.

T

Tst
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O6'ekTamMy BUITPOOYBaHb HA HArpiB B NEKTPUYHUX arapaTax, Hopsij
13 CTPyMOBEyYMMH YaCTHHAMH CHUIIOBHUX KiJI, € TAKOK OOMOTKH €JIEKTPO-
MarHiTHAX CHUCTEM PI3HOTO NPU3HAYCHHS, JOMOMIXKHI KOHTAaKTH 1 T.II.
[Tpudomy, BUNIpoOyBaHHS Pi3HUX €IIEMEHTIB IIOBUHHI IPOBOAUTHCS OTHO-
YacHO, SIKIIO BiOYBAEThCA iX B3A€MHHI TEIUTOBUH BIUMB. Po3TamnryBanas
JATYMKIB TEMIIepaTypH MOBUHHO BIiATIOBIJATH MPOTPaMi Ta METOAHULII BH-
npoOyBaHb Ha BiAMOBIAHWHN THT amapaTa.

B npomneci BunpoOyBaHb uepe3 piBHI MPOMIXKKH Yacy MPOBOAATH BH-
MIpIOBaHHS TEPEBUIICHHS TEeMIICpaTypH HaJl TEMIIEPAaTypOIO HaBKOJIUII-
HBOT'O CEPEAOBUILA A0 JOCSITHEHHS HUMH CTANO0l TeMIlepaTypu (Ipu Tpu-
BaJIOMY peXXuMi poOoTH). Pe3ynbraTii BUMIpIOBaHb 3aHOCITH y POOOUNi
JKypHaJI, 33 SKUMHU OyAyIoTh Tpadiku KpUBUX HarpiBy. TemmnepaTypy BBa-
JKAIOTh CTAJION, SIKIO MPOTATOM TOJAWHU POOOTH amapara ITiJ] HaBaHTa-
JKEHHSIM 3MiHCHHSI TEMIIEpaTypyu CTPYMOBEIYUYHX YACTHH HE MEPEBHUILYE
oJHOTO rpajayca. [Ipu BUIIpoOyBaHHSX y IIOBTOPHO-KOPOTKOYACHUX PEXKHU-
Max MPOIEC BBAKAETHCS KBa3iCTAINM, SKIIO PI3HAL MiXK IBOMA TTOCITiT0-
BHUMH MakcuMyMamu He mepeBuinye 5°C. 3m100yTi B pe3ylbTaTi BHIIPO-
OyBaHb cTasli 3HAYCHHS TEMIIEPATyp MOPIBHIOIOTH 3 AOMYCTHMHUMH HOP-
MaMHU BIAMOBIIHO J0 MiFOUMX CTaHAAPTIB.

Binomo, o wac HarpiBy amapara JIo CTaJiol TeMIepaTypu MPUOIU3ZHO
B 3-5 pa3iB Oinblie HOTO TEIIOBO1 MOCTIIHOI Yacy, 10 HaiiyacTile cKia-
Jla€ JIeCATKU XBWIWH, a TO i ToanHu. OTKe BUIIPOOYBaHHS Ha HATPIB eJie-
KTPUYHHX Ta €IEKTPOHHHX alapaTriB BUMArarTh JOCUTh 0araTo yacy.

A IcHYIOTB 1Ba OCHOBHMX CIIOCOOH, 110

K JIO3BOJISIIOTh ~ TIPUCKOPUTH  BUMIPOOY-

A}j — e, BaHHS. Hepumﬁ croci6 mossrae y BHKO-
A § A pUCTaHHI T.3. @Opcosanozo Haecpigy,
Ter  TOOTO HAarpiBaHHS amaparta Ha MEepIIOMY

erami 30inpmeHuM (y JBa-TpH pasu)

M y /. ctpymom. Ha npyromy erari, KOJM niepe-
Ll» AJAL " BHUIIEGHHS TEMIeEpaTypu HaOIMKY€EThCS

JIO CTAJIOTO 3HAYCHHS, CTPYM 3HHKYEThCS

Pucyrok 5.1 — BusHatenHs CTaloro o yoMiHanbHOTO 3Ha4YeHHs. [IpH 1bOMY,

TICPEBHIIICHIA TEMHepaTypH 3BHYAHHO, OPIEHTOBHO MOBUHHI OyTH Bi-

JIOMi TeIIoBa IMOCTilHA Yacy anaparta i cTajia TeMIieparypa Woro HarpiBy.

Hpyruii cnoci6 nossirae 'y rpagivHOMy BU3HAUEHHI CTaJlOi TeMIepaTypu

IIISIXOM BUKOPUCTAHHs MOYAaTKOBOi AUISHKM KPUBOi HarpiBy, puc. 5.1,
3HSTOI P MPOXOKEHHI HOMIHATIBHOTO CTPYMY.
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5.2 Peak and Short-time Withstand Current Tests

The main purpose of these tests is to verify the capability of the
apparatus to withstand the thermal and electrodynamic action of let-
through short-circuit currents. Such requirements are imposed almost upon
all types of electric apparatus independently on their application.

These tests include two test types, namely, peak withstand current test
(test for electrodynamic stability) and short-time withstand current test
(test for thermal stability). It should be noted that both test types are
frequently performed at one trial. As a power supply, in this case,
frequently the same equipment as for switching tests is used; in particular,
short-circuit generator (impact-excited generator or oscillation circuit) or
power network. Driving voltage and power of the short-circuit generator
should be sufficient to maintain the short-circuit current with specified
parameters (including the cases when the contact load is weakened or the
contacts are separated under action of blow-off forces).

Prior to testing, the apparatus mechanisms are checked in respect to
functioning by the way of make-break operations at the absence of the
current load (3-5 cycles). In order to perform the test, the completely
assembled apparatus is installed into operating position. In some cases,
testing is admitted to perform for individual components of the apparatus,
if it is found that distribution of electrodynamic forces will not change. The
switching device contacts must be in closed position; in the process, the
minimal value of the contact pressure, in compliance with Specs, is set.
The current-carrying system, whenever possible, should produce the most
unfavorable conditions in terms of the action of the electrodynamic forces.

Tests are performed by short-term passing the short-circuit current; its
parameters that should correspond to the values of peak and short-time
withstand currents established by Specs and standards for the apparatus
being tested. To ensure the required ratio between the peak of the short-
circuit current and its steady state value, the test circuit should be set into
energization at certain time instant. It is usually made with the help of the
so-called phase discriminator. In the case, when the phase discriminator is
not available, this ratio may be ensured by insertion of series resistance
(after a laps of time corresponding to2—3 cycles) that decreases steady state
value of the short-circuit current down to required value.
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5.2 BunpoOyBaHHs Ha CTiliKicTh MPH HACKPI3HUX CTPYyMaxX KOPOTKOI'0
3JaMHUKaHHA

OCHOBHOIO METOIO ITAaHOTO BHy BUNIPOOYBaHb € MepeBipKa CTIHKOCTI
amapariB TepMiuHil Ta eIeKTpOANHAMIUHIH Ji1 HACKPI3HUX CTPYMiB KOPO-
TKOTO 3aMHUKaHHS. Taki BAMOTH TPEI SIBIITIOTHCA MPAKTUIHO 10 YCiX BU/IIB
CJIIEKTPUYHHX anapaTiB, HE3aJIKHO BiJl X MPU3HAYCHHSI.

Hanuii Bua BUnpoOyBaHb MICTUTH y cO01 1Ba BUM BUIPOOYBaHb: u-
npoOYBaHHs HA eIeKMPOOUHAMIYHY CIMILIKICMb 1 6Unpo0y8aHHs Ha mepmi-
yny cmitikicme. CHiJ BiI3HAYHUTH, IO JOCUTH YaCTO 0OWBA BUAH BHIIPO-
OyBaHb MIPOBOIATH B 0fHOMY focuiini. [Ipu npoBeaeHHi BunpoOyBaHb BU-
KOPUCTOBYETHCS MPAKTUYHO TE K 00JIa[HAHHSA, 1110 i IPH IPOBEACHHI KO-
MyTaliiHuX BUNIPOOyBaHb. 30KpeMa, B AKOCTI Kepelia KUBICHHS BHKO-
puctoBytoThes ['IC (konuBaibHUI KOHTYp a00 yaapHU reHeparop) abo
cuiioBa Mepexa. Hanpyra i moTy»XHICcTh Jpkeperia >KUBJICHHsI TOBUHHI Oy TH
JIOCTATHIMU IS 3a0e3medeHHs] CTpyMy K.3. 33/IaHUX TapaMeTpiB, HaBiTh
MpH OCJIa0JICHHI KOHTAKTHOTO HATHUCKY a00 BIJIKUJIAHHS KOHTAKTIB ITiJl
JIEI0 SNEKTPOUHAMIYHUX CHIL.

[lepen BumpoOyBaHHSIME 3A1MCHIOETHCS TIEpEBipKa CIIPAaBHOCTI MeXa-
Hi3MiB amapara 0e3cTpyMoBOIO KomyTtarier (3—5 mwmkiiB). s mpose-
JIeHHsI BUNIPOOYBaHb IIIKOM 3i0paHuii anapat BCTAaHOBIIOETHCS Y poboue
MOJIOKEHHS. Y JIESKUX BUIAAKaX IOMYCKAETbCS NPOBOIUTH BHUIPOOY-
BaHHsI OKPEMHUX €JIEMEHTIB anapaTa, SKIO BCTAHOBJIECHO, IO 1I€ HE BIUIMHE
Ha BEJTMYMHY 1 PO3MOALT ENEKTPOIUHAMIYHNX 3ycHilb. KoHTakTh KoMyTa-
iffHOTO amapara MOBHHHI OyTH Y 3aMKHYTOMY ITOJIOXKEHHI, TP LIbOMY
BCTaHOBJIIOETHCSA MiHIMAJIbHO MPUITYCTHMA 32 TeXHIYHUMH yMoBamH (TY)
BEJIMYMHA KOHTAaKTHOTO HAaTHCHEHHs. CTPyMOBENYYHH KOHTYp, MO MOXK-
JIUBOCTI, IOBUHEH BiJITBOPIOBATH HAWOIbIIIE HECTIPUATIIUBI (3a JIi€l0 ene-
KTPOJMHAMIYHUX 3YCHIIb) YMOBH.

BunpoOyBaHHsi NPOBOIATHCA ~ KOPOTKOYACHUM  IIPOIYCKAaHHSM
CTpYMY K.3., TApaMeTpPH SKOTO TIOBUHHI BiAMOBIIATH CTPYMY €JIEKTPOJIHU-
HaMIYHOT Ta TEPMIYHOI CTIHKOCTI, 3a3HadyeHuM y TV 1 cranaapTax Ha Bij-
NOBigHUNA THIT anapaty. s 3abe3neveHHs 3aJaHOr0 BiJHOIIECHHS yaap-
HOT'O CTPYMY K.3. JIO CTaJOro MWOT0 3Ha4eHHs HaluacTinie BUKOPHUCTOBY-
eTbesi (Ha30BUIA JUCKPUMIHATODP, SIKUH JIO3BOJISIE BKIFOYATH BUIPOOHY
YCTaHOBKY B 3aJjaHWii MOMeEHT vacy. [Ipu BiacyTHOCTI (ha3oBOro AUCKpH-
MiHaTopa 1€ CMiBBiTHOIIEHHS MOXe OyTH BUTPUMAaHE yBEJICHHSIM A0AAT-
KOBOT'O onopy (Tmicist 3aKiH4eHHsI 2—3 HamiBIepioiB), SKUH 3HUKYE CTa-
JIMH CTPYM K.3. 10 3aJJaHOTO 3HAUYEHHS.
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If this cannot be realized, then tests are performed at a given peak
short-circuit current, and the current passage time is adjusted so that the
thermal effect of the current (specified Joule integral) corresponds to the
permissible value. It is also admitted to perform separately peak and short-
time withstand current tests.

The peak withstand current test (i.e., test for electrodynamic
stability) is performed by conducting the specified peak withstand current
during 3-10 half-cycles of power frequency. The short-time withstand
current test (i.e., test for thermal stability) is performed by conducting the
short-time withstand current with rms value and duration in compliance
with Specs of the apparatus.

Heating temperature in short-time withstand current testing is meas-
ured in the same way as in temperature-rise testing at nominal operation
using thermocouples (see subsection 5.1).

The apparatus is considered as have withstood peak and short-time
withstand current tests, if the damages, inhibiting its further normal
operation, was not detected. It can be inelastic deformations, insulation
mechanical damages, stable welding of the contacts, their blowing off (it
is detected by drastic rise of the voltage drop across the contacts), as well
as inadmissible temperature-rises of the apparatus components. After these
tests the temperature-rise test under rated current is usually performed.

5.3 Electromechanical and Electromagnetic Research and Testing

It is well-known that significant part of electrical apparatus is electro-
mechanical or electromagnetic devices; a number of the apparatus contain
electromagnetic components. Therefore, electromechanical and electro-
magnetic researches and testing occupy important place in general content
of researches and testing of electric apparatus.

Electromechanical testing include a whole range of various
measurements and checks, according to the apparatus type. For example,
the following checks and measurements are typical for high and low
voltage switching devices:

- functional check: check as for functioning of the device mechanism
in execution of close-open operations at the absence of current load;

- measurement of actuation parameters: measuring the response time
and current when the apparatus is called to open or close operation;
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SIKIIO 11e HEMOJKIIMBO 3AIHCHUTH, TO MPOBOASTH BUIPOOYBAHHS MPU
3a/laHOMY 3Ha4€HH| YAapHOTO CTPYyMY K.3., a 9aC MPOTiKaHHS HACKPI3ZHOTO
CTPYMY BCTAHOBJIOIOTH TAKUM, 00 HOT0 TerioBa Ais (AKOoyJeB iHTerpan)
Binnosiganga TY Ha amapar. JlomyckaeTbcs TaKOX MPOBOIUTH PO3IiNTBHI
BUTIPOOYBaHHS Ha €JEKTPOAMHAMIYHY 1 TEpMIUHY CTIHKICTB:

a) IUIIXOM IPOIYCKAaHHS CTPYMY 3 yJapHUM HOTO 3HaYEHHSIM, IO Bi-
JTOBiZae 3a1aHoMy, IpoTsiroM 3—10 miBIepioAiB MPOMHCIOBOI YaCTOTH;

0) IUIAXOM TNPOIYCKAHHS CTPYMY, CEpEeIHbOKBAIpaTHIHE 3HAYCHHS
SIKOTO 1 Yac #oro npoTikaHHA Biamnosinae TY Ha amapar.

Kontpons Temneparypu HarpiBy npu BUIpOOYBaHHSIX HA TEPMIiUuHY
CTIMKICTP 31MCHIOETHCSI aHAIOTIYHO BHUIIPOOYBAHHSM Ha HArpiB HOMiHa-
JHEHUMH CTPyMaMH 3a OTIOMOTO0 TepMomnap (auB. miaposa. 5.1)

AnapaT BBaXa€TbCsS TaKUM, II0 BUTPUMaB BUNPOOYBaHHS HACKpi3-
HUMH CTPYMaMH K.3., SIKIIO HE BUSBICHO YUIKO/PKEHB, 1[0 MOXYTh Iepe-
IIKODKATH WOTO0 HOPMABHIA MONANBIIiNA poOOTi: HETIPYKHUX Aedopma-
i, YITKOMKEHB 1307111, CTIMKOTO0 MpHUBaprOBaHHS KOHTAKTIB, BiJIKH-
JAHHSI KOHTAKTiB (KOHTPOJIOETHCS MO Pi3KOMY 30UIBIICHHIO TaliHHS Ha-
NpPYrH Ha KOHTAKTaX), a TAKOK HEMPHUITYCTHMOTO TIEPEBUILICHHS TeMITepa-
Typ eneMeHTiB anapata. [licist BupoOyBaHb HACKPI3HIM CTPYMOM K.3. 32
3BUYA€EM MPOBOJISATHCS BUIIPOOYBaHHS HA HArPiB HOMIHAJILHUM CTPYMOM.

5.3 EnexTpoMexaHiyHi Ta eJIeKTPOMATHITHI T10CJTi/IZKeHHS Ta BUNIPOOYBAHHSA

JloOpe BizioMo, 10 3HAUHA YaCTHHA EJICKTPUYHHX aIapaTiB € eNeKTPo-
MeXaHIYHUMH a00 eNeKTPOMArHiTHUMU TPUCTPOSMU; IUTHI PsiJl amapariB
MICTSTh €JICKTPOMArHiTHI ejeMeHTH. OTKe, eJICKTPOMEXaHIUHI Ta eJIEKTPO-
MarHiTHi JOCIiKeHHsI Ta BUIIPOOYBaHHS 3aliMarOTh BaXKITUBE MicCIIe B 3ara-
JTBHOMY 00CsI31 JOCIIPKEHb Ta BUITPOOYBaHb SIIEKTPUYHHX arapaTiB.

Enexrpomexaniuyni BUNPOOYBaHHS MICTATh LIJTHN KOMIUIEKC Pi3-
HUX BHMIpIOBaHb 1 MEPEBIPOK, 3aJIe)KHO Bij BUIy amaparta. Hanpukian,
JUI KOMYTaliiHUX anapariB BUCOKOI Ta HU3bKOI HANPYTH XapaKTepHUMU
€ TaKi IepeBipKU Ta BUMIPIOBaHHS:

* nepesipka Qyuxkyionysanns: nepesipka QyHKIIOHYBaHHSI MEXaHi-
3My amapaTta Mpv BMHUKaHHS Ta BUMHKaHHI MIPH BiJICYTHOCTI CTPyMO-
BOT'O HAaBaHTAXCHHS;

* GU3HAYEHHs Napamempis cnpaybo8yeaHHs: BUMIPIOBAaHHS 4acy Ta
CTpYMYy CHpallbOBYBaHHS DY BMUKaHHI Ta BAMHUKaHHI;
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- measurement of contact loads: measuring the contact load of
switching (main and auxiliary) contacts, as well as contact connections;

- measurement of dc resistance: measuring the resistance or voltage
drop of current-conducting systems of devices, windings of measuring
transformers and other elements under flowing direct current.

As an example, consider the content of electromechanical tests of the
devices for step-voltage regulation in power transformers under load usually
called on-load tap-changers. First and foremost, it should be noted that an
on-load tap-changer is one of the most complex electromechanical switching
devices. It contains a number of mechanisms and contacts having different
functional purpose and operating in strictly predetermined sequence [26, 46].
The main purpose of electromechanical testing of an on-load tap-changer is
to check the functioning of its mechanisms and contacts, as well as the
correct sequence of their operation. Electromechanical testing include the
following checks and measurements [35, 46]:

- contact loads of the tap selector and diverter (arcing) switch contacts,
which usually refer to mechanical test;

- resistance and voltage drop of current-carrying parts of the selector
and load-changer (transition impedance test);

- torques on the shaft of the driving mechanism and individual
components of the device (mechanical load test);

- correctness of the driving mechanism functioning (mechanical test);

- sequence of operation of the contacts and mechanisms called
usually sequence test.

One of the most important examinations performed in
electromechanical testing is verification of operating sequence of the
contacts and mechanisms, because its correctness is one of the main factors
of the correct and reliable operation of the on-load tap-changer and the
power transformer as whole.

The sequence of the on-load tap-changer contacts are verified by the
measurement of diagrams of operation of the contacts, also called circle
and time diagrams. They are measured during the manufacture and
adjustment of the tap-changer, separately for selector and separately for
diverter, using usually the method of signal lamps.
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* GU3HAYEHHSI KOHMAKMHUX HAMUCHEHb: BAMIPIOBAHHS KOHTAaKTHHX
HAaTHCHEHb KOMYTYIOUHMX TOJIOBHUX Ta JOMOMIKHUX KOHTAaKTiB, a TaKOXK
KOHTAaKTHHX 3’ €IHAaHb;

* GU3HAYEHHS ONOpYy NOCMIUHOMY CMpYyMY. BUMIPIOBaHHS OIMOPY
ab0 magiHHS HAOPYTH CTPYMOIIPOBIAHHMX CHUCTEM amapariB, 0OMOTOK
BUMIPIOBAIbHUX TpPaHCHOPMATOPIiB Ta IHIIMX EJIEMEHTIB MPH TPOTi-
KaHHI TOCTIHHOTO CTPyMYy.

Sk npuKiIaz, po3rIITHEMO 3MICT EIEKTPOMEXaHIYHUX BHITPOOYBaHb PH-
CTPOIB PeryJIrOBaHHS HANPYTH TpaHC(OpMATOPIB ITiJ HABAHTAKESHHIM (TIPH-
ctpoi PITH a6o nepemukanbHi npuctpoi). [lonepen 3a Bce cimin 3a3Ha4UTH,
1o npuctpiii PITH € ogHuM 3 HalCKITaIHIIINX eICKTPOMEXaHIYHUX KOMYTa-
[iHUX arnapaTiB. Bid MiCTHTB I1iTy HU3KY MEXaHi3MiB i KOHTAKTIB, [0 MAIOTh
pi3He QyHKIIOHANbHE MPU3HAYCHHS 1 MOBUHHI NPAIIOBATH Y TOYHO 3aaHii
MocIiIoBHOCTI [26, 46]. OTxe, OCHOBHOIO METOIO CJICKTPOMEXaHIYHUX BU-
npoOyBanp mpuctporo PITH € mepeBipka (yHKIIOHYBaHHS HOTO MEXaHi3MiB
Ta KOHTAKTHHX CHCTEM, a TaKOXX MPaBUILHOI MOCIIIOBHOCTI IXHBOI Hil. Y
HpoIIeci eICKTPOMEXaHIYHUX BUIIPOOYBaHb MepeBipsitoTh [35, 46]:

* KOHTaKTHI HATUCHEHHS KOHTAKTiB BUOIPHUKA Ta KOHTaKTOPa;

* OITip Ta MaJiHHA HANPYTU CTPYMONPOBIIHUX CHCTEM BHOipHUKA Ta
KOHTaKTOopa,

* MOMEHTH Ha BaJly MPUBOJHOTO MEXaHI3My Ta OKPEMHX €JIEMCHTIB
MPUCTPOIO;

* IPaBUWIBbHICTh (PYHKIIOHYBAaHHS IPUBOTHOTO MEXaHI3MY;

* [IOCJIIJOBHICTB i1 KOHTAKTIB Ta MEXAHI3MIB.

OnHi€ro 3 HAWBAXKIIMBIIIUX MEPEBIPOK, AKi 3AIMCHIOIOTHCSA B MPOIleci
eJIEKTPOMEXaHIYHUX BUNPOOYBaHb MEPEMHUKAILHIX MPUCTPOIB € MepeBi-
pKa MOCIiIOBHOCTI JIii KOHTAKTIB 1 MEXaHi3MiB, OCKUIBKH 11 IPaBUIHHICT
€ OJIHUM 13 TOJIOBHUX (DaKTOPIiB MPaBUWIBHOI Ta HaAiHOI POOOTH TpU-
ctpoto PITH Tta B miimomy cumnoBoro tpancdopmaropa.

[ocninosuicTe Aii konTakTiB npuctpoto PIIH nepeBipstoTs nuisixom
3HATTS JliarpaM poOOTH KOHTAKTIB, sIKi 32 3BUYAEM HA3UBAIOTh KPY208UMU
i wacoeumu diazpamamu. IX 3HIMAIOTH IPU BUTOTOBJIEHHI Ta HAJIATOJKEHHI
NEPEMHUKAIOUOTO MIPUCTPOIO METOJIOM CHUTHAJIBHUX JIAMII, OKPEMO IS BU-
OIpHUKIB Ta OKPEMO TSI KOHTAKTOPIB.
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In acceptance testing of each manufactured device and a transformer
equipped by an on-load tap-changer, a circle diagram of the common
operation of the selector and the diverter, as well as the time diagram of
the action of the diverter contacts are measured usually by means of
oscillography. In type testing, the selector circle diagram and the time
diagram of the operation of the diverter are taken on a test bench. Circle
and time diagrams are also measured when installing the transformer at
the operation site, during audits and repairs related to the substitution of
units or members of the on-load tap-changer or with the lifting of the
transformer active part. [35, 46].

Electromagnetic tests. The main objects of electromagnetic tests are
electromagnetic components of electrical and power electronic apparatus,
as well as their individual elements, such as magnetic circuits and
windings. It should be noted that the content of electromagnetic tests is
defined by the purpose of the component. As an example, let us consider
the main types of measurements and checks typical for electromagnetic
instrument transformers [8, 34]:

- magnetizing current measurement for the magnetic circuit performed
during the operational control after the magnetic circuit has been assembled,;

- no-load current and losses measurements performed usually during the
acceptance tests; the resultant values should not exceed the permissible ones;

- verification for designation correctness of the windings terminals
performed usually during the operational control after the windings
have been installed:;

- verification of connection group of the windings performed in
acceptance testing;

- error measurements: the errors are usually measured during acceptance
tests under the loads corresponding the highest accuracy rating and in the
course of type tests under the loads corresponding all accuracy ratings;

- transformer ratio measurements performed in acceptance testing.

5.4 Electrical Tests of Power Electronic Apparatus

Power electronic apparatus are, first, semiconductor converters of
electrical energy, namely, rectifiers, inverters, frequency converters, AC
and DC converters. The main component base of power electronic
apparatus are power semiconductor devices (PSCDs): diodes, transistors
and thyristors of various types, as well as power electronic modules.
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[Tpy KOHTPONBHUX BUNPOOYBAHHAX KOXKHOTO MPHUCTPOIO Ta TpaHcho-
pmatopa 3 PIIH 3HiMaeThcs KpyroBa niarpama CIiJIbHOI poOoTH BHOIip-
HUKa i KOHTaKTOpa Ta 4acoBa Jiarpama Jiii KOHTaKTiB KOHTAKTOpa IUISIXOM
ocunnorpa(])yBaHHﬂ [Ipu TuMOBHUX BUTIPOOYBaHHIX Ha Ban06yBanLH0My
CTCHJI 3HIMAETBCSI KPYroBa JiarpamMa BUOIPHHKA Ta 4acoBa Jiarpama po-
6otu koHTaKTOpa. Ilix yac MOHTaXy TpaHcpopMaTopa Ha MiCLli €KCILTya-
Talii, mpy peBi3ifAx Ta pEMOHTaX, MOB'SI3aHUX 13 3aMiHOIO YaCTHH abo Je-
taneit npuctporo PITH a6o 3 migiioMoM akTHBHOI YaCTHHH TpaHcopMa-
TOpa TaKOK 3HIMAIOTh KPyroBY Ta 4acoBy miarpamu. [35, 46].

EnexrpomarniTai Bunpo0yBannsi. OCHOBHUMH 00'€KTaMH €1eKTPO-
MarHiTHUX BHIIPOOYBaHb € €JIEKTPOMATHITHI MPUCTPOi EIEKTPUIHHUX Ta
SJIEKTPOHHHUX aIapariB, a TAKOX OKpEeMi iX elleMEeHTH: MarHiTOIPOBOIU Ta
o6moTku. Cii 3a3HAYHTH, IO 3MICT eIEKTPOMArHiTHUX BUNIPOOYBaHb BH-
3HAYAETHCS MPU3HAUYCHHSIM PUCTPOIO. SIK pUKIIal, pO3rIITHEMO OCHOBHI
BUJIM BUMIPIOBaHb Ta MEPEBIPOK, AKi € THIIOBUMH JJIS1 €IEKTPOMArHITHIX
BUMIpIOBaJIbHUX TpaHchopmaropis [8, 34]:

* BUMIPIOBAHHA CMPYMY HAMASHIYY8AHHS MACHIMONPO600Y: MPOBO-
TUTHCS, SK TPABHIIO, i Yac OINEpaliifHOTrO KOHTPOIO ICISI BUTOTOB-
JICHHSI MarHiTOIPOBOLY;

* GUMIPIOBAHHA 6MPAm i CMPYMY X0JI0CMO20 X0OY: TIPOBOAUTHCS, SIK
MPaBHUJIO, IPU MPUKHMANBHO-3/1aBaJIbHIX BUIIPOOYBaHHSX; BUMIpsHI Be-
JMYUHYU BTPAT 1 CTPyMY XOJIOCTOI'O XOAY HE MOBHHHI EPEBUIIYBATH J10-
MyCTUMUX 3HAYCHb;

* nepesipka npasuibHOCMI NO3HAYEHHS BUB00I6 0OMOMOK: TIPOBO-
OUTHCS, K MPaBUIIO, MiJ Yac ONepauifHOro KOHTPOJIO IICJIs BCTaHOB-
JICHHS 0OMOTOK;

* nepesipka epynu 3'€OHanus 06MOMOK: TPOBOAUTHCA, SIK NPABUJIO,
NpY IPUAMaTbHAX BUIPOOYBaHHSIX;

* GUMIPIOBaHHS NOXUOOK: TIPOBOJSTHCS NPU NPUHMAaTIBHUX BUIPOOY-
BaHHsX (MPU HABAaHTAXKEHHSIX, 1110 BiJIIOBIIal0Th BUILOMY KJIaCy TOUYHOCTI)
Ta TUTIOBHUX BUIIPOOYBaHHSX (IIPY HABAHTAXXCHHSX, 1110 BiJIIOBIJAIOTh yCIM
KJIacaM TOYHOCT);

* BUMIDIOBAHHS Koeiyienmie mpancgopmayii: TPOBOIUTHCS, SIK Ipa-
BWJIO, IIPY NIPUIIMaIbHO-3aBAIbHIX BUIIPOOYBaHHSX.

5.4 EnekTpuyHi BUNpoOyBaHHS CHJIOBUX eJIEKTPOHHUX anaparis

J1o cuoBUX €JIEKTPOHHUX anapariB BiJHOCATh, TIONEPE] 3a BCe, HaIliB-
TIPOBIJTHAKOBI MEPETBOPIOBAUi €NIEKTPHYHOI €HEprii, a came, BUIPSMIISUI,
IHBEPTOPH, TIEPETBOPIOBAY] YACTOTH, IIEPETBOPIOBaYl 3MIHHOI Ta MOCTIHHOL
Harpyrd. OCHOBHOIO €JIEMEHTHOIO 0a3010 CHIIOBHX €IICKTPOHHUX arapariB
€ cuioBi HamiBpoBigHuKoBi npunaau (CHII): niogu, TpaH3ucTopy Ta TH-
PHCTOPH CaMMX PI3HUX THIIIB, a TAKOX CHJIOB] HAIIBIIPOBITHMKOBI MOYJII.
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The most essential properties of PSCDs are their ability to carry out
arc-free switching of electric circuits; in addition, they are able to
ensure high speed and frequency of actuation of the apparatus, its
reliability, increased life and low operating costs. Therefore, PSCDs are
extensively used now also for the construction of power switching
devices, which, besides make-break operation functions in electric
circuits, are able to regulate the meanvalues of current and voltage that
is of great importance for automated electric drive system applications.
Such devices enable us not only the start and stop of induction motors,
but also their smooth rotation speed control and braking with no
application of special start-up control devices.

It is also necessary to note the use of PSCDs for the construction of
HV converters and switching devices.

Note that PSCD and modules are the weakest link of power electronic
devices that limits the area of their application and determines certain
features of programs and methods of their electrical tests. Nevertheless,
some types of electrical tests of power electronic apparatus in their
technology are practically no different from similar tests of electrical
apparatus. In compliance with the standards and Specs, power electronic
apparatus pass the following types of electrical tests [36, 37]:

Dielectric tests. The main types of dielectric (insulation) tests of low-
voltage power electronic apparatus are the measurement of electrical
resistance and the electrical strength (withstand voltage) test (by one-
minute power frequency voltage). The methods of these tests are given in
the third section of this tutorial (see subsection 3.5).

Load testing. These tests contain a whole series of tests at the nominal
parameters of input and output voltage and load current. This is, firstly, a
temperature-rise test (see subsection 5.1). In addition, the following test
types refer to the load testing.

Check of the apparatus functioning. The test is carried out in order
to assess the operability of the elements included by the apparatus; in
particular, control, regulation and diagnostic systems, signaling devices,
built-in measuring devices, protection devices and cooling systems. The
device is considered to have passed the test if the operation of the above-
mentioned devices and systems comply with standards and Specs.
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Haii6inpm cyrreumu BnactuBocTsiMu CHIIII € ix 3gaTHiCTh 37iiicHIO-
BaTH O€3AyTOBY KOMYTAIIif0 €TIEKTPHYHIX KiJI, 8 TAKOXK 3a0€3MIeINTH BUCOKY
HIBUAKO/IIO Ta YACTOTY CHPaIbOBYBaHHS anapara, Horo HaJiiHiCTh, iIBU-
HIEHUH Pecypc Ta HU3bKi eKcIuTyaTaniiHi Butpat. Otxe, y Ham yac CHIIIT
HIMPOKO BUKOPUCTOBYIOTHCS TAKOXK AJIsI HOOYIOBU CHJIOBUX KOMYTAL[IHHIX
amaparis, SIKi TOps 3 PyHKITI€I0 KOMYTaIii KiJl MOXYTh BHKOHYBATH PETy-
JFOBAaHHSI CEpeIHIX 3HAYEHb CTPYMY Ta HAIPYTH, 1[0 Ma€ BEJMKE 3HAUCHHS
Opu iX BUKOPHCTaHHI y CHCTEMax aBTOMATH30BAHOI'O EJIEKTPOIPHUBOIY.
Taxi amapaTw 37IHCHIOIOTH HE TIJIBKH MyCK Ta 3YMHHEHHS aCHHXPOHHHUX
JBHUTYHIB, aji¢ i INIaBHE PEeTYII0OBaHHSI IIBUIKOCTI iX 00epTaHHA Ta rajbMy-
BaHHs 0€3 BUKOPHCTAHHS CIHCHiAIbHUX MTYCKOPETrYIIOBATLHUX MPUCTPOIB.

He moxna me Bim3HaunTn Takox BukopuctanHs CHIIII mns moOy-
JIOBU TIEPETBOPIOBAYiB Ta KOMYTAIIHUX armapariB BUCOKOI HANPYTH.

Coniz 3a3Haunty, o CHIIII Ta Momysti € HalO1IBIN C1a0KO0 JIAHKOIO
CHJIOBUX €NIEKTPOHHUX aIapariB, M0 0OMeXye 00JacTh IX BUKOPUCTAHHS
1 BU3HaYa€ NEeBHI OCOONMBOCTI MPOrpaM Ta METOJIB IX €IEKTPUIHUX BH-
npoOyBanb. Ilpore, okpemi BHOM ENEKTPUYHUX BUMPOOYBaHb CHIIOBHX
EJIEKTPOHHUX aIaparTiB 3a CBOEKD METOAUKOIO IPAKTHYHO HIYiM He BiApi3-
HSIOTHCS BiJl aHAJIOTIYHUX BUMNPOOYBaHb €NEKTPUYHUX amapartiB. Bimgmo-
BIJTHO JI0 CTaHJAapTiB Ta TY Ha MEBHI BUAM, CHJIOBI €JICKTPOHHI arnaparu
HiIIaI0ThCSl HACTYITHUM BHIaM €JICKTPHYHUX BUIIPoOyBaHb [36, 37]:

Bunpo0yBanus ejekTpu4Hoi i3osnii. OCHOBHUMH BUJaMU BUIIPO-
OyBaHb i30JIA11i1 CHJIIOBUX EJIEKTPOHHUX anapaTiB HU3bKOI HANIPYTH € U-
MIpIOGAHHA €/IEKMPUYHO20 OROPY T GURPOOYSAHHA eNeKMPUYHOT MilY-
Hocmi (OTHOXBHJIMHHOIO HAIIPYTOI0 MPOMHUCIIOBOI YacTOTH). MeToau 1ux
BUIIPOOYBaHb Ha/laHi y TPETHOMY PO3iIi IFOTO MTOCIOHUKA.

HaBanrakyBanabHi BUunpodyBanusi. MicTsth y co0i iy HU3KY BH-
npoOyBaHb MPH HOMIHAJIBFHHUX MapaMeTpax BXIJHOI Ta BUXITHOI HANPYTH
Ta CTpyMy HaBaHTakeHHs. Lle, o nepie, eunpodysannn na nazpie (1us.
migposain 5.1). Kpim toro, 10 HaBaHTa)KyBaJbHUX BHIIPOOYBaHb BiTHO-
CATHhCS HACTYIIHI 1X BUJIH.

Ilepegipka ghynkuionyeanns anapama. BuripoOyBaHHS IPOBOJIATH 3
METOIO OLIHKH NPale3JaTHOCT] eIEMEHTIB, sIKi MiCTUTb anapar. 30KpeMa,
CHCTEM KEpyBaHHs, PETYJIIOBaHHS Ta JIIarHOCTUKH, IIPUCTPOIB CUTHAITI3a-
1ii, BOyZ0BaHUX BUMIpPIOBAIBHUX MPHUCTPOIB, IPUCTPOIB 3aXUCTy Ta CHC-
TEM OXOJIO[DKEHHs. Amapar BBa)KalOTb TaKUM, 110 BUTPUMAaB BUIPOOY-
BaHHSI, SKIIO JIis BUIICHA3BaHUX MPHUCTPOIB Ta CHCTEM BiJIMOBIIa€ BUMO-
ram ctargaptie Ta TY.
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Check of the current and voltage distribution in PSCD. It is well
known that in order to construct high-power electronic apparatus, as well as
to increase their reliable functioning, group (series and parallel) connection
of PSCD is extensively used. Due to the fact that semiconductor devices has
non-identical volt-ampere characteristics, individual devices will be
subjected current overload, when they connected in parallel, and
overvoltage, when they connected in series. Therefore, the purpose of these
tests is to check the distribution of current and voltage, respectively, in
parallel and series connected PSCDs, as well as to determine the coefficient
of uneven distribution, respectively, of currents and voltages.

Checking the current distribution through parallel-connected PSCDs
is carried out by the method of direct evaluation of currents: the currents
in each branch containing parallel-connected PSCDs are measured with the
same device. It should be noted that this checking technique has certain
difficulties associated with the need to install measuring devices into the
circuits of PSCDs that can disrupt the current distribution in the branches.
Therefore, in practice, this technique is used only in conducting
qualification and type tests.

In operation and conducting periodic tests, the current distribution is
determined by measuring the voltage drop across the PSCD; the tests are
carried out in the short-circuit condition. It should be pointed out here that
PSCD is usually selected providing the equal distribution of direct voltage
drops at the rated current.

In compliance with the Specs for specific types of apparatus, the
magnitude of the current distribution non-uniformity coefficient in percent
for each parallel-connected PSCD is determined by the following formula:

KI — M 100%,
Ips
where I is the current through the PSCD under test, A; n is the number
of parallel-connected PSCDs; Iy is the total current through parallel-
connected PSCDs.

Checking the voltage distribution across series-connected PSCDs is
carried out by the method of direct evaluation of instantaneous voltage
values. In preparation for the tests, an oscilloscope is connected to the
anode and cathode of the PSCD. During the tests, the reverse or forward
voltage is measured on each series-connected device.
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Ilepegipka po3noodiny cmpymy ma nanpyeu CHIIII. Jlo6pe Bimomo,
10 TSt TOOYJOBH CHJIOBHX €JIEKTPOHHHX anapaTiB BETHKOI MOTY>KHOCTI,
a TaKOX IMiABHILECHHS iX HAIHHOTO (PYHKIIOHYBaHHS ITUPOKO BUKOPHUCTO-
BYIOTh TpynoBe (MociiioBHE Ta mapanenbue) 3’ eqnanns CHIIIL. Bracmi-
JTIOK HEIMEHTUIHOCTI X BOJBT-aMIIEPHUX XapaKTEPHUCTHK OKpEeMI ITPHIIa TN
MIpH TapajenTbHOMY 3’ €JHAHHI MiANAI0THCS TIEPEBAHTAKEHHIM 10 CTPYMY,
a MpH MOCiIOBHOMY — 10 Hanpy3i. OTxe, METOI0 LIMX BUMPOOYBaHb € Tie-
peBipKa PO3MOAUTY CTPYMY Ta HANpyTH, BIANOBIIHO, 1O MapajelbHO Ta
nocigoBHO 3’ eqrannM CHIIIL, a Takox Bu3HaueHHS Koe(ilieHTY HepiB-
HOMIPHOCTI PO3MO/IiTy, BiAMOBIIHO, CTPYMIB Ta HAMpyT.

[epeBipky po3noapiny cTpymy mo mnapanenbhHo 3’emHanum CHIIIT
3MIHCHIOIOTh METOJIOM 0e3MOCepeTHRO1 OI[IHKH CTPYMIB: OJHUM U THM XKe
NPUIAJOM BUMIPIOIOTH CTPYMH Y KOXKHIH T, IO MICTUTh MapaeinbHO
3’e¢nnani CHIIII. Caix BiA3HAYUTH, IO LIEH CIIOCIO TEpEeBIPKU Mae MEBHI
TPYIHOIi, TOB’A3aHI 3 HEOOXiTHICTIO BCTAHOBIIOBATH BUMIipIOBAJIbHI
MpUIaAd y KOJia HAmiBIPOBITHUKOBUX TPHIIAJIB, III0 MOXE MOPYIIATH
pO3Moia CTpyMy 10 Tiikam. ToMy Ha npakTuIi Lei crnocid BUKOPUCTOBY-
I0Th TUTBKH MPH KBauTi(piKaiifHUX Ta THIIOBUX BUIPOOYBaHHSX.

[Ipu excruryaTamii Ta HepioANIHUX BUTIPOOYBAHHSIX PO3IIOALT CTPYMY
BU3HAYAIOTh IIIISIXOM BuMiptoBaHHs Haripyru Ha CHIIIT; ni BunpoOyBaHHs
MPOBOJISITE y PEKUMI KOPOTKOTO 3aMHKaHHs. [Ipu 1iboMy citifi 3a3Ha4YMTH,
10 caMi MPUIIAIH TiI0UParoTh, K MPaBUJIO, 32 PIBHAM PO3MOILIOM Tpsi-
MUX TaJ[iHb HATIPYTH MIPH HOMIHAJILHOMY CTPYMi.

Bignogriauo 1o TY Ha KOHKPETHI THITM arapariB, 3HAYCHHS KoediIie-
HTY HEPIBHOMIPHOCT] pO3MOAiTYy CTPYMY B IPOLIEHTAX MO KO>XKHOMY Iapa-
nensHO 3’ eqnanomy CHIIII Bu3HavgaeThCs 32 HACTYITHOO (HOPMYIIOIO:

=l 1; Irx 100%,
F
ne Ig — ctpym uepe3 CHIIII, mo nepeBipseTbes, A; N — KUIBKIiCTh Mapa-
nensHO 3’enHanux CHIIIL Iry — cyMapHuil cTpyM depe3 mapajielbHO
3’eqnani CHIIIL

[lepeBipky po3mozily Hampyrd Mo mociigoBHo 3 emxnanum CHIIIT
3MIHCHIOIOTh METOAO0M Oe3M0cepeHbOl OIIHKM MUTTEBHX 3HA4YCHb Ha-
npyr. IIpu niarorosui go BunpoOyBanb A0 anoxy ta karomy CHIIII migx-
nro4varoTh ocumnorpad. B mporeci BUnpoOyBaHb BUMIPIOIOTH 3BOPOTHY
a00 IpsIMy HAMPYTy Ha KOYKHOMY ITOCJTITIOBHO 3’ €IHAHOMY ITPHIIAII.
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The non-uniformity coefficient of the voltage distribution in
percentages across series-connected PSCDs is determined by the
following formula:
n'UR_

Ugs

where Uy is the reverse (direct) voltage drop across the PSCD, V; n is the
number of series-connected PSCDs; Uy is the total reverse (forward)
voltage drop across series-connected PSCDs.

The apparatus is considered to have passed the test if the magnitudes
of currents and voltages, respectively, through the parallel-connected and
across each series-connected PSCD are within the range of normalized
magnitudes, and the corresponding non-uniformity coefficients of current
and voltage distribution do not exceed the normalized value.

Determination of efficiency. The test is carried out by the method of
direct evaluation of the input and output power of the apparatus followed
by the calculation of the indicator; in compliance with the Specs for devices
of specific series and types, the test is also allowed to carry out by the
method of determining power losses or by calculation.

After setting the nominal values of the input and output voltage and
load current, as time passes a standardized time interval (in compliance
with standards and Specs), the power is measured in the input and output
circuits. The power consumed by auxiliary devices (fans, automation
devices, etc.) is also measured, if they are separately connected to the
power supply network. The efficiency value is determined in percent by
the following formula

U
K, = % . 100%,

_ Pout

Pin + Pagq
where P,, is the power measured at the input, W; P, is the power measured
at the output, W; P,y, is power consumed by auxiliary devices, W.

In testing of powerful converters, the measurements are carried out in
no-load and short-circuit conditions. The no-load condition is set at the
nominal input voltage at the current sufficient for the complete operation
of all protective circuits (usually 5-10 A). In this case, the efficiency is
determined by the following formula:

n - 100%,

Pout

=——-100%,
Psc+Pnl+Padd

n
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KoedinieHT HEpiBHOMIPHOCTI PO3MOILTY HANPYTd B MPOLEHTaX Ha
nociigoBHO 3’eqHannx CHIIIT Bu3HaYa€eThCs 32 HACTYITHOKO (POPMYIIOHO:

n-Up—U
= —= R 100%,
Ugrs

ne Up — 3BopotHe (mpsime) maxiaas Hanpyrua Ha CHIIIL B; n — kinekicTh
nocnigoBHo 3’ enHanux CHIIIL; Ugpy — cymapHe 3B0poTHE (TIpAMe) MaliHHs
Harnpyry Ha nocuifgoBHo 3’ exHanux CHIIIL.

AnapaT BBaXXalOTh TaKuM, 110 BUTPUMAaB BUIIPOOYBaHHS, AKIIO 3Ha-
YeHHS CTPYMIB Ta HaIIpyT, BiAMOBIAHO, Yepe3 MapayiebHO 3’ €IHAHI Ta Ha
KoxHOMY mocinoBHO 3’ eqHanomy CHIIII 3HaxonsaTecs y miama3zoHi HOp-
MOBAaHMX 3HAYCHb, & BIJIIOBIIHI KOS(IliEHTH HEPIBHOMIPHOCTI PO3OIIITY
CTpyMy Ta HAaPyTH HE MEPEBULIYIOTh HOPMOBAHOTO 3HAUCHHS.

Busnauenna KK/]. BunpoOyBaHHs IPOBOJISATH METOIOM Oe3mocepe-
JTHBO1 OIIHKY BX1HOT Ta BUXITHOI MMOTYKHOCTI amapaTa 3 HaCTYITHHM 00-
YHCJICHHSM MMOKa3HHUKa; BiAMoBiaHO 10 TY Ha anmapaTtu KOHKPETHUX cepiit
Ta THIIIB, BUNPOOYBaHHS IOMYCKAETHCS TaKOX MPOBOJUTH METOAOM BH-
3HAYEHHS BTPAT MOTYKHOCTI 200 PO3PaxyHKOM.

[Ticas ycTaHOBKM HOMiHAJIBHUX 3HAYEHBb BX1ITHOI 1 BUXiTHOI HAIIPYTH
Ta CTPyMY HaBaHTaXXCHHS Yepe3 HOPMOBAHHUHN MPOMDKOK Yacy BiIMOBITHO
cranaaptiB Ta TY MpoBOASTH BUMipIOBaHHS MOTYXKHOCTI y BXITHOMY Ta
BUXIJTHOMY KoJIaX. BHMipIOIOTh TaKO MOTYKHICTh, IO CIIOXKHBAIOTh J0-
MOMIXKHI TIPUCTPOI (BEHTUIATOPH, MPHUCTPOi aBTOMATUKH Ta iH.), SKIIO
BOHHU OKpEMO MpUENHAHI JI0 Mepexi xkuBneHHs. 3HauenHs KK/ Bu3nayva-
€THCS B IPOLICHTAX 33 HACTYITHOIO (POPMYIIOI0

_ Pout

P in T P add
ne Py, — IOTYXHIiCTh, III0 BUMipsiHa Ha BXOfi, BT; P, ; — MOTYXHIiCTh, IO
BUMIpsIHA Ha BUXO[i, BT; P,3q — MOTY>KHICTb, 10 CIIOKHBAETHCS IOTIOMIXK-
HUMH TIPUCTPOSMH.

[Ipu BunIpoOyBaHHI NOTYXKHHUX MEPETBOPIOBAYiB BUMIPIOBAHHS IIPO-
BOJIATH B PEXKMMax HEPOOOUOTO X0y Ta KOPOTKOTO 3aMUKaHHS. Pexxum
HEPOOOYOro XOJy BCTAHOBIIIOIOTH NPU HOMIHAJBHIM BXiAHIH Hampysi
IIPH CTPYMIi, JOCTATHIM JJIsS TOBHOIIIHHOT pOOOTH BCiX 3aXUCHHX JIAHITFO-
riB (3a 3BM4aeM Bix 5 1o 10 A). YV upomy Bunanky KK/ Busnayaerscs 3a
HACTYIMHOIO (OPMYJIOH0:

T] " 100%'

Pout

=——-100%,
Psc+Pnl+Padd

n
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where P, is the power consumed in the short-circuit condition at rated
current, W; P, is the power losses in the auxiliary protective components
of the converter at a currentof I <5+ 10A, W.

In usual practice, efficiency is measured when conducting load tests
at nominal parameters of input and output voltage and load current, in
particular, temperature-rise test.

The apparatus is considered to have passed the test if the efficiency
value is equal to or exceeds the standard value.

Temporary overvoltage test. The main purpose of the test is to
determine the operability of the protection devices of internal circuits
against sort-term action of increased voltage. The increased voltage can be
generated in various techniques depending on the requirements of the
Specs for apparatus of specific series and types, namely, by internal
switching of the apparatus electrical circuits; by interrupting the converting
transformer; by interrupting active-inductive load; by short-term applying
the increased or impulse voltage on the apparatus input.

To conduct the test, normalized values of input and output voltage and
load current are adjusted and an increased voltage is applied. In the test
process, using an electron-beam oscilloscope or a digital recording device,
instantaneous voltage values are measured at the apparatus control points
predetermined in the test program.

The apparatus is considered to have passed the test if the voltage
values at the control points do not exceed the permissible values.

Over-current capability test. The main purpose of the test is to
determine the device operability under the effect of overload (over-current)
during a standardized time interval and after its effect.

To conduct the test, the load current value, equal to the nominal
value, is set. Then the current is increased to the rated overload value;
after laps of the normalized time interval, the current decreases and the
output voltage is measured. During the test, in compliance with the
Specs for specific series and types of apparatus, automatic de-
energizing the apparatus and (or) actuation of alarms and protection
devices is observed. After that, the apparatus is energized to the nominal
load and the output voltage is measured. The temperature of the PSCD
casings and other components are require checked. After the test, a
visual inspection of the apparatus is carried out.
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ne P, — MOTyXHICTB, IO CIIOKUBAETHCS B pesknmi K3 npu HOMiHaTBHOMY
cTpyMi, BT; P,| — IOTYXHICTb BTpAT B JOMIOMDKHUX 3aXUCHHUX €JIEMEHTax
nepeTBoproBaya mpu ctpymi I < 5+ 10 A, Br.

3a 3Buuaem BumiproBanHs KKJ| cymimaioTs 3 HaBaHTaXyBaIbHUMH
BUNIPOOYBaHHAMHM IIPY HOMiHAJIBHUX NapaMeTpax BXiIHOI Ta BUXiJHOI Ha-
NPYTd Ta CTPYMY HaBaHTa)KEHHS, 30KpeMa BUNIPOOyBaHHIM Ha HarpiB.

AnapaT BBaXalOTh TaKiM, [I0 BUTPUMaB BHIIPOOYBaHHS, SKIIO 3HA-
yerns KKJ[ nqopiBHIO€ HOpMOBaHOMY 3HaUEHHIO a00 MEPEBUIIYE HOTO.

BunpoOyBaHHs Ha KOPOTKOYACHY Ail0 MiABUIEHOI HAPYru. OcHO-
BHOIO METOIO BUMPOOYBaHHS € BU3HAYEHHS MPAIe3JaTHOCTI IIPUCTPOiB 3a-
XHUCTy BHYTPIITHIX KiT Bif [ii migBuiieHoi Hanpyry. [ligBumena Hanpyra
MOJKe OyTH yTBOpEHa pi3HUMH CII0CO0aMH B 3aJIeKHOCTI Bix BuMor TV Ha
amapaTth KOHKPETHHX Cepiil Ta BH[IB, a caMe: BHYTPIIIHBOIO KOMYTAIIi€l0
SNeKTPUYHMX KiJ arapara; BAMKHEHHSIM IepeTBOPIOBATBLHOTO TpaHC(Op-
MaTopa; BAMKHEHHSIM aKTUBHO-1HAYKTHBHOTO HABaHTA)KEHHST; KOPOTKOYAC-
HOIO JIi€F0 TiABUIIIEHOT 200 IMITyJIhbCHOT HAIPYTH HA BXiJ amapara.

Jns  mpoBeAeHHsT BUNPOOYBAaHHS, YCTAHOBIIOIOTHCS HOPMOBaHi
3HAUCHHS BXiJHOI | BHUXIJHOI HAmpyru Ta CTPyMy HaBaHTaXCHHS i
CTBOPIOETKCSI MiJIBHIIIEHA Hanpyra. B mpoiieci BUpoOyBaHsb, 3a 10IIOMOT0I0
EJIEKTPOHHO-TIPOMEHEBOT0 ocumIorpady ado HudpoBoro peecTpyBaibHOTO
NPUCTPOIO 3/IIHCHIOETHCS BUMIPIOBaHHS MUTTEBHX 3HAYCHb HAINPYTH B
KOHTPOJIbHUX TOUYKaX arapaTta, sKi HaJlaHi y mporpami BUTIpOOYBaHb.

AmnapaT BBaXamTh TaKUM, 10 BUTPUMAaB BUIPOOYBaHHS, SIKIIO
3HaYeHHS HANpyr Yy KOHTPOJbHHX TOYKAaX HE IEPEBUILYIOTH
JOITyCTUMHUX BEITHYUH.

BunpoOyBaHHS Ha KOPOTKO4YacHY Jil0 nepeBaHTakeHHs. OcHO-
BHOIO METOIO BHITPOOYBaHHS € BU3HAUYEHHS MTPaLle3aTHOCTI anapaTa iz
BIUIMBOM ITI€PEBAHTAKEHHS BIIPOJOBXK HOPMOBAHOTO iHTEpBAJly Yacy Ta
micyst Ail IepeBaHTaKeHHS.

JInst mpoBeIeHHs BUIPOOYBaHHS, YCTAHOBIIIOETHCS 3HAUYCHHS CTPYMY
HaBaHTA)XEHHS, SKE JOPIBHIOE HOMiHaMbHIM BenmumumHi. [loTiM cTpym
MiIBUIIYIOETECS 0 HOPMOBAHOTO 3HAYCHHS TEPEBAHTAKEHHS; MiCIIs
3aKiHUCHHS HOPMOBAHOTO IHTEpBAYy 4Yacy CTPYM B3HWKYIOEThCS 1
BUMIPIOEThCS BUXIHA Hanpyra. BiamosigHo 10 TY Ha KOHKpeTHI cepii Ta
THUIIH araparis, B MPOIeci BUIIPOOYBAHb CIIOCTEPIral0e€ThCSI aBTOMATHYIHE
BUMKHEHHS arapara Ta (a00) cripalbOByBaHHS CHT'HATI3aIli] Ta MPUCTPOIB
3axucty. [licns boTo anapaT BMHKA€ThCSI HA HOMiHAIbHE HABAaHTA)KEHHS
1 BUMIpIOETbC BHXijHAa Hanpyra. (OOOB’SI3KOBO  MEPEBipSAETHCS
temneparypa kopnyca CHIIII Ta inmumx enementis. Ilicas nposenenHs
BUIIPOOYBaHHS IPOBOJUTHCS 30BHILIHIN OIS anapara.
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The device is considered to have passed the test, if during the visual
inspection, no unacceptable deformations in the power circuit are found,
and the value of the output voltage corresponds to the standardized value.

Short circuit testing. The short-circuit condition is unacceptable for
power electronic apparatus because it leads to damage of the PSCDs; for
their protection, quick-operated devices are used, such as circuit-breakers
and fuses. The main tasks of the test are to check the operation of protection
and signaling devices, as well as the ability to save operability of the
apparatus after a short-circuit current effect.

There distinguished internal short-circuits, when the shorting occurs
in the internal circuits of the apparatus, and external short-circuits, when
the shorting occurs in external circuits in relation to the apparatus.
Accordingly, this type of testing includes internal short-circuit test and
external short-circuit test.

When preparing the tests, a short-circuiter (or other device) and a
measuring device are connected to control points of the internal (external)
circuits of the apparatus to monitor the voltage and record the instantaneous
value of the short-circuit current (see subsection 2.5). The power source must
provide a voltage that corresponds to the nominal value of the apparatus
under test, as well as the specified value of the short-circuit current.

The tests are carried out in the following order. First, the nominal
values of the input and output voltages and load current are adjusted and
the measured parameters are recorded at the control points. Then the short-
circuiter (or other device) is closed and the measured parameters are
recorded at the control points. In the process, actuation of the alarm and
protection, i.e. automatic shutdown of the apparatus (or shorted circuit), is
observed. After that, a visual inspection is carried out, actuated fuse is
substituted (or a circuit-breaker is closed) and the output voltage is
measured. The number of short-circuit tests and the interval between them
are established in compliance with the requirements of the Specs for certain
series and types of apparatus.

The apparatus is considered to have passed the test under the following
conditions:

- as result of the external inspection, no violations of the standardized
requirements regarding deformations of power circuits were found,

- the values of the measured parameters at the control points of the
internal (external) circuits correspond to the normalized values;
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AnapaT BBaarOTh TaKHM, 10 BUTPUMAaB BUIIPOOYBaHHS, SIKIIO MPH
30BHINTHROMY OTJISIZII HE 3HAWEHO HEIOMYCTUMIUX Je(opmariid CHIIOBOTO
KOJIa Ta 3HAYCHHS BUX1THOI HAPYTH BiIMOBiJa€ HOPMOBAHOMY 3HAYEHHIO.

BunpoOyBaHHs Ha cTIHKICTh 10 KOPOTKUX 3aMHUKaHb. PexxuM Ko-
potkoro 3amukanHs (K3) € HempuImycTUMUM TSI CHIIOBUX €JIEKTPOHHUX
amapariB ocKibku Bene Ao nomkomkenas CHIIII; ms ix 3axucty BUKO-
PHUCTOBYIOTBCS IIBHIKOAIIOYI anapaTH: BUMUKadi Ta 3ano0ikHuku. Oc-
HOBHMMH 33Ja4aMu BUIIPOOYBaHHs € MEpeBipKa CIIpallbOBYBaHHS INPH-
CTPOiB 3aXWUCTy Ta CHTHAmi3aIlii, a TaKOX 30epekeHHs MPaIe3aaTHOCTI
amapara micis aii ctpymy K3.

Pospizastors BHyTpimHI K3, KoM 3aMUKaHHS BiIOYBa€ThCS y BHYT-
pilIHIX KOJax amaparta, Ta 30BHIImHI (HackpizHi) K3, konm 3aMukaHHS Bij-
OyBaeThCs y 30BHIIIHIX KOJIaX IO BIJHOIICHHIO JI0 anapata. BianosigHo,
JaHW{ BUJ BUNPOOYBaHb MICTHTh 6UNPOOYEAHHA HA CHMILKICMb 00 6HY-
mpiwnix K3 ta eunpodysannsa na cmiiikicmo 00 306nininix K3.

[Ipu migroroBmi 10 BUMPOOYBaHh B KOHTPOJIEHUX TOYKAX BHYTPIIIHIX
(30BHILIHIX) KiJT anapara HiJKII0Yal0Th KOPOTKO3aMHUKad (200 1HIIHH mpH-
CTpiii) Ta BUMIPIOBAILHUHA MPUCTPIH 151 KOHTPOJIIO HAMIPYTH Ta PEeeCTparii
MUTTEBOTO 3HaueHHA cTpyMy K3 (muB. migposmain 2.5). Jlxepeno KuBneHHS
TIOBUHHO 3a0€3MeYnTH HAIMPYTY, SKa BiANOBiAa€ HOMiHAILHOMY 3HAYCHHIO
BUITPOOYBAHOTO anapara, a Takok HOpMOBaHOMY 3HaUeHHIO cTpyMmy K3.

BunpoOyBaHHs IpOBOAATE y HACTYITHOMY nopsaky. Croyatky ycra-
HOBJIIOIOThCS HOMIHAJIbHI 3HAYSHHS BX1HOT 1 BUX1THOT HAIIPYT Ta CTPyMY
HABaHTAXXEHHS 1 PEECTPYIOTHCS BUMIpPIOBaHI MapamMeTpy y KOHTPOJIbHHX
toukax. [loTiM BMUKaeThCs KOpOTKO3aMuKad (200 iHIHIA TPUCTPIif), pe-
€CTPYIOThCSI BUMIPIOBaH1 MapaMeTp y KOHTPOJIbHUX TouKax. [Ipu mpomy,
CIIOCTEPIra€ThCsl CIIPAIbOBYBAHHS CUTHAJI3AIll Ta 3aXUCTY, TOOTO aBTO-
MaTH4YHE BiJKIIOYEHHs amapara (abo KOpoTKo3aMKHEHOro koma). ITicis
ILOT0, TIPOBOJATH 30BHIIIHIN OTJIS, 3aMiHY BiAPAIlbOBAHOTO 3aro0ik-
HUKa (200 BMUKaHHS aBTOMaTHYHOTO BUMHUKA4a) Ta BUMIPIOBaHHSI BHUXI]I-
Hoi Hanpyru. KinbkicTh BunpoOyBanb K3 Ta iHTepBasl Mi>k HUMH BCTaHO-
BIIOIOTHCS BIAMOBIHO 70 BuMor TY Ha MMeBHi cepii Ta THITK arnaparis.

ArmnapaT BBaXXarOTh TaKUM, 1[0 BATPUMAB BUNIPOOYBaHHS, 32 HACTY-
MHUX YMOB:

- [IPY 30BHILIHBOMY OTJISIJ HE BUSBIICHO HOPYIIEHb HOPMOBAHUX BH-
MOT 111010 iehopMalliii CHIIOBHX KiJT,

- 3HAQYEHHsI BUMIPIOBAHUX MapaMeTPiB B KOHTPOIBHUX TOYKAX BHYT-
pilIHIX (30BHINIHIX) KT BiJMIOBIIal0Th HOPMOBAHUM 3HAYCHHSIM;
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- the action of protection and alarm meets the established requirements;

- the output voltage after the test complies with the normalized value.

It should be noted that in compliance with standards [36, 37] and Specs
for certain series and types, power electronic apparatus are subjected to
many other types of electrical tests. However, they have a specific
character, so they are not considered in the educational process.

5.5 Non-electrical Checks and Tests

The reliable functioning of electrical and power electronic apparatus
is significantly determined by the operability and reliability of their
constructive components (details and units) and construction as whole.
Furthermore, the apparatus should be able to save its operability and
reliability under exposure of external factors. Reliable functioning and
reliability under external exposures is especially important for
electromechanical apparatus, in particular for the components of their
kinematics. Because of this, research and testing as for determine the non-
electrical parameters are a vital important problem that are solved in the
process of their development, production and operation.

Non-electrical tests usually include visual inspection and check for
compliance with assembly drawing, mechanical life test, testing for
vibration-stability and impact-resistance, environmental exposure tests
(climatic tests, testing for exposure of mechanical factors, testing for
transportation durability), tests of casings, etc.

Visual inspection and check for compliance with assembly draw-
ing. It is made usually in approval testing. Visual inspection usually in-
cludes the following checks:

- the absence of the damages;

- the state of terminations of the windings and their marking;

- the availability and safety of the seals;

- the state of the grounding surface and its marking;

- the state of the protective coats of the outdoor parts;

- the availability of the rating plate and its data correctness;

- completeness of the apparatus and so forth according to the
apparatus type.
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- [Tisl 3aXMCTy Ta CUTHANI3aIli] BiATIOBiJa€ BCTAHOBJIEHIM BHMOTaM;

- BHXi/IHa Hampyra Iicisl BUMIPOOYBaHHS BIANOBiZa€ HOPMOBAHOMY
3HAYEHHIO.

Criz 3a3Ha4YMTH, BiAMOBIAHO 10 cTanAapTiB [36, 37] Ta TY Ha KOHK-
pEeTHI BHIM Ta TUITH, CHJIOBI €JICKTPOHHI amapaTd IiJIal0ThCs OaraTboM
IHIIIM BHJIAM eNIeKTPHYHUX BUTMIPOOyBaHb. [Ipore, BoHM MatoTh criermdi-
YHUH XapakTep, OTKe He PO3ISIAIOTHCS Y HABYAIbHOMY TPOLIECi.

5.5 HeenexkTpuuHi nepeBipku Ta BUNPOOYBAHHSA

Haniiine gpyHkUioHyBaHHS €JIEKTPUYHUX Ta €JIEKTPOHHUX arnapaTis Oa-
raTo B YOMY BH3HAUA€ThCS TPALIE3AATHICTIO Ta HAIIMHICTIO 1X KOHCTPYKTH-
BHUX €JIEMEHTIB (JIeTajieii Ta By3IiB) Ta KOHCTPYKIIi1 y MIJIOMY, 8 TAKOX 3/1a-
THICTIO 30epiratu npane3aaTHiCTh Ta HaliHICTh TPH 30BHIIIHIX BIUIMBAX.
st enexTpoMexaHiYHUX alapaTiB BaKIMBUM € HaliliHe QyHKIIOHYBaHHS
Ta CTIHKICTh A0 30BHIIIHIX Ail eneMeHTiB ix kiHematukn OTxe mOCHi-
JOKEHHS Ta BUIPOOYBAHHS 11010 BU3HAUCHHS HEEJICKTPUYHUX MapaMeTpiB
CJIEKTPUYHHX Ta EIEKTPOHHUX arapaTiB € BAXKITMBOIO CKJIAJ0BOIO 33134, [0
BUPIIITYIOTHCS B TIPOIIECi X po3poOKH, BUPOOHHUIITBA Ta EKCILTyaTaIllii.

Jlo HeeneKTpWYHWX BHUIIPOOYBAaHb 3a3BUYAM BIAHOCSATH 308HIUUHIL
0271510 Ta TIEPEBIPKa HA GIONOGIOHICMb BUMO2AM CKIAOATILHO20 KPECIeHHSL,
BUITPOOYBAHHS HA MEXAHIYHY 3HOCOCMIUKICMb, BATIPOOYBAHHS Ha 6i0pOC-
mitikicms i yoapomiyHicmsb, BAIPOOYBAaHHS HA JiI0 30BHINIHIX (aKTOPiB
(knimamuuni 6unpobysanns, BUNPOOYBAHHS Ha Oi0 MEXAHIUHUX 308HIUHIX
¢axmopis, BUNPOOYBAHHS HA MIYHICMb NPU MPAHCROPMYBAHHI), BUIIPO-
OyBaHHsI 00010HOK (KOpnyCig), TOIIO.

3oBHilIHIN OIJIS/A Ta MepeBipKka Ha BiINOBIAHICTL BHMOraM CKJIa-
AAJBLHOTO0 KpecjaeHHs MTPOBOJUTHLCS, K MPABWIIO, TPH MPHUHMAIbHO-3/1a-
BaJIbHUX BUTIPOOYBaHHSIX. 30BHILIIHIM OTJIAJ 3a3BUYall MPOBOMSATH Bi3ya-
JIbHO; 3a3BUYail IEPEBipsIIOTH:

- BIJICYTHICTb YIIKOJ’)KEHb;

- CTaH BUBOJIIB OOMOTOK Ta X MapKyBaHHS;

- HasBHICTb Ta LTICHICTH TNTIOMOYBaHHS;

- CTaH NOBEPXHI IUTOIIAAKH AJIs 3a3€MJICHHS Ta il MapKyBaHHS;

- CTaH 3aXHMCHUX MOKPHUTTIB 30BHINIHIX YaCTHUH;

- HasIBHICTbh TaOJIMYKH Ta MPAaBUIBbHICTS 1i 3a1IOBHEHHS;

- KOMIUIEKTHICTh anapaTy TOIIO, 3aJI€XKHO BiJ THITy anapary.
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Verification for compliance with the requirements of the assembly
drawing usually includes checking the overall and mounting dimensions
with the help of measuring tools or gauges, as well as the apparatus mass
by the way of weighing.

Mechanical endurance test. This test is typical for electromechanical
apparatuses and is usually performed in periodic and type testing, as well
as various kinds of studies. This test is one of the most long-term ones, but
it should be noted that from the standpoint of the procedure and equipment
to be used it does not involve in heavy problems.

Before the test, the apparatus undergoes a technical inspection; the fol-
low-through and pressure of its main and auxiliary contacts are measured.
To perform the test, the apparatus is installed into operating position. In
testing, a given number of open-close operations is performed with a given
frequency in the absence of a current load. The frequency and total number
of the cycles must comply with the nameplate parameters of the apparatus.
Once the apparatus has performed the required number of open-close op-
erations, it is subjected to visual inspection, adjustment and replacement of
a certain units (if it is permitted by instruction manual).

Close-open operations of the apparatus in testing is performed using
its driving device, which receives appropriate signals at the specified
frequency. In the case when the apparatus is hand-operated, an appliance
simulating the hand control is usually used. The number of completed
close-open operations is determined using a relevant counter. As already
mentioned, mechanical endurance test is quite long in time. In order to
make its calendar period shorter, the test is usually conducted around the
clock. Therefore, in test process, it is necessary to ensure monitoring the
state of the device with recording of failures in operation and disconnection
from the control circuit in case of failure.

The results of the mechanical endurance test are considered positive
under the following conditions:

1. The apparatus has provided the number of cycles required by the
Specs without failures in execution of close-open operations due to seizing
or damage to the moving parts of the mechanism.

2. Once the apparatus has performed the specified number of switching
cycles, there was not detected slackening threaded and permanent joints,
break-down or inadmissible strains of individual elements, etc.
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[TepeBipka Ha BIAMOBIAHICTF BUMOTAaM CKJIAAAIBHOTO KPECICHHS 3a-
3BHYAN BKIIFOYAE TIEPEBIPKY rabapUTHUX, HACTAHOBHUX Ta MPUETHYBATb-
HHUX PO3MIpiB 32 JOMOMOTOI0 MIpsUIBHOTO iHCTPYMEHTY abo malioHiB, a
TaKOK MacH arapaTy IUISIXOM 3BaKyBaHHSI.

BunpodyBanus mexaHiunoi 3HococtiiikocTi. Ile#t Bun BumpoOy-
BaHb € XapaKTECPHUM TSI €JICKTPOMEXaHIIHUX aIllapaTiB i TPOBOIUTECS, SIK
MPaBUIIO, IPH TUIIOBUX Ta MEPIOAMYHHUX BHIIPOOYBAHHSAX, & TAKOXK BiJIO-
BITHUX JocCHiKeHHAX. e oauH 13 HallOiIbIn TpUBaIMX BUIB BHIIPOOY-
BaHb, ajlie CJiJ 3a3HAYMTH, IO 3a CBOIM 3MICTOM Ta METOIUKOIO IPOBE-
JICHHS 1Iel BUJ BUNIPOOYBaHb HE SIBIIsIE COOOI0 3HAYHUX MPOOIIEM.

[epen BunpoOyBaHHAM amapar MiAAaeThcs TEXHIYHOMY OTJIsILY, Tie-
PEBIpSIETHCS MPOBAJ T HATHCHEHHS TOJIOBHUX Ta JJONOMIDKHUX KOHTAKTiB.
Jus BUnpoOyBaHb anapaT BCTAaHOBIIIOETHCS y poOoUe TONoKeHHs. B mpo-
1eci BUMpoOyBaHb 3 3aJaHOI0 YACTOTOK 3JIIMCHIOETHCS 3aJaHa KUTbKiCTh
[UKJTIB «BMHKAHHS-BUMUKaHHSI» TPH BiJICYTHOCTI CTPYMOBOTO HaBaHTAa-
skeHHS. YacToTa Ta 3araibHa KUTBKICTh IIUKIIIB TIOBHHHI BiIMTOBIiIaTH TIac-
MOPTHUM TMapaMeTpaM amapata. Uepe3 NeBHY KUIBKICTh IUKIIB amnapat
MiTa€ThCSI TEXHITHOMY OTJISIY, PETYIIOBAHHIO Ta 3aMiHI OKPEMHX BY3IIiB
(sK1I0 TIE TIepen0adeHo eKCINTyaTaIliifHOI0 JOKYMEHTAIIIET0).

BMukanHs Ta BAMHKaHHS anapaTa B MpOIeci BUMPOOYBaHb 3/iiCHIO-
€THCS 32 JOTIOMOT'OF0 TIPHBOJLY arapata, Ha SIKUi 3 3a3HA4€HOI0 YaCTOTOO
MOJIAI0ThCS BITOBIIHI CUTHAK. Y BUMAJKy PYYHOTO KEPYyBaHHS anapara,
3a 3BUYa€EM BHKOPUCTOBYIOThH MPUCTPIH, 110 BIITBOPIOE pyYHE KEPYBaHHSI.
Umncio BUKOHAHMX KOMYTALlIMHUX ITUKIIIB BU3HAYAETHCS 32 JIOTIOMOT'OK0 Bi-
JIIOBITHOTO JIYMIIbHUKA. SIK Bike 3a3Ha4asioch, BUNPOOyBaHHS Ha MeXaHi-
YHY 3HOCOCTIHKICTb € JIOCHTh TPUBAIUMM; JUISI CKOPOUCHHS KaJCHIAPHOTO
TEpMiHY, BUIIPOOYBAHHS 3a 3BUYA€EM MPOBOIATH IiI07000B0. OTKE, MpH
IILOMY CJTiJT 3a0€3M1eYUTH aBTOMAaTHUHUI KOHTPOJIb CTaHy arapara 3 Qikca-
IIEFO BIZIMOB Y POOOTI 1 BIKITFOUEHHS Y pa3i BiIMOBH BiJl CXeMHU KepyBaHHS.

Pesynbratu BUNpOOyBaHHS Ha MEXaHIYHY 3HOCOCTIHKICTh BBaXka-
€THCsI TIO3UTHBHUMH 33 HACTYITHUX YMOB:

1. Anmapar 3a0e3neunB HeoOXigHy 32 TY KUTBKiCTh IIUKIIIB O€3 BiIMOB
pu BMUKaHHI a00 BUMHKaHHI BHACIIJOK 3aKIWHIOBAaHHS a00 TIOIIKO-
JOKEHHS pYXOMHX YaCTHH MEXaHI3MYy.

2. Ilicns BUKOHAHHS 33/1aHOT KUTBKOCTI KOMYTalliHHUX [TUKJIIB HE Bijl-
Oyiock: mocnabieHHs pi3bOOBUX 1 HEPO3'€EMHUX 3'€JHAHb, MMOJOMKH ab0
HETPUITYCTUMUX JieopMalliii OKPEMHUX EJIEMEHTIB TOIIO.
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3. The apparatus passed other test types, namely switching tests,
electromechanical tests, temperature-rise test at rated current, etc., in
compliance with the requirements of the standards and Specs for the
apparatus.

If the results of the mechanical endurance test are positive, the test is
usually continued to determine the ultimate mechanical life of the
apparatus and obtain statistical data about its failures.

Climatic tests. As already mentioned, climatic conditions
significantly affect the functioning of electrical and power electronic
devices (see subsection 1.6), but this problem is not yet sufficiently
developed from a scientific standpoint. Therefore, the only climatic tests
can be criterion of reliable and long-time operation of devices. It should
be noted that the destruction of the material under the exposure of
different climatic conditions has a complex physical-and-chemical and
long-term behavior, therefore, accelerated test methods are developed for
the appropriate combinations of climatic factors. In some cases, test
stations directly in countries with a suitable climate are necessary to
build, although testing in natural conditions requires large costs. These
costs deserve that to get research material.

The tests enable us to ascertain the state of the device after a certain
time of its being in an artificial environment or to monitor its state at certain
time intervals throughout the duration of the tests. The most important
thing is to know how the state of the device has changed, but not its state
at a specific moment. Changes in device properties can be of two types:
reversible and irreversible. If the state of the apparatus changes only during
the effect of the factor, and its state is fully restored after the termination
of the effect, then such changes are reversible. Irreversible changes remain
at least partially after the termination of the climatic factor exposure.
Climatic tests are of interest in term of both reversible and irreversible
changes. Reversible changes are more related to the accident rate of
electrical equipment, while irreversible ones are related to its service life.

Thus, climatic testing represent a complex of tests that usually
characterizes the exposure of one of the climatic factors on the state of the
apparatus. The specific content of the tests is determined by the
requirements of standards and Specs for specific types of apparatus or by
agreement with the customer. Let us consider the main types of climatic
tests of electrical and power electronic devices in accordance with the
Ukrainian national standard [13]:
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3. AnapaT BUTpUMAB iHII BHIY BUNPOOYBaHb, a caMe KOMYTaIliiiHi,
eJIeKTPOMEXaHIuHI, Ha HArpiB IPH HOMIHAIBHOMY CTPyMi TOIIO, BiIO-
BiJTHO JI0 BUMOT cTaHjapTiB Ta TY Ha amapar.

[Tpu mo3uTHBHUX pe3yibTaTax BUMPOOYBaHb MEXaHIYHOI 3HOCOCTIH-
KOCTI, 3a3BU4ail IPOJOBXKYIOTh BUIIPOOYBaHHS IOJO BH3HAYEHHS IIOB-
HOTO pecypcy amapara i Habopy CTaTUCTHYHUX JaHHX IIPO BiIMOBH.

Kaimatuuni BumpoOyBanmsi. SIKk Be 3a3Hayagoch, KJIIMaTHYHI
YMOBH CYTTEBO BIUIMBAIOTH HA (D)YHKLIOHYBAHHS €JIEKTPUUHHUX Ta EJIEKT-
pOHHUX amapaTiB (auB. mimpo3nin 1.6), ane y HayKOBOMY IUIaHi Iie TIH-
TaHHA Hapas3i e HeJOCTaTHRO po3pobiene. OTxe KpUTEpieM HaIiiiHOT Ta
JIOBroyacHoi poOoTH amapaTiB € KiiMaTu4Hi BunpoOyBanHs. Crijg 3a3Ha-
YUTH, 0 PyHHYBaHHS MaTepially i/l BIUIMBOM Pi3HUX KIIMATUIHUX YMOB
HOCSTh CKJIaJHUN (PI3UKO-XIMIYHHMIA Ta JOBrOTPUBAIMN XapakKTep, TOMY
PO3POOJISIOTECS PUCKOPEHI METOAM BUIIPOOYBaHb JUIs BiAMOBIIHUX IIO-
€HaHb KJIIMAaTUYHUX YMHHUKIB. Y AESKHUX BUIAAKaX JOBOAWUTHCS Oymy-
BaTH BUNPOOYBaNIbHI CTaHIii Oe3rmocepenHb0 B KpaiHaxX 3 BiAIMOBITHAM
KJIiMaToM, Xo4a BUPpoOyBaHHS B IPUPOJHUX YMOBaX MOTPEOYIOThH BEJIHU-
KX BUTpaT. Ha HUX HOBOAWTHCS WTH, 100 3100y TH AOCTIMHUN MaTepiall.

BunpoOyBaHHS JaroTh MOXKJIMBICTE BCTAHOBUTH CTaH amapara uepes
NEBHUI Yac nepe0yBaHHs y IITYIHOMY CepeZoBHIli a0 CTEKUTH 3a Horo
CTaHOM 4epe3 MeBHi iHTepBaJIM Yacy MPOTATOM YChOTO Yacy BUIPOOyBaHb.
Haii0inpmn BaXMMBUM € 3HATH HACKIJIBKW 3MIHHMBCS CTaH amapary, a He
HOro CTaH y KOHKPETHUI MOMEHT. 3MiHU BJIIACTHBOCTEH armapara MOXKyTh
OyTH IBOX THIIIB: 3BOPOTHI Ta HE3BOPOTHi. SIKIIO CTaH amapaTa 3MiHIO-
€ThCS JIMLIE HA Yac Ail YMHHMKA, a TicIs IPUINMHEHHS Horo Iii cTaH MoB-
HICTIO BiJIHOBJIIOETHCA, TaKi 3MiHH € 3BOPOTHUMH. He3BOpoOTHI 3MiHH 3a-
JUIIAIOTHCS X04a O YaCTKOBO Ticisl MPUITUHEHHS Aii KiliMaTHYHOTO (hak-
topy. [Ipu kmiMaTH4HUX BUTIPOOYBaHHIX iHTEpPEC CTAHOBIIATH SIK 3BOPO-
THi, TaK 1 HE3BOPOTHI 3MiHH. 3BOPOTHI 3MiHM Oijblile TOB'sI3aHi 3 aBapiii-
HICTIO €JIEKTPOYCTaTKyBaHHs, & HE3BOPOTHI — 3 TEPMiHOM HOT0 CcITy)O0u.

Takum 4MHOM, KJIIMaTHYH1 BUTIPOOYBaHHSI SBJISIOTH COOOK0 KOMIUIEKC
BUNIPOOYBaHb, AKUH XapaKTEepU3Ye, SIK MPaBUIIO, BIUIUB Ha CTaH amapara
OJTHOTO 3 KJIiMaTUYHUX PakTopiB. KoHKpeTHUII 3MicT BUIIPOOyBaHb BU3HA-
YaeThCsl BUMOTaMH CTaHAapTiB Ta TY Ha KOHKPETHI BUIH anapaTiB abo 3a
MOTO/PKEHHSIM 13 3aMOBHHMKOM. PO3riisiHEMO OCHOBHI BHIM KIiIMaTHUYHHUX
BUIIPOOYBaHb €JIEKTPUYHMX T EJIEKTPOHHUX aIlapaTiB BiAMOBIAHO 10 Ha-
IIOHAILHOTO CTaHAapTy Ykpainm [13].
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Heat resistance tests are carried out for the purpose to check
temperature exposures on the parameters of the device, as well as its visual
appearance. Heat resistance tests usually include:

« test for resistance to exposure of uppermost and lowermost values of
ambient temperature during operation, transportation and storage;

» test for resistance to change in ambient temperature in the range of
the lower and upper values.

Test for resistance to air humidity exposure are carried out in order
to check the ability of the device to maintain its parameters under
conditions of long-term exposure to heightened humidity. In tropical
climates, increased humidity usually acts together with increased
temperature. This situation must be taken into account during testing.

Test for resistance to solar radiation exposure are carried out in order
to check the ability of the device and/or its individual parts and assemblies
to save its visual appearance and parameters after exposure to solar radiation.

Devices are usually irradiated by combined source of electromagnetic
emission. Its spectral composition must correspond to solar emission, but
it is very difficult to obtain the spectrum of the sun, even under the most
careful selection of sources. The spectrum of ultraviolet emission should
be within 290-400 nm; the integral heat flux of emission should be
1120 W/m?, including the flux of the ultraviolet part of the spectrum of 68
W/m? [13]. The ultraviolet part of artificial solar radiation is usually
provided using xenon gas discharge or coal arc lamps; visible part —
ordinary incandescent lamps; infrared — various types of heaters.

The apparatus is placed on a rotary table that rotates around a vertical
axis with a period of 24 hours. The duration of irradiation is usually about
120 hours. After the test, a visual inspection of the device is carried out and
certain parameters are measured. The device is consider as passed the test
if it meets the requirements.

Tests for dust exposure usually includes three types of tests:

- test of resistance to the dust (sand) static exposure, which is carried
out in order to detect the ability of the device to maintain its parameters in
an environment with an increased dust content;

303



Bunpodysannsa na mennocmiiikicme IpoBOAATE 3 METOIO TIEPEBIPKU
TeMIIepaTypHHX Jil Ha MapaMeTpH anapaTa, a TaKOK HOT0 30BHIIIHIN BH-
risi. BunpoOyBaHHS Ha TETOCTIHKICTD, SIK MTPABHIIO MICTATH Y cO0i:

* gUNPOOYBAHHA HA MPUBKICMb 00 Oii 6EPXHLO20 MA HUICHLO2O 3HA-
yeHb memnepamypyu HaBKOJIUIIHBOTO CEPEeJOBUINA Mif] Yac eKCIUTyaTallii,
TPaHCHOPTYBaHHS Ta 30epiraHHs;

* 8UNPOOYBAHHS HA MPUEKICMb 00 3MiHU meMnepamypu TOBKULIA B
MeKaxX HIPKHBOTO Ta BEPXHBOT'O 3HAYEHb.

Bunpooysanna na mpuexicmo 00 0ii 601020cmi nogimps NPOBOISATH
3 METOIO MEePEeBiPKH 31aTHOCTI anapaTa 30epiratu CBOi mapaMeTpH B yMO-
Bax TPHUBAJIOTO BIUIMBY ITiBUIIEHOT BOJIOTOCTi. B yMOBax TpOMIYHOTO KTi-
MaTy MiJIBUIICHA BOJIOTICTb, K IPABUJIO, JI€ PA30M 13 IiIBHIICHOI TEM-
MepaTyporo, 1o MOTPIOHO BpaxOBYBATH IIiJl 9aCc BUIIPOOYBaHb.

Bunpooysanna na mpuekicms 00 0ii COHAYHO20 GUNDOMIHIOBAHHA
MIPOBOMIATH 3 METOIO TIEPEeBipKH 3/110HOCTI anapara Tta/abo iX OKpeMux fe-
Tayel Ta By3JiB 10 30€peKeHHS 30BHIITHHOTO BUTIISIY Ta AapaMeTPiB Ii-
CIIst [Ti1 COHSTYHOI paiarii.

OnpoMiHeHHsI anapaTiB 3IIHCHIOETHCS, SIK MPABIIIO, KOMOIHOBaHUM
JUKEPENIOM eJIeKTPOMATHITHOTO BHIPOMIHIOBAHHS. MOTO CIIeKTpaibHui
CKJIaJ] TIOBUHEH BiJIIOBIATH COHSIYHOMY BHIIPOMIHIOBaHHIO, TIPOTE OTPHU-
MaTH CHEKTpP COHIII AyXe CKJIaIHO, HaBiTh 32 HAHPETENBHINIOTO MiI00py
Jokepen. CiekTp yabTpadioneToOBOro BUMPOMIHIOBAHHS Ma€ OYTH y MEKax
290-400 HM; iHTeTpaslbHA WIUTBHICTH TEIJIOBOTO TIOTOKY BHITPOMIHIO-
BaHHs NMOBMHHA cTaHoBUTH 1120 BT/M?, y TOMY 4MCITi IIBHICT TTOTOKY
ynbTpadioneToBoi yactunu cnektpy 68 Br/m? [13]. Yibrpadionerosy ua-
CTHHY IITYYHOI COHSIYHOT pajiallii 3a0e31euyr0Th, K IPaBHIIO0, KCEHOHOBI
ra3opo3psiiHi a00 BYTUIBHI AYTOBI JIAMIH;, BUAUMY YaCTHHY — 3BUYAMHI
JIaMITM PO3KapIOBaHHS; iHQpPaYepBOHY — PI3HOTO THITY HarpiBaui.

Anapat po3Milly€eThCsl HAa MOBOPOTHOMY CTOJI, 10 00€pTaEThCs Ha-
BKOJIO BEPTUKAIILHOI OC1 3 riepioioM 24 roquHu. TprBaiicTh ONIPOMiHEHHS
CKIIaziae, siKk mpaBuio, nopsaaky 120 rogun. [licns 3akiHdeHHS BHIIPOOY-
BaHHsI TIPOBO/ISTH 30BHINTHIN OIJISI amapara Ta BUMIPIOIOTh NEBHI mapa-
METpH. Anapar BBaXXaeThCAd TaKUM, 10 BUTPUMaB BHUIPOOYBAHHS, SKIIO
BiH 32/I0BOJIBHSIE BUMOTaM.

Bunpodysanna na 0ito nuay mMictuth y co0i SIK TIPaBUIIO TPU BUIU
BUIIPOOYBaHb:

- 8UNPOOYBAHHS MPUBKICb 00 CTHAmMuyHOi Oii nuty (nicky), aKe npo-
BOJIUTHCS 3 METOIO BUSBJICHHSI 3IaTHOCTI ariapaTy 30epiratu CBOI mapame-
TPH Yy CEPEIOBUIIII 3 ITiIBUIIIEHUM BMICTOM ITHITY;
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- test for resistance to the dust (sand) dynamic exposure, which is
carried out in order to check the resistance of devices to the destructive
(abrasive) action of dust; in this case, the test is conducted by blowing the
device with a dried dust mixture, which usually contains 70% quartz sand,
15% chalk, and 15% kaolin in an amount equal to approximately 0.1% of
the chamber volume, at a speed of 10-15 m/s during one hour;

- test for resistance to dust ingress, which is carried out in order to
check the ability of the device casing to keep dust out; in this case, the
device is exposed to the dust mixture, which is in a suspension state in
the chamber for 15 minutes at an air circulation speed of 0.5-2 m/s; then
dust exposes without air circulation for 30 minutes; the dust mixture in
this case should contain approximately 25% fluorescent powder (for ex-
ample, phosphor) and 75% quartz sand; the device is considered to have
passed the test if no dust is detected inside its casing, which is usually
detected by exposure to ultraviolet light.

Test for the salt fog exposure is carried out in order to determine the
corrosion resistance of the device structure in an atmosphere saturated with
aqueous solutions of salts. During the test, the device is exposed to salt fog
in a special chamber with a certain temperature. The fog is formed by spray-
ing with a centrifugal aerosol device or a sprayer of an aqueous solution of
table salt in amount of 33+3 g/I. The solution is sprayed for 15 minutes every
45 minutes. The total time of the test is usually from 2 to 10 days. After
completion of the test, the device should save its visual appearance.

It should be noted that electrical and electronic devices are also sub-
jected to other types of climatic tests:

* rain resistance test;

« test for resistance to the action of reduced atmospheric pressure and
its rapid change;

« test for operability during icing, and other test types [13, 30].

When conducting climatic tests, a wide variety of equipment is used,
according to the type of tests. First, these are climatic chambers: thermo-
stats (heat, cold), hygrostats (humidity), solar radiation chambers, cham-
bers for testing in conditions of pollution and dust, chambers for the for-
mation of salt fog, artificial rain equipment, etc.
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- BUNPOOYBAHHA HA MPUBKICMb 00 OUHAMIUHOI Oii nuny (nicky), IKe po-
BOJATH 3 METOIO MTEPEBIPKU CTIMKOCTI anaparis 10 pyiHiBHOI (abpa3uBHOT) il
M1y, y IbOMY BHIQAKy BHIPOOYBaHHS MPOBOIATH OOAyBaHHSM amapara
MPOCYILEHOO MMJIOBOIO CYMIIIIIIIO, SIKa 32 3BUYaeM MicTUTh 70% KBapLoBOro
micky, 15% kpeiinu Ta 15% KaomiHy y KUIBKOCTI, IO AOPIBHIOE NPUOIN3HO
0,1% Bix 00'emy Kamepw, 31 mBrAKicTiO 10—15 M/c ipotsrom 1 roauHy;

- 8UNPOOYBAHHS HA MPUBKICIMb 00 NUNOHENPOHUKHOCHI, SIKE IPOBOSATD
3 METOI0 MEPEeBipKH 3[aTHOCTI KOPIYCYy amapaTa He NPOIYCKAaTH MWL Y
HOMY BHIIQJIKY anapart MiaeThes Aii MMI0BOI CyMillli, IO 3HAXOAUTHCS Y
3BEJICHOMY CTaHi y KaMepi IpoTAToM 15 XBUIIMH TPH IBHIAKOCTI IIUPKYJIIAIIL
noBitps 0,5-2 wm/c; motim mpotsirom 30 XBWIMH BiAOyBaeThCS OCiTaHHS
Ty 0e3 IUPKYIIIT MOBITPS; MAIOBA CYMIII y IIbOMY BHUIIaKy Ma€ Mic-
TUTU TIPUOIN3HO 25% (IyopecteHTHOro MOpoUIKy (HApUKIa, JTIOMIHO-
¢opa), Ta 75% KBapIIOBOTO MICKY; anapaT BBAKAETHCS TAKUM, 1110 BUTPUMARB
BUMPOOYBaHHS, SKIIO BCEPEHHI HOro 0O0JOHKH HE BUSIBICHO MUY, SIKUH
3a 3BUYA€EM BHABIISETHCS OIPOMIHEHHAM YIbTPa(ioIeTOBUM CBITIOM.

Bunpooysanna na éniue conanozo mymamny NpoBOASTh 3 METOIO BU-
3HaYeHHS KOPO3iiHOI CTIIKOCTI KOHCTPYKIi armapara B atMocdepi HacH-
YeHoi BOIHUMH PO3YMHAMM cojiei. B mporieci BunpoOyBaHHs amapar miji-
JAETHCS Ail COISIHOTO TyMaHy y CHelialIbHii Kamepi 3 IeBHOIO TeMIiepa-
Typoto. TyMaH yTBOPIOETBCS PO3MHUIICHHSM BiILIEHTPOBUM aepO30JbHIM
anapaTtoM abo MyJIbBEpPU3aTOPOM BOAHOTO PO3YMHY ITOBAPEHOI COMl y Ki-
meKocTi 3343 /1. PosmopomieHHs po34nHY 3MIHCHIOIOTH YIPOIOBXK 15
XBHJIMH 4epe3 KOXKHi 45 XBUIMH. 3arajlbHuil 9yac BUIIPOOyBaHb 3a 3BUYAEM
ckianae Bix 2 o 10 mi6. Ilicns 3aBepiiieHHs BUIPOOYBaHHs, arapar Mae
30eperTH CBiii 30BHINIHIN BUTJISA/L.

Coizi 3a3HaYMTH, 11O EICKTPUYHI Ta €JISKTPOHHI armapaTy miaiaThCs
TaKOXX 1HIITUM BHJaM KIIMAaTUYHAM BUTIPOOYBaHb:

* UNPOOYBAHHA HA MPUBKICMB 00 Oii dowyy;

* GUNPOOYBAHHA HA MPUBKICTL 00 Oil 3HUINCEHO20 AMMOCHEPHO20 M-
CKY Ta IBUJIKOI HOT0 3MIiHH

* BUNPOOYBANHS HA NPaye30amuicms ni0 4ac odxcenedl Ta iHIII BUIN
BunpoOysaus. [13, 30].

[Ipu npoBeneHHI KNIMaTHYHUX BUIIPOOYBaHb 3aCTOCOBYETHCS BEIHUKE
pi3HOMaHITTS 00MagHAaHHS, BiIIOBITHO A0 BUAY BUNPpoOyBaHb. [lo-nepie,
e KIIMaTH4YHI KaMepu: mepmocmamu (TeIa, X0Ioay), ciepocmamu (Bo-
JIOTOCTI), KaMEPH COHSYHOT0 BUTIPOMIHIOBAaHHS, KAMEPH ISl BUTIPOOYBaHb
B YMOBax 3a0py/JHEHHS Ta 3alMJICHHS, KAMEpHU JUIsSl YTBOPEHHS COJISTHOTO
TyMaHy, JIOITYBaJIbHI YCTAHOBKH TOIIIO.
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Tests for external mechanical actions. As already mentioned, desta-
bilizing factors that significantly affect the functioning of electrical and
power electronic apparatus can be caused by external mechanical exer-
tions: vibrations, shocks, bumps, wind load, etc. (see subsection 1.6). It
should be noted that tests for external mechanical actions represent a wide
variety of tests associated, as a rule, with the action of individual factors
[30]. Let's consider the most significant ones.

Vibration-stability and impact-resistance tests. The necessity of these
tests are caused by the possibility of operation of electric and power elec-
tronic apparatus in specific conditions, such as near to powerful presses,
hammers, in transporting facilities (auto, railway, airway, seaway). The
main test equipment in these cases are correspondingly vibration-testing
machine, producing the sine vibrations in horizontal and vertical planes,
and impact stand allowing to produce acceleration up to 2g with a fre-
guency up to 80 impacts per minute and an amplitude up to 10 mm.

To perform vibration stability test, the apparatus is installed in its op-
erating position on a vibration stand. The test is subdivided into pretest and
main one. The purpose of the pretest is to check out the absence of reso-
nance. If it is detected, then the resonant frequency is determined, and the
test is performed during 30 minutes at the resonant frequency. If the reso-
nance is not detected, the test is continued during one hour alternately in
open and closed positions in three orthogonally related directions with an
amplitude of 0.35 mm and a frequency of 50 Hz.

Impact-resistance test is performed in operating position of the
apparatus during 15 mines alternately in close and open positions in three
orthogonally related directions.

The vibration-stability and impact-resistance tests can be considered
successfully completed, if the normal operation of main and auxiliary
circuits, drive unit, trips are not disturbed, the malfunctions in the operation
of the apparatus mechanism and seizing mounting hardware are not detected.

Airflow test. It is obvious that this type of testing is caused by that in
operation outdoor apparatus is exposed by wind loads. The test is con-
ducted to check the ability of the device to perform its functions and to
maintain the parameters, specified in the standards and Specs for the device
and test procedures, during the action of the airflow.
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Bunpo0yBanus Ha 3oBHiHI MexaniuHi 1ii. SIk Bke 3a3HaygaOCH,
JecTabiizyroui YNHHUKY, 110 CYTTE€BO BIUIMBAIOTh Ha (YHKLIOHYBaHHS
CJIIEKTPUYHHX Ta eJICKTPOHHUX arapaTiB, MOXKYTb OyTH 00yMOBJICHI 30BHi-
[THIMH MEXaHIYHAMH JiSMU: BiOpamisiMi, yaapamu, TOIITOBXaMH, BITPO-
BHM HaBaHTKCHHSM TOIIO (AuB. mimpo3ain 1.6). Ciix 3a3Ha9nATH, IO BU-
MpoOyBaHHS Ha 30BHIITHI MEXaHIYHI Jii SBISIOTH COOOI0 BEJIHKE pi3HOMA-
HITTA BUNIPOOYBaHb, OB’ SI3aHUX, SIK PABUIIO, 3 II€I0 OKPEMHUX YHHHHKIB
[30]. Posrasinemo HaiO1IbII CYTTEBI.

Bunpooysanns na giopocmiiikicme ma yoapomiynicms. HeoOxin-
HICTh TaKMX BUIPOOYBaHb BUKIMKAHA MOXKJIMBUMH YMOBaMH POOOTH eJie-
KTPUYHUX Ta €NEKTPOHHUX arapaTiB y BiANOBITHUX yMOBaX: MOOIU3Y TO-
TYKHUX IIPECiB, MOJIOTIB, Y TPAHCIIOPTHUX 3ac00ax (aBTOMOO1II, 3aITi3HH-
YHUN TPaHCIOPT, JTiTaku, CyAHa Too). OCHOBHIM BUIIPOOYBaIbLHUM 00-
JIQJIHAHHSAM y JaHOMY BHIIQJIKy BIATIOBITHO € 8iOpOocmeHO, 1O CTBOPIOE
CHHYCOIaJbHi BiOpallii y rOpH30HTaNBHIH Ta BEPTUKANBHIH IUIOIMHAX, T
yOoapHull cmero, SIKUi T03BOJIsIE HAOYTH MPUCKOPEHHS A0 2( 3 YaCTOTOO
no 80 ymapis/xB i amrutiTy oo 10 10 Mm.

Jiis mpoBeneHHsT BUITPOOYBaHHS HA BiOPOCTIHKICT amapaT BCTaHOB-
JIIOETHCSI Ha BIOpOCTEHI Y poOoYe MONOKEeHHS. BUIIPOOYBaHHS MOILISA-
I0TBCS Ha nonepeoni Ta 0cHo6Hi. MeToro NolepeHiX BUIIPOOYBaHb € Iie-
peBipKa BiJICYyTHOCTI pe30HaHCy. SIKIO BUABJICHO PE30HAHC, TO BU3HAYA-
IOTh PE30HAHCHY YacTOTY 1 PU PE30HAHCHIW YacTOTiI MPOBOASTH BHUIIPO-
OyBanHs anapata npoTsiroM 30 xB. SIKII0 pe30HaHC HE BUSBJIEHO, TO ama-
pat BurpoboByeTbes yactororo 50 ' 3 ammutitymoro 0,35 MM mpoTsirom
TOJIMHY [TOYEPTOBO B 3aMKHEHOMY Ta PO3IMKHYTOMY CTaHaX y TPhOX B3a€-
MHO TEPIEeHINKYJISIPHAX HATPSMKaX.

BumnpoOyBaHHs Ha yJapOMILIHICTh MPOBOJATH y POOOYOMY IIOJIO-
JKeHHI anapara npoTaroM 15 XB 1o yep3i B yBIMKHEHOMY T4 BUMKHEHOMY
TOJIOKEHHSX Y TPhOX B3AEMHO NEPIICHMKYIAPHIX HANPAMKaX.

BunpoOyBanHs Ha BIOPOCTIMKICTE 1 yIapOMILHICTh MOXKHA BBa)KaTH
YCIIIIHO 3aBEPUICHUMH, SKIO HE MOPYIIMIOCS HOpMallbHE (YHKIIOHY-
BaHHSI TOJIOBHHX 1 JIOMMOMIDXXHHX KiJI, IPUBOJTY, PO3UIILTIOBAYiB, HE 3a3Ha-
4eHo 3001B B pOOOTI KIHEMATHKH ¥ ocNabIeHHs KPITUICHHS.

Bunpooysannua na 0iro nogimpanozo nomoxy. OueBUAHO, MO LEH
BUJ BUIIPOOyBaHb 00yMOBJIEHO BIUIMBOM Ha amapart (30BHIIIHBOI ycTaHO-
BKM) HaBaHTa)KEHb Bij BITPY B Ipolieci ekciutyaranii. BunpoOyBanus npo-
BOJISITH 3 METOIO MEPEBIPKH 31aTHOCTI armapara BUKOHYBAaTH CBOT QYHKIIT
Ta 30epiratu napameTpu, 3a3HaueHi B ctaHjaprax i TY Ha amapar i npo-
rpamax BUIPOOYBaHb, i1 4ac JIii HOBITPSHOTO TIOTOKY.
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The test is usually carried out using an air tunnel, which provides an
airflow of a required speed. To conduct test, the alive device is installed in
its operating position on a movable platform and is fastened according to
the engineering documentation. During the test, the device is blown with
an air stream at different angles during 5-10 min.; in the direction of the
greatest sail-ness (most cross-sectional area), the blowing duration must be
at least 20 minutes. It should be noted that it is allowed to conduct tests by
the method of mechanical equivalent or simulation.

The device is considered to have passed the test if mechanical damage
is not detected during visual inspection and its parameters meet the require-
ments established in the standards and Specs.

It should be noted that there are other types of tests for external me-
chanical actions: test for the action of linear acceleration; acoustic noise
test; test for seismic impact, etc. [30]. In particular, for high-voltage de-
vices, tests on the effect of ice and wire gravity are also usually carried out.

Test for strength under transportation. An apparatus that has
successfully passed acceptance tests is packaged and then installed in the
truck body and fastened. The truck loaded by 20-60% should pass
distance 1000 km over a road coated with asphalt at a speed 60 km per
hour, or over dirt road more than 250 km at a speed 40 km per hour. The
apparatus is considered to have withstood the test if any damages of its
constructive components are not detected, as well as the apparatus has
withstood acceptance retesting.

Tests of casings. There are two main variations of casings: the ones
purposed for operation in explosive medium and not purposed for
operation in it. Furthermore, the valid standards state seven degrees for
personnel protection against contact with current-carrying parts of the
apparatus and nine degrees for the apparatus protection against ingress of
moisture. The content and procedure of the tests for casings are
significantly different and very specific according to its type. Therefore,
there is no point to consider in detail these tests in educational process.
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BunpoOyBanH: 3a 3BHYa€EM MPOBOJATHCS HA aepOJHMHAMIYHOMY CTe-
H7, sIKUi 3a0e3mnedye MOBITPSHUI MOTIK 3a1aHo01 mBHAKOCTI. [y mpoBe-
JICHHS BUIIPOOYBaHb BKIIOUCHHH anapaT BCTAHOBIIIOETHCS Y pPoOoUe MoJio-
JKEHHS Ta KPIMUTHCS HA PYyXOMiil IiaTdopmi CTEHIY 3TiJHO TEXHIYHOT J10-
KyMmeHTamii. B mporeci BunpoOyBaHHS anmapar 00AyBa€ThCs MOBITPSIHAM
MTOTOKOM TIiJ] PI3HUMHE KyTaMH BIPoIoBxk 5—10 xB.; y HampsAMi HAHO1TbIIO
NapycHOCTI TpUBAJICTh 00xyBaHHS Mae OyTu He meHiie 20 xB. Crix 3a-
3HAYUTH, 10 JOIYCKA€THCS MPOBOIUTH BUIPOOYBaHHS METOIOM MEXaHi-
YHOT'O €KBiBaJICHTa 200 MOZAEIOBAHHSM.

AnapaT BBaXarOTh TaKHM, II0 BUTPUMAaB BHUIIPOOYBaHHS, SIKIIO MPH
Bi3yaJIbHOMY OTJISIA1 HE BUSIBJICHI MEXaHIYHI OIIKOKEHHS Ta HOTo mapa-
METpPH 3a/I0BOJILHSAIOTH BUMOTaM, BCTAHOBIICHUM y cTaHaaprax 1a TY.

Cutij 3a3Ha4YMTH, IO ICHYIOTH 1HII BUAX BUTIPOOYBaHb Ha 30BHIIIIHI Me-
XaHIYHI dii: unpobysants Ha Oi0 MIHIUHO20 NPUCKOPEHHS; 8UNPOOYGAHHS.
Ha 0it0 aKYCMUYHO20 WLYMY; BUNPOOYBAHHS HA 010 CElICMIYHO020 YOapy 1 T.1.
[30]. Bokpema, 115t anapatiB BACOKOT HAMPYTH 32 3BUYAEM MTPOBOISTHCS Ta-
KO’K BUIIPOOYBaHHS Ha BIUTMB OKEJIEMIII 1 TSDKIHHS TPOBOJIIB.

Bunpo0yBanHs Ha MinHiCTh MPU TPaHCHOPTYBaHHi. Amapar, mo
YCHIIIHO TIPOHUIIOB TNPUIAMAaTbHO-37]aBAIbHI BUIPOOYBAHHS, YIAKOBY-
€THCsI, BCTAHOBIIIOETHCS B KY30B BAaHTaXXHOTO aBTOMOOINIS 1 3aKpiruto-
€Thcsl. ABTOMOOIIb, 3aBaHTaKeHUH Ha 20-60%, MOBUHEH MPOWTH JOPO-
ramMu 3 ac¢anbTOBUM MHOKPUTTSM Bigctanb 1000 kM 31 mBuakicTio 60
KM/Toz 200 TI0 OpyKiBKax i IPyHTOBUX JJOPOTax BiJIcTaHb MoHa 250 KM 3i
mBUAKICTIO 40 KM/TOJI. ATIapaT BBaXKaIOTh TAKKM, 1110 BATPUMARB BUIIPOOY-
BaHHS, SKIIO HE BUSBJICHO IOIIKOKEHHS €JI€MEHTIB KOHCTPYKIIii, 1 BiH
BUTPHMaB MTOBTOPHI NMPUHMaIbHO-31aBaIbHI BUIIPOOYBaHHS.

BunpoOyBanusi 06010HOK. IcHy€e J1Ba OCHOBHUX BUAHM OOOJIOHOK:
000JIOHKH, 110 MPU3HAYEHI JiJIsi po00TH Y BUOYXOHEOE3MEUHOMY Cepelio-
BUIII 1 TaKi, 1110 HEe MPU3HAYEHI JUI1 poOOTH B Hild. BimnmosinHO 10 icHYyIO-
YUX HOPM JIsi 000JIOHOK BCTAHOBJIIOETHCS CIM CTYIICHIB 3aXUCTY IEPCO-
HaJTy BiJl 3ITKHEHHS 3 CTPYMOIPOBIIHUMH YaCTUHAMH arapary Ta JIeB'sTh
CTYIEHIB 3aXHCTy anapaTy Bia nomajganHs Bogu. OT:xe METOIU BUIPOOY-
BaHb 00OJIOHOK Ta iX 0OCSTH PETIaMEHTYIOThCS ClIeLialbHUMKA BUMOTaMHU
Ta MalOTh BY3bKO CIeNU(IYHUI XapaKTep; JeTATBHO PO3TISIATH X Y HaB-
YabHOMY IPOLIECi HEMA€E CEHCY.
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APPENDIX A
Review Questions

A.1 Questions for Section 1

A.1.1 What is scientific-and-research (R&D) work?

A.1.2 Name the main methods of scientific cognition.

A.1.3 How do fundamental research differ from applied research?
A.1.4 In what are the methods of deduction and induction?

A.1.5 How do the methods of analysis and synthesis differ?

A.1.6 What is the foundation of hypothetical method?

A.1.7 What does the main aim of experimental research consist?
A.1.8 What is the purpose to develop the experimental methodology?
A.1.9 What elements does the experimental plan-program contain?
A.1.10 What is the experimental technique?

A.1.11 Name the main tasks of the experiment.

A.1.12 Name the main stages of D-work.

A.1.13 Define the concept of experimental designing.

A.1.14 What research objects are called “diffuse” ones?

A.1.15 How do factorial experiments differ from extreme

experiments?

A.1.16 What is a response function?

A.1.17 What is a regression equation?

A.1.18 How does an active experiment differ from a passive one?
A.1.19 What is a factorial space?

A.1.20 What does the notion compatibility of factors defines?
A.1.21 What is the purpose to carry out transformation of the

factorial space?

A.1.22 What is the difference between a full factorial experiment and

a fractional factorial experiment (fractional replica)?

A.1.23 What is the purpose to perform so-called parallel trials in the

process of an experiment?

A.1.24 In what does the verification of the model adequacy consists?
A.1.25 What is a test and what is the aim to conduct tests?
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JOJATOK A
KoHTpOJILHI MUTAHHS

A.1 lluranus go posainy 1

A.1.1 Illo Take Hayxoso-0ocuiona poboma?

A.1.2 Ha3BiTh OCHOBHI METOJM HAYKOBOT'O TTI3HAHHSI.

A.1.3 Yum BiAPI3HAIOTHCS YYHOAMEHMANbHI OOCHIONCEHHA BIT NPUK-
naoHux?

A.1.4 Illo sBASIIOTH COO0I0 METOAM JedyKyii Ta IHOVKYIL?

A.1.5 UM Bipi3HSAIOTECS METOU AHANIZY TA CUHME3)?

A.1.6 Ha yomy Ga3yerncs cinomemuynuii memoo?

A.1.7 Y 4yoMy momsirae OCHOBHa MeTa E€KCIHEPUMEHTAIBHUX IOCHi-
HDKEHB?

A.1.8 3 s1K010 METOI0 PO3POOIIIETHCS MEMOO0A02IsA eKCnepumMeHmy?

A.1.9 Ski eneMeHTH MiICTUTb HAAH-NPOZPAMA eKCNepUMeHmy?

A.1.10 o Take memoduxa excnepumernmy?

A.1.11 Ha3BiTh OCHOBHI 3aBIaHHS €KCIIEPUMEHTY.

A.1.12 Ha3BiTh OCHOBHI €Tal¥l O00CAIOHO-KOHCIMPYKMOPCLKOI po-
bomu.

A.1.13 JlaiiTe BU3HAYCHHS NOHATTS NIAHYBAHHS eKCHEPUMEHM) .

A.1.14 fxi 00’e€KTH OCIIPKEHHSI HA3UBAIOTh «MO2AHO OP2aHi306a-
Humu» abo «ougysHumu»?

A.1.15 Yum Binpi3HAIOTHCS (haxkmopHi excnepumermu BiJ ekcmpema-
JIbHUX eKCnepumenmie?

A.1.16 o take ¢yukyis 6iokauKy?

A.1.17 o take pigHanws peepecii?

A.1.18 YuM BiApI3HSIETHCSA aKMUGHUL eKCHepUMeHm Bill RACUBHO20?

A.1.19 o take ¢paxmopruii npocmip?

A.1.20 [Io BU3HAYAE MOHATTS CYMICHICMb PaKmopie?

A.1.21 3 KO0 METOI0 3/IHCHIOETHCS Nepem8opeHHsi GYaKmopHozo
npocmopy?

A.1.22 YuM Bigpi3HAETbCA NOGHUU (AKMOPHUL eKCnepumeHm Bij
0pob0602o pakmoproeo excnepumenmy (0poboeoi penniku)?

A.1.23 3 sgK010 METOI MpH peanizauii eKCIIEpUMEHTY MPOBOAATHCS
TaK 3BaHi napaieivHi cnpoou?

A.1.24 Y yomy moJsirae nepeBipKa a0exeamHocmi Mooeni?

A.1.25 Illo Take gunpobysans i sika MeTa iX MPOBEIECHHA?
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A.1.26 What are the “Test Program and Procedure” and “Test
Report”?

A.1.27 What are research tests and what are their main tasks?

A.1.28 What types of tests are performed in the process of serial
production of electrical and power electronic apparatus?

A.1.29 Name the main types of tests that are typical for electrical
apparatus from the standpoint of determining certain characteristics.

A.1.30 What types of tests are performed in the process of operation
of electrical and power electronic apparatus?

A.1.31 Name the main technical means that are generally used in the
process of research and testing electrical and electronic devices.

A.1.32 In what do the main requirements for the insulation of
electrical and electronic devices consist?

A.1.33 In what does the requirement relating to the switching wear
resistance of electrical apparatus consist?

A.1.34 What does the requirement for electrical apparatus in relation
to peak and short-time withstand currents consists?

A.1.35 In what does the requirement relating to the switching
capacity of electrical apparatus?

A.1.36 Name the main external factors that significantly affect the
functioning of electrical and power electronic apparatus.

A.2 Questions for Section 2

A.2.1 What is the difference between the concepts of measurement
signal and measured guantity (measurand)?

A.2.2 What is a measuring system and what structural elements does
it contain?

A.2.3 What is the purpose to use matching resistors in measuring
systems?

A.2.4 Name the main types of recording instruments used in
measuring systems.

A.2.5 What is a measuring transducer and what function does it
perform?
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A.1.26 o sBasiroth coboto «lIpocpama ma memoouxa eunpodyeamvy
i «lIpomoxon eunpobysanvy»?

A.1.27 o Take docaionuyvbki eunpodysants Ta SKi iX OCHOBHI 3a-
mauai?

A.1.28 SIki Buam BUNPOOYBaHb MPOBOSITH B MPOIIECI CepiitHOro BU-
pPOOHHIITBA EEKTPUIHMX Ta CIICKTPOHHUX arapaTiB?

A.1.29 Ha3BiTh OCHOBHI BUAM BUIIPOOYBaHb, IO € TUIIOBUMHU IS
€JIEKTPUYHUX alapariB 3 TOUYKU 30Py BU3HAUYCHHS TUX YU 1HIIUX Xapa-
KTEPUCTHK?

A.1.30 Sxi Bumu BUNpoOYBaHB MPOBOJATH B MPOLECI eKCIUTyaTalii
CJIEKTPUYHHX Ta €JICKTPOHHUX araparin?

A.1.31 Ha3BiTb OCHOBHI TeXHI4HI 3ac00H, 10 y 3araJbHOMY BUTAAKY
BUKOPHUCTOBYIOTECS B IIPOLIEC] JOCIIPKEHb Ta BUNIPOOYBaHb €JICKTPUIHUX
Ta eJIEKTPOHHUX araparis.

A.1.32 Y 9omy noisSratoTh OCHOBHI BUMOTH IO 130JIA1II1 €JIEKTPUIHUX
Ta EJIEKTPOHHUX arapariB?

A.1.33 YV yoMy moJisira€ BUMOTa MO0 KOMYMAYIUHOI 3HOCOCMILKO-
cmi eIeKTPUYHHX anapaTis?

A.1.34 Y oMy momnsirae BUMOTa JI0 €NEKTPUYHUX amapaTiB oMo iX
CMIUKOCMI NPU NPOMIKAHHI CIPYMI6 KOPOMKO20 3AMUKAHHA?

A.1.35 VY gomy mossirae BUMOTA IOA0 KOMYMAYIUHOT CNPOMOIICHOCHIT
EIIeKTPUYHHX araparip?

A.1.36 Ha3BiTb OCHOBHI 30BHillIHI ()aKTOPH, IO CYTTEBO BILTUBAIOTH
Ha (pYHKIIOHYBaHHSI €IEKTPUYHHX Ta CJICKTPOHHUX araparis.

A.2 llutanus 70 po3ainy 2

A.2.1 YuM BiAPI3HAIOTHCS TMOHATTS GUMIPIOGATbHUL CUSHATL TA BUMI-
prosana eenuyuna?

A.2.2 lllo Take sumiproganbHuii npucmpiii i sIKi CTPYKTYpHI €JIEMEHTH
BiH MICTHUTBH?

A.2.3 JInst 4oro y BUMipIOBaJIbHUX MPUCTPOSIX BUKOPUCTOBYIOTD 1320~
001cYy8aNbHI pe3ucmopu’?

A.2.4 Ha3BiTh OCHOBHI THITH PeeCmpysaibHUX NPuiaoie, 1o BUKOPH-
CTOBYIOTHCS Y BUMIPIOBAILHUX MPUCTPOSIX.

A.2.5 Illo Take umiprosanvHull nepemeoproéay 1 Ky (QyHKLIIO BiH
BHUKOHYE?
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A.2.6 Name the main functional features of scale, functional and
operational measuring transducers.

A.2.7 What is the difference between generator measuring
transducers and parametric ones?

A.2.8 Name the main groups of measuring transducers according to
the physical principles of operation.

A.2.9 What is the difference between static characteristics of
measuring transducers and their dynamic characteristics?

A.2.10 What is the transfer (conversion) function of a measuring
transducer?

A.2.11 What is the sensitivity of a measuring transducer?

A.2.12 Name the main variations of errors of measuring transducers.

A.2.13 What is the transfer function of a measuring transducer and
how does it differ from the transition function?

A.2.14 Name the main measuring devices used for direct
measurement of high voltage.

A.2.15 Name the main variations of measuring transducers used for
high voltage measurements.

A.2.16 What is the principle of operation of electrostatic voltmeters?

A.2.17 What is the principle of operation of rotor (generator)
voltmeters?

A.2.18 What is the purpose to use measuring sphere gaps in test
setups?

A.2.19 What is the manner to measure a voltage using measuring
sphere gaps?

A.2.20 What is the principle of high voltage measurement using
additional impedances?

A.2.21 What are conditions required to use voltage transformers in
test setups for high voltage measurements?

A.2.22 What is a voltage divider and what is its main parameter?

A.2.23 Name the main variations of voltage dividers and their
application area in test setups.

A.2.24 Name the main variations of measuring transducers used for
measuring high currents.

A.2.25 What is a non-inductive shunt and what are their variations?
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A.2.6 Ha3BiTh OCHOBHI (PyHKITIOHATIBHI OCOONHMBOCTI MacuimabHux,
@yHKYIOHAbHUX TA ONepayiliHyX BUMIPIOBATBHUX ITEPETBOPIOBAYIB.

A.2.7 YuM Binpi3HAIOTBCS 2eHepamophi BUMIPIOBAIBHI MEPETBOPIO-
Bayi Bix napamempuunux?

A.2.8 Ha3BiTh OCHOBHI TpyITH BUMIPIOBAIBHUX IIEPETBOPIOBAUIB 32 (pi-
3UIHUMHY TPUHITATIAME (QYHKITIOHYBaHHSI.

A.2.9 YuM BiApi3HAIOTbCA CTaTHYHI XapakTEPUCTUKU BHUMipIOBajlb-
HUX TICPETBOPIOBAYIB Bil TUHAMITHUX ?

A.2.10 o siBrisie cobot0 @yHryia nepedaui (nepemeoperts) BAMIPIO-
BaJIbHOI'O NIEpETBOpIOBaya?

A.2.11 o Take uymaugicmes BUMIPIOBAIBHOTO MEPETBOPIOBaUa?

A.2.12 Ha3BiTs OCHOBHI BUI¥ 770XUOOK BUMIPIOBAIIBHIX TIEPETBOPIOBAMIB.

A.2.13 Illo siBnsie o000 nepedamoura ¢hyHKyis BAMipIOBaIbHOTO I1e-
pPETBOPIOBaYA i YMM BOHA BIAPI3HAETHCS B nepexionoi ghynxyii?

A.2.14 Ha3BiTh OCHOBHI BUMIipIOBaJbHI IPUCTPOI, IO BHKOPUCTOBY-
I0Th U1 O€310cepeIHOr0 BUMIPIOBAaHHS BUCOKOI HAIIPYTH.

A.2.15 Ha3BiTh OCHOBHI THITH BUMIipIOBAJILHUX IIEPETBOPIOBAYIB, IO
BUKOPHUCTOBYIOTBCS Ul BUMIPIOBAaHHSI BUCOKOT HAIIPYTH.

A.2.16 Y yoMmy monsrae MPUHLHAI Ail e1eKmpoCmamuyHux 01bm-
mempig?

A.2.17 V domy moasrae TpuHIMI Tl pomopnux (eenepamopiiix)
801bMMempig?

A.2.18 Jlng yoro y BUNPOOHUX YCTaHOBKAaX BHKOPUCTOBYIOTHCS K)-
JIbOBI BUMIPIOBANILHI PO3PAOHUKU?

A.2.19 Slkum YMHOM BHU3HAYAETHCS BUMIPIOBaHA HAMpyTa 3a JOTIOMO-
TOI0 KYIbOGUX GUMIPIOBANLHUX PO3PAOHUKIE?

A.2.20 Y yomy noJsirae MpUHIAIT BUMIPIOBaHHS BUCOKOI HAIPYTH 32
JIOTIOMOTO0 000amKO8UX ONOpiE?

A.2.21 3a IKuX yMOB MOXJIUBE BUKOPUCTAHHS MPAHCHOpMaAmopis Ha-
npyeu y BAPOOHNX YCTaHOBKAX JIJISi BUMIPIOBaHHS BUCOKHMX HAIpPyT?

A.2.22 o siBiisie cO0010 OinbHuUK Hanpyeu 1 IKAM OCHOBHUM Tapame-
TPOM BiH XapaKTEPHU3YETHCS?

A.2.23 Ha3BiTh OCHOBHI THIU AUIHUKIB HANpyru Ta 00jacTs ix BU-
KOPUCTAHHS Y BUITPOOHUX YCTaHOBKAX.

A.2.24 Ha3BiTb OCHOBHi THIIH BUMIpPIOBaJIBHUX MEPETBOPIOBAUIB, 110
BUKOPHUCTOBYIOTBCS Il BUMIPIOBAaHHSI BEIMKHUX CTPYMIB.

A.2.25 o sBasie co00r0 Oe3iHOYKmMusHU wiyHm 1 ki X pi3HOBUIU
ICHYIOTB?
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A.2.26 What is a Rogowski coil and what is its operating principle?

A.2.27 What is a Hall generator and what is its operating principle?

A.2.28 How is the Faraday effect used to construct measuring
transducers?

A.2.29 What is the difference between the methods to measure static
and dynamic current-voltage characteristics?

A.2.30 What is the difference between the single breakdown method
and multiple breakdown one when determining the recovery dielectric
strength of the switching device contact gap?

A.2.31 What is the difference between the methods to measure
magnetic flux at direct current and alternating one in the magnetizing
winding?

A.2.32 Name the main types of measuring transducers used to
measure displacement, velocity and acceleration.

A.2.33 Name the main methods and types of measuring transducers
used to measure thermal parameters.

A.2.34 What is the principle of thermal imaging control of the
electrical equipment condition and what are its main advantages?

A.3 Questions for Section 3

A.3.1 What is the difference between external and internal
insulation?

A.3.2 What factors necessitate to conduct dielectric tests in the
process of R&D works?

A.3.3 What factors necessitate to conduct dielectric tests in the
process of industrial production of electrical and power electronic
apparatus?

A.3.4 What factors necessitate to conduct dielectric tests in the
operation of electrical and power electronic apparatus?

A.3.5 What is the general principle of dielectric testing of electrical
and power electronic apparatus?

A.3.6 What is the most effective method of dielectric testing of
electrical and power electronic apparatus?

A.3.7 What is the test voltage and what are its main types?

A.3.8 Name the main types of high voltage sources in high-voltage
laboratories.
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A.2.26 1o sBnse coboro komyuika Pozoscvrkoeo 1y 4oMy nomsrae ii
MIPUHLAT JTii7

A.2.27 o aBmnsie cobor0 nepemsopiosay Xonna i’y 4oMy Hojsrae Horo
TPUHIIMII Aii?

A.2.28 Sk BUKOPUCTOBYEThCA eghexm Dapades st TOOYIOBH BUMI-
PIOBAJILHUX TEPETBOPIOBAUiB?

A.2.29 YuM BiZpi3HAIOTHCS METOIUKY 3HATTS CHAMUYHUX Ta OUHAMI-
YHUX BOJNBT-aMIIEPHUX XapaKTEPUCTUK?

A.2.30 YnmM BiAPi3HIIOTHECS METOAM OOHOKPAMHUX Ta 6A2AmMOKPAMHUX
npoboie Ipu BU3HAUCHHI TTIOHOBITIOBAHOT MIIIHOCTI MI>KKOHTAKTHOT'O ITPOMi-
JKKY KOMYTaIliifHOTo anapara?

A.2.31 Yum BiApi3HAIOTHCS METOJM BUMIPIOBAHHSI MATHITHOTO MTOTOKY
TIPY HOCMIUHOMY Ta 3MIHHOMY cmpyMi B OOMOTIII HAMarHiTyBaHHS?

A.2.32 Ha3BiTh OCHOBHI THUIIM BHUMIPIOBAJIBHHUX MEPETBOPIOBAUIB,
10 BUKOPUCTOBYIOTHCS ISl BUMIPIOBAHHS TIEPEMIIICHHS, ITBUIKOCTI Ta
MIPUCKOPEHH:?

A.2.33 Ha3BiTh OCHOBHI METO/IY Ta TUITH BUMIiPIOBAILHHUX MIEPETBOPIO-
BadiB, 10 BUKOPHCTOBYIOTHCS JIJIsl BAMIPIOBaHHSI TEIUIOBHX MapaMeTpiB.

A.2.34 YV yoMy nonsrae OpUHLUI MenI08i3iiH020 KOHMPOIO CTaHy
eJIeKTPOoOOIIaIHAHHSI 1 Y YOMY HOTO OCHOBHI TepeBaru?

A.3 lluranus go posainy 3

A.3.1 UnMm BiIpi3HAETHCS 3068HIUHA [30/1AYis1 BiJl 6HYMPIUHBOI?

A.3.2 SIki hakTOpH BUKIMKAIOTh HEOOXIIHICTh TPOBEACHHS BUIIPOOY-
BaHb i3oumstii B iporeci H/IP Ta JIKP?

A.3.3 SIki pakTOpH BUKIMKAIOTH HEOOXIIHICTh TPOBEJACHHS BUIIPOOY-
BaHb 130JIA1ii B TPOIlECi MPOMHUCIOBOTO BUPOOHHIITBA €IEKTPUYHUX Ta
€JIEKTPOHHUX anaparis?

A.3.4 fxi ¢pakTopu BUKIMKAIOTH HEOOXITHICTh IIPOBEJICHHS BUIIPO-
OyBaHb 130JIA1iT B IIPOIIECi eKCILTyaTallii eeKTPUYHUX Ta eNEeKTPOHHUX
amapartis?

A.3.5 Y yomy B3araji moJisira€ IPUHIIUI BUTPOOYBaHHS 1301111 erne-
KTPUYHHX Ta EJIEKTPOHHUX Araparis?

A.3.6 Skuii crioci6 BUNPOOYBaHHS 130JIS1IIT eNEKTPUIHKX Ta ENEKTPOH-
HHUX arapaTis € HAaHO1IbII e(heKTHBHUM?

A.3.7 lllo Take sunpobra nanpyea i ki ii OCHOBHI pi3HOBUAM?

A.3.8 Ha3BiTh OCHOBHI Pi3HOBH/IM JKEPEN BUCOKOI HANIPYTH Y BHCO-
KOBOJIbTHUX 3aJIax.
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A.3.9 Name the main types of auxiliary equipment in a high-voltage
laboratory.

A.3.10 Name the main parameters of a full lightning impulse.

A.3.11 Name the main parameters of a switching impulse.

A.3.12 Name the main elements of a HV impulse generator.

A.3.13 What is the purpose to use multi-stage HV impulse
generators?

A.3.14 In what is the technology of impulse voltage testing?

A.3.15 Name the main types of applied voltage tests.

A.3.16 What is the purpose to use a cascade connection of test
transformers in applied voltage testing?

A.3.17 What is the purpose to use resonant circuits in applied
voltage testing?

A.3.18 What is the main feature of induced voltage testing?

A.3.19 In what is the manner DC high voltage generated for applied
voltage testing?

A.3.20 What are the advantages of DC high voltage testing?

A.3.21 Name the main types of circuits that are mainly used to
increase the value of the DC test voltage.

A.3.22 In what is a technique of applied voltage testing?

A.3.23 What is a partial discharge and what are the parameters
characterize it?

A.3.24 Name the main methods for detecting partial discharges that
exist today.

A.3.25 What equipment and circuits are used to measure the
dielectric loss tangent?

A.3.26 How is the insulation DC resistance measured and what
instruments are used in the process?

A.3.27 What is the dielectric absorption ratio (DAR) and how is the
degree of insulation moisture determined?

A.3.28 Name the main types of dielectric tests for low-voltage
apparatus and components of low-voltage circuits.
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A.3.9 Ha3BiTh OCHOBHI Pi3HOBHIN AOIIOMIXHOTO OOJIaJIHAHHS BHCO-
KOBOJIBTHOTO 3aIy.

A.3.10 Ha3BiTh OCHOBHI MapaMeTPH NOGHO20 2PO308020 IMIYIbCY?

A.3.11 Ha3BiTh OCHOBHI TapaMeTPpu KOMYMAYItiIHO20 IMIYIbCY.

A.3.12 Ha3BiTh OCHOBHI €IIEMEHTH 2eHepamopa iMnyibCHOL Hanpyau.

A.3.13 3 KO0 METOI0 BHUKOPHCTOBYIOTH OazamocmyniHuacmi TeHe-
paTopu iMIyJIbCHOT HAlpyru?

A.3.14 Y doMmy moJisrae METO/IMKA BUIIPOOYBAHb IMN)/IbCHOIO HANPY20H0?

A.3.15 Ha3BiTh OCHOBHI Pi3HOBUAM BUIIPOOYBAHb NPUKIAOEHOIO HA-
npyaoio.

A.3.16 [Ins oro npu BUNPOOYBAaHHSIX MPUKIIAJCHOIO HAIIPYTOIO BUKO-
PHUCTOBYETHCS KACKAOHe 3 €OHAKHs BUTPOOYBANBHUX TpaHc(opMaTopin?

A.3.17 Ins 9oro mpu BUNPOOYBAHHSX MPUKIAJCHOIO HAPYTOIO BU-
KOPHUCTOBYIOTh Pe30HAHCHI cxemu?

A.3.18 Y yomy moirae OCHOBHA OCOOJTUBICTH BUTIPOOYBaHHS iHOYKO-
8aHOI0 HANPY20107?

A.3.19 SIlxuM YUHOM CTBOPIOETHCS NOCMIliHA Hanpyea Ui BUIPOOY-
BaHHS €NIEKTPUYHUX Ta EIEKTPOHHUX arapaTiB?

A.3.20 SIxi mepeBaru MarOTh BUNPOOYBAHHS MTOCTIHHOIO HANIPYTO10?

A.3.21 Ha3BiTh OCHOBHI Pi3HOBUH CXEM, 1110 IEPEBAYKHO BUKOPUCTO-
BYIOTb ISl TiABUIICHHS BEJIMYMHH [IOCTIHHOI BUIIPOOHOT HALIPYTH.

A.3.22 Y yomy moJisra€ MeTOJIMKa BUIIPOOYBaHb MPHKIIAJICHOIO Ha-
npyrow?

A.3.23 lllo Take yacmkosuil po3psad 1 TKUMHU TTapaMeTpaMu BiH Xapa-
KTE€PHU3Y€ETHCS?

A.3.24 Ha3BiTh OCHOBHI METO/IM BUSIBIICHHS YaCTKOBUX PO3PSIiB, sIKi
ICHYIOTh Ha ChOTOJHIIIHIN I€Hb.

A.3.25 flxe o0yiajiHaHHS Ta CXEMH BUKOPHCTOBYIOTHCS ISl BUMIPIO-
BaHHS MaHeeHca Kyma OieleKmpuyHux empam?

A.3.26 Slkum 9MHOM 3TIMCHIOETHCS 1 SIKi IPUIIAH BUKOPUCTOBYIOThCS
JUTS. BAMIPIOBaHHSI OTIOPY 130JIA1liT TOCTIHHOMY CTpyMY?

A.3.27 Ulo Take xoeghiyienm abcopbyii i K BU3HAYAETHCS CTYIIHB
3BOJIOXKEHHSI 130111117

A.3.28 Ha3BiTh OCHOBHI BHJIM BUNPOOYBaHb 130JISI1[i1 HU3HKOBOJILT-
HUX arapariB Ta €JIEMEHTIB HU3bKOBOJIETHUX CXEM.
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A.4 Questions for Section 4

A.4.1 What includes the concept of switching capability?

A.4.2 What does the concept of switching (making) capacity
defines?

A.4.3 What does the concept of switching wear resistance defines?

A.4.4 What is a test circuit?

A.4.5 Name the main parameters that the test circuit must provide.

A.4.6 Name the main components of the test circuit and their
purpose.

A.4.7 Name the main methods used in the process of the test circuit
adjustment as for the parameters of the switched current.

A.4.8 Name the main methods used in the process of the test circuit
adjustment as for the parameters of the transient recovery voltage.

A.4.9 What are normalized (reference) curves of transient recovery
voltage and how are they used in the test circuit adjustment?

A.4.10 How is the transient recovery voltage for low-voltage
switchgear normalized?

A.4.11 What is the main problem of testing high-voltage circuit
breakers for switching capability?

A.4.12 What are direct and indirect tests for switching capability and
in what cases are they performed?

A.4.13 Name the main methods of indirect tests used when testing
circuit breakers for switching capability.

A.4.14 What is the method of indirect tests for switching capability
is the most effective and in what does it consist of?

A.4.15 What is an impulse current generator and what are its main
types?

A.4.16 Name the main types of power supply circuits for high-power
laboratories.

A.4.17 In what cases are to conduct tests of circuit breakers for
switching capability in real electrical systems possible?

A.4.18 Name the main types of switching tests of low-voltage
control apparatus.
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A.4 lluranus no posainy 4

A.4.1 o BriroUae y ce0e MOHITTS KOMYMAYIUHA CRPOMONCHICD
amapara?

A.4.2 11lo BU3HAYAE TIOHSATTS 8UMUKATIbHA (BMUKATLHA) CIPOMONCHICH?

A.4.3 1llo BU3HAYAE IOHATTS KOMYMAYIUHA 3HOCOCMIUKICIb?

A.4.4 o Take sunpobHuili KoHmyp?

A.4.5 Ha3BiTh OCHOBHI IIapaMeTpH, [0 Ma€ 3a0e3MeTNTH BUIIPOO-
HUH KOHTYP.

A.4.6 Ha3BiTh OCHOBHI €leMEHTH BUITPOOHOTO KOHTYPY Ta iX MpHU-
3HAYEHHS.

A.4.7 Ha3BiTh OCHOBHI METOTH, IIT0 BUKOPHCTOBYIOTHCSI B TIPOILIEC] HANA-
HITYBaHHS BUIIPOOHOTO KOHTYPY MO0 NTapaMeTpiB KOMYTOBAHOTO CTPYMY.

A.4.8 Ha3BiTh OCHOBHI METO/IH, IO BHKOPUCTOBYIOTHCS B MTPOIIEC] Ha-
JAIITYBaHHA BUNPOOHOIO KOHTYPY IIOJAO MApaMeTpiB nepexioHoi noHog-
JII08AHOI HAnpyau.

A.4.9 lllo Take Hopmosani 006iOHI Kpugi IEPEXiTHOI MOHOBITIOBA-
HOI HAIIPYT'H 1 IK BOHM BUKOPHUCTOBYIOTHCS NIPH HANAIITYBaHHI BUIIPO-
OHOTrO KOHTYpY?

A.4.10 fx HOpMY€ThCS TIepexiHa TOHOBIIOBaHA HAMpPYyTa Il KOMY-
TaIifHUX anapaTiB HU3bKOI HATIPYTH?

A.4.11 Y yomMy nossirae 0OCHOBHa Npo0JieMa BUpoOyBaHb BUMUKAYiB
BUCOKOT Hallpyrd Ha KOMYTaI[iiHy CIIPOMOXHICTh?

A.4.12 Illo Take npsami Ta Henpami unpoOysanHs Ha KOMYTaIlilHY
CIIPOMOJKHICTb 1 B IKMX BUMAJKaX MPOBOJSATHCS Ti UM iHIIII?

A.4.13 Ha3BiTb OCHOBHI METO/IN HENpAMUX GURPOOYBAHD, IO BUKOPH-
CTOBYIOTh TIpH IPOBE/ICHHI BUIPOOYBaHb BHUMHKAYiB Ha KOMYTAIliiHY
CIIPOMOKHICTb.

A.4.14 Sxuit MeTo| HEeNPSIMHUX BUTIPOOYBaHb HA KOMYTaIlilHY CIIPO-
MOYKHICTb € HaOUTbII e()eKTHBHUM 1y YOMY BiH MoJsiTae?

A.4.15 Uo Take eerepamop imnyibcHo20 cmpymy 1 sKi iX OCHOBHI
pizHOBUAN?

A.4.16 Ha3BiTh OCHOBHI PI3HOBHUM CXEM JKUBJICHHS 1ab0opamopiil e-
JIUKOI ROMYIHCHOCHII.

A.4.17 B sxux BUNaAKax MOKJIMBE POBEACHHS BUIPOOYBaHb BUMHKa-
YiB HA KOMYTAI[IHY CIIPOMOXKHICTB B PeaibHUX eAeKMPUYHUX CUCTHEMAX?

A.4.18 Ha3BiTh OCHOBHI BHJI KOMYTAIlIHHUX BUNIPOOYBaHb anaparisB
KepyBaHHS HU3bKOI HAIIPYTH.
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A.4.19 Name the main types of switching tests of low-voltage
switchgear apparatus.

A.4.20 Name the main types of switching tests of high-voltage
switchgear apparatus.

A.4.21 In what is the requirement as for ensuring equivalence of
circuits for switching capability tests consists?

A.4.22 What type of impulse current generator provides the best
equivalence of tests?

A.4.23 What is an oscillatory circuit and what functions does it
perform when conducting switching tests?

A.4.24 What is the difference between a single-frequency oscillatory
circuit and a two-frequency one?

A.4.25 Name the main types of synthetic circuits used for testing
high-voltage circuit breakers for switching capability.

A.4.26 What switching conditions should synthetic circuits
reproduce when testing high-voltage circuit breakers?

A.5 Questions for Section 5

A.5.1 What are the main reasons necessitating to conduct
temperature-rise tests of electrical and power electronic apparatus?

A.5.2 Name the main types of tests related to checking the thermal
behavior of apparatus and their components.

A.5.3 Name the main components of electrical and power electronic
apparatus that are objects of temperature-rise tests.

A.5.4 In what is the procedure to conduct temperature-rise tests of
electrical and power electronic apparatus?

A.5.5 Why are temperature-rise tests of electrical and power
electronic apparatus usually long-term?

A.5.6 Name and describe the main methods that enable to accelerate
the temperature-rise test.

A.5.7 Name the main types of tests that include check of the
apparatus stability to let-through short-circuit currents.

A.5.8 What power sources are used when conducting peak and short-
time withstand current tests?
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A.4.19 Ha3BiTh OCHOBHI BHIW KOMYTaIliHUX BAIIPOOYBAHb araparis
PO3MOITBHUX MPUCTPOIiB HU3bKOI HATIPYTH.

A.4.20 Ha3BiTh OCHOBHI BUJH KOMYTaIlIiHUX BUNIPOOyBaHb anapaTiB
PO3MONITBHUX MPUCTPOIB BUCOKOT HAIIPYTH.

A.4.21 Y oMy monsArae BUMOTA IO/I0 3a0€3MEUCHHS eK8i8aIeHMHO-
cmi cxeM BUIIpoOyBaHHs Ha KOMYTAIliifHy CLIPOMOXHICTH?

A.4.22 Sxuii TMN TeHEpaTOpa IMITYJILCHOTO CTPyMy 3abe3neuye Haii-
KpaIly eKBiBaJICHTHICTh BUMPOOYBaHb?

A.4.23 o Take xorusanvHuii konmyp 1 ki PyHKIIIT BiH BUKOHYE TTPH
MPOBEIEHHI KOMYTaliiHUX BUMPOOYBaHb?

A.4.24 YuMm Bigpi3HAETBCA 0OHOYACMOMHUL KONUBAIBHUN KOHTYP
BIII 080X4ACIMOMHO207?

A.4.25 Ha3BiTh OCHOBHI Pi3HOBUIU CUHMEMUYHUX CXeM, SKI BUKOPH-
CTOBYIOTBCS AJIs BUNIPOOYBaHb BUCOKOBOJIFTHUX BUMHKAUiB HA KOMYTa-
[iHY CIIPOMOYHICTb.

A.4.26 Sxi pexxuMHu KOMYTallii TOBHHHI BiATBOPIOBAaTH CHHTETHYHI
CXEMHU TP BUIIPOOYBaHHIX BUCOKOBOJBTHIX BUMUKAUiB?

A.5 lluranus g0 po3ainy 5

A.5.1 V 4omy moJSraroTh OCHOBHI MPUYHHU HEOOXITHOCTI MPOBeE-
JCHHS BUIPOOYBaHb €JICKTPUYHKX Ta €JIEKTPOHHUX alapariB Ha Harpis?

A.5.2 Ha3BiTb OCHOBHI BU¥ BUIIPOOYBaHb, SIKi TIOB'A3aHi 3 TIEpEBip-
KOIO TETUIOBHX PEXKUMIB anapartis i iX eJeMeHTIB

A.5.3 Ha3BiTh OCHOBHI €JIEMEHTH €JIEKTPUYHHX Ta €IEKTPOHHHUX arla-
partiB, ki € 00'ekTamMu BUIPOOyBaHb HA HATPiB.

A.5.4Y yomy noJssirae METOMKa MPOBECHHS BUTIPOOYBaHb EIEKTPH-
YHHX Ta SJIEKTPOHHUX arapariB Ha Harpis?

A.5.5 YoMy BunpoOyBaHHS €JIEKTPUIHHUX Ta EJICKTPOHHUX arapariB
Ha HarpiB €, sIK PaBUJIO, JOBTOTPUBATUMU?

A.5.6 Ha3BiTh Ta 0XapakTepu3yiTe OCHOBHI CIIOCOOH, IO JO3BOJIS-
I0Th IPUCKOPUTH BUNIPOOYBAaHHS HA HArpiB.

A.5.7 Ha3BiTh OCHOBHI BUAM BUIIPOOYBaHb, sIKi MICTUTH Yy co0i mepe-
BIPKY CTIMKOCTI armapariB TpH MPOTIKaHHI HACKPI3HUX CTPYMIB KOPOTKOTO
3aMHUKaHHSI.

A.5.8 Sxi mxepena KMBJICHHS BUKOPUCTOBYIOTHCSI IPH MPOBEACHH1
BUTNIPOOYBaHb Ha CTIHKICTh NMPH MPOTIKAHHI HACKPI3HUX CTPYMIB KOPOT-
KOTO 3aMUKaHHS?
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A.5.9 Name the main conditions under which the apparatus is
considered to have withstood the let-through short-circuit current test.

A.5.10 Name the main types of measurements and checks that
comprise electromechanical tests of electrical apparatus.

A.5.11 Name the main types of measurements and checks that
comprise electromagnetic tests of electrical apparatus.

A.5.12 What types of electrical devices are referred to power
electronic apparatus?

A.5.13 What devices are the main element base of power electronic
apparatus?

A.5.14 Name the main types of measurements and checks that are
referred to load tests of power electronic apparatus.

A.5.15 Name the main types of non-electrical tests of electrical and
power electronic apparatus.

A.5.16 In what is the procedure of the mechanical wear resistance
test of electrical apparatus?

A.5.17 What do climatic tests present and what is the principle of
their conducting?

A.5.18 Name the main types and equipment of climatic tests of
electrical and power electronic apparatus.

A.5.19 Name the main types and equipment of tests for external
mechanical effects.
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A.5.9 Ha3BiTb OCHOBHI YMOBH, 32 SIKHX amapaT BBAKAETHCS TAKUM, IO
BUTPUMAaB BUNPOOYBAHHS HACKPI3HUMH CTPYMaMH KOPOTKOT'O 3aMHKaHHS.

A.5.10 Ha3BiTh OCHOBHI BUI BUMIPIOBaHb Ta MEPEBIPOK, SIKi CKIIaa-
I0Th e1eKmpoMexaniyni BAPOOYBAaHHS IEKTPUYHHX anapaTiB.

A.5.11 Ha3BiTh OCHOBHI BHIM BUMIPIOBaHb Ta IIEPEBIPOK, K1 CKIIana-
I0Thb eeKmpoMazHimHi BANPOOYBaHHs €JIEKTPUYHHX arlapaTis.

A.5.12 SIki BUIM €NeKTPOTEXHIYHUX MIPUCTPOIB BIAHOCATHCS 0 CUIIO-
BHX CJICKTPOHHHUX armapaTiB?

A.5.13 SIxi npmramy € OCHOBHOO €JIEMEHTHOIO 023010 CHITOBHX CIIEKT-
POHHHUX anapaTiB?

A.5.14 Ha3BiTh OCHOBHI BU/IM BUMIpIOBaHb Ta MEPEBIPOK, sIKi BiAHO-
CATBCA A0 HABAHMAIICYBANbHUX BUNPOOYBAaHb CUIIOBHX €JICKTPOHHUX ara-
partis.

A.5.15 Ha3BiTh OCHOBHI BUIIU HeeleKmpuyHuxX BUMIPOOYBaHb CIIEKT-
PUYHHX Ta €JICKTPOHHUX alaparis.

A.5.16 Y gomy momsirae METOAMKA BUMPOOYBAHHSA MeXAHIUHOI 3HOCO-
cmitikocmi eNeKTPUIHUX armapariB?

A.5.17 Ulo sBastr0Th c000F0 K1imamuyni BANPOOYBAHHS 1 YOMY TIOJISI-
ra€ NpUHIMII IX TPOBEICHHS

A.5.18 Ha3BiTh OCHOBHI Pi3HOBUM Ta 00J1aIHAHHS KIIMATHYHUX BH-
npoOyBaHb eNEKTPUYHUX Ta EIEKTPOHHUX araparib.

A.5.19 Ha3BiTh OCHOBHI pi3HOBHIIU Ta 00JIaJIHAHHS BUIPOOYBaHb Ha
306HIWHI MexaHiuHi Oil.
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