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PEDEPAT

I13: 90 c., 25 puc., 3 Tabm., 16 mxepen.

MATHITHUI ITYCKAY, KOHTAKTOP 3MIHHOI'O CTPYMY, IIIMHH,
CTPYMOBE/IYUMII JIAHIIIOT, TEMITEPATYPA, KOMYTAIIMHI KOHTAKTH,
EJIEKTPOMATHIT, TIIPYXMHA, 3AXUCT Bl [TEPEBAHTAXEHH,
MOJAEJIIOBAHHA, JOCJII>KEHHA.

OO6'exT DOCTIIKEHHS — €IEKTPOMArHITHUM MPUB1A KOHTAKTOpa 3MIHHOTO CTPYyMY
380 B, 110 A na HominansHy Harnpyry 380 B Ta HominanbHmii ctpym 110 A,

Mera po0OOTH — pO3paxyHOK, MNPOEKTYBaHHS Ta JOCTIIHKEHHS KOHTAaKTOpa
3MIHHOT'O CTPyMY 13 BKa3aHMMH BHILIE ITApaMETPAMH.

Meroau AOCHIIPKEHHS — BHOIp KOHCTPYKTMBHHMX (POPM Ha OCHOBI 1CHYIOYHX
3aBOJICBKMX aHAJIOTIB, PO3PAaXyHOK Ta YTOUYHEHHS 0OpaHOi KOHCTPYKIIIi 3a JOMIOMOTOIO
METOAMKH 13 JpKepena [4], mporpamMHe JOCHIHKEHHS 13 3aCTOCYBaHHSAM IPOTPAMHOTO
3abe3neuennss FEMM, meTonosoriyni miaxoau 10 po3poOKy, BUKIIAJIEH! y Jkepedi [16].

PoGoTa 3aiiicHIOE IUPOKUNA CHEKTP METOMAIB JOCIIIKEHHS, 30KpeMa JeTalbHUM
aHaJI13 TEXHIYHOI JIITepaTypH, raTy3eBUX CTAaHAAPTIB 1 MOJICIIIOBAaHHS pOOOTH KOHTAKTOpa
B pI3HUX cueHapisx. [lpoBeaeHuil aHami3 MOPOJEMOHCTPYBaB, IO pPO3pOOJIEHUMN
KOHTAKTOP JEMOHCTPYE BHUCOKY €(PEKTHUBHICTh Ta HAAIMHICT, MNpH IHILIAIIT Ta
peryitoBaHHI POOOTH JIBHUTYHIB. 3alpoOIIOHOBAaHA CHCTeMa 3a0e3leuye 3aXUCT JIBUTYHA
B1Jl HAIMIPHOTO CTPYMY, 1110 MiHIMi3Yy€ PU3HK MMOIIKOKEHb Ta CIIPUsi€ CTa0LIbHIN poOOTI
ob6naaHanHs. Kpim Toro, onTuMi3zoBaHi TEXHIYHI MapaMeTPH T03BOJUIN 3HAYHO 3HU3UTH
4acTOTy NepepB y poOOTi, rapaHTyIOUM TaKUM YMHOM CTallIbHY PoOOTY 1 MiABUIIEHY
€HEeProePeKTUBHICTD.

Po3pobnennii kontaktop 3MiHHoro crpymy Ha 380 B 1 110 A € mepemoBum
pILIEHHSIM, LI0 HE JIMIIE MIJBUINYE E€HEPreTUYHY e(eKTHUBHICTH, ajie W 3abe3nedye
HaJIMHUIA 3axUCT JABUTYHIB Yy TPOMHCIOBUX Ta IMOOYTOBHX YMOBaxX. 3aBIsKH
BJIOCKOHAQJICHIM KOHCTPYKIII TPUCTPIA MIHIMI3yE PHU3HKKA TIEPEBAHTAXKCHHS Ta

3abe3rneuye 0e3nepepBHY POOOTY CUCTEMH.



ABSTRACT

EN: p. 90, 25 fig., 3 tab., 16 sources.

MAGNETIC STARTER, AC CONTACTOR, BUSBARS, CURRENT-
CARRYING  CIRCUIT, @ TEMPERATURE, SWITCHING CONTACTS,
ELECTROMAGNET, SPRING, OVERLOAD PROTECTION, MODELING,
RESEARCH.

Object of the study — the electromagnetic drive of an AC contactor rated for 380 V
and 110 A, designed to operate at a nominal voltage of 380 V and nominal current of 110 A.

Purpose of the work — calculation, design, and analysis of an AC contactor
featuring the above parameters.

Research methods — selection of structural forms based on existing factory analogs,
calculation, and refinement of the chosen design using the methodology from source [4],
software research using FEMM software, methodological approaches to development
described in source [16].

The study employs a wide range of research methods, including an in-depth review
of technical literature, relevant industry standards, and modeling the contactor's operation
in various scenarios. The analysis demonstrated that the developed contactor shows high
efficiency and reliability in initiating and regulating motor operation. The proposed
system ensures motor protection against excessive current, minimizing the risk of damage
and promoting stable equipment operation. Additionally, the optimized technical
parameters significantly reduced the frequency of interruptions, thus ensuring stable
operation and improved energy efficiency.

The developed AC contactor rated at 380 V and 110 A is an advanced solution that
not only increases energy efficiency but also ensures reliable motor protection in
industrial and domestic applications. Thanks to its improved design, the device minimizes

overload risks and ensures uninterrupted system operation.
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INTRODUCTION

A remotely controlled switching device engineered for managing high-power and
inductive AC loads called contactor. Its main advantage is the ability to interrupt the
current flow at multiple points simultaneously, setting it apart from electromagnetic
relays, which usually interrupt the current at only one poin.

The primary applications of contactors include controlling electric motors in both
residential and industrial environments, as well as facilitating the switching of circuits for
reactive power compensation.

A contactor’s main components consist of contact and arc-extinguishing
assemblies, an electromagnetic actuator, and an auxiliary contact system. In
electromagnetically driven contactors, both primary and auxiliary contacts are directly
linked to the electromagnet's armature, which governs the closing coil.

Widely used in industrial settings, contactors manage a range of electrical loads,
including machinery, lighting circuits, heating systems, power factor correction
equipment, climate control systems, and other electrical devices. They come in a broad
array of sizes, from compact, handheld models to larger units with dimensions of about
one meter (or three feet) per side.

Beyond their primary switching functions, electromagnetic contactors also provide
protection against voltage drops in the network. Should the voltage fall below a specified
level, the electromagnet loses its capacity to hold the contactor in position, resulting in an
automatic shutdown.

This project is dedicated to the calculation, design, and analysis of an AC contactor
with a DC electromagnet, rated at 110 A and 380 V.



1 FEASIBILITY STUDY OF THE PROJECT

1.1 Design overview

The primary function of an AC contactor is to manage the switching of electrical
loads on and off. These contactors are versatile and can be integrated into various
equipment types, including starters, control stations, and switching devices, available in
configurations that are drip-proof, splash-proof, waterproof, hermetically sealed, and
explosion-proof.

Numerous contactors and magnetic starters are available with rated specifications
of 380 V and 110 A. To facilitate a comprehensive understanding of the construction,
refer to fig. 1.1 [11].

3 &i
Figure 1.1 — An overview of the KT series three-pole AC contactor

a - the operation of the system; b - the overall appearance of a three-pole AC
switching device; 1 - electromagnet armature; 2 - retraction coil; 3 - electromagnet core;
4 - the stationary contacts of power circuit; 5 insulation plate; 6 - arc extinguishing
chambers; 7, 8 - stationary contact blocks; 9 - traverse of the movable contact blocks; 10
- roller of the moving contacts in the electrical power circuit; 11 - sliding contacts of the

electrical power circuit.
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ABB’s AF series of contactors, featuring an innovative AC/DC control coil,
establishes a new benchmark for electrical equipment manufacturers. These advanced
coils manage significant power loads efficiently, while the contactors themselves monitor
and respond to power fluctuations dynamically.

The AF series includes integrated electronic control boards capable of detecting
variations in supply voltage, allowing precise control over contactor engagement and
disengagement. Additionally, the AF technology adjusts background current to ensure
quiet, vibration-free operation.

Figure 1.2 illustrates the construction for better clarity [14].

Figure 1.2 — ABB AF65-30-00-13 Contactor 105A, 400V, AC

The KTI series electromagnetic contactors are engineered for control circuits that
start and stop three-phase asynchronous motors with squirrel-cage rotors in AC networks
with voltages up to 660 V. They are versatile and can also control other electrical systems,
including lighting, heating units, and various inductive loads. These contactors are
frequently employed in applications such as fans, pumps, furnaces, overhead cranes, and

Automatic Transfer Systems (ATS).
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Designed to meet the international standards of IEC 60947-4-1-2000, KTI series
contactors offer several advantages:

A straightforward design that facilitates easy component replacement, particularly
the retracting coil.

A base constructed from aluminum profile, delivering enhanced durability and
reduced weight compared to comparable models.
Refer to figure 1.3 in [13] for additional insights.

Figure 1.3 — KTI -5115 400B 115A /AC3 IEK

1.2 Selection of an Analogue

After evaluating various domestic and international options, the CEM80.00-220V-
DC contactor was chosen.

A contactor is an electromagnetically operated device designed for the frequent
remote switching of AC and DC electrical circuits. It provides a reliable and safe solution

for starting electric motors under heavy load conditions. Contactors equipped with



11

thermal relays function similarly to magnetic starters. Refer to figures 1.4, 1.5, and 1.6

[12] for images of the contactor.

BCXMFE

O =
ﬁ
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Figure 1.5, 1.6 — Overall, the mounting and connection dimensions of the CEM80.00-
220V-DC contactor

1.3 Comprehensive description of the chosen analog

The selected contactor is from the CEM series, specifically model CEM80.00-
220V, which features the following specifications:
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contacts type: 3NO;

mode of operation: Continuous;

rated operating current (AC-1) I,: 110 A;
volume: 0.00130 kg;

voltage of control coil U: 220V;

nominal voltage U,: 380V;

additional contacts type: INO+1NC;
application classification: AC-1, AC-3;
weight: 1.13 kg;

protection degree: I1P20;

Climatic requirements for contactor operation:

ambient humidity level: less than 98% at temperatures up to 40 °C;

ambient temperature range -15...+45 °C;

Capable of withstanding mechanical loads;

Resistance to precipitation, including hoarfrost accumulation and melting in the
off-state.

This contactor is intended for use in stationary installations for remotely starting,

stopping, and reversing asynchronous motors with squirrel-cage rotors operating at AC

voltages up to 1000 V. The power supply coil can be replaced to accommodate other

nominal voltages, and the option to add side contact blocks helps to conserve cabinet

space.

It offers the flexibility to replace the coil power supply with other nominal voltage

values and features the option for side-mounted contact blocks, optimizing space and

reducing cabinet depth.

The contactor is compatible with microprocessor-based control systems and allows

for bridging with interference suppression devices or thyristor control. Its compact

design, cost-effectiveness, simplicity of operation, and adjustable parameters make it

ideal for use in the apparatus construction and calculations for this project.
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2 CALCULATION OF CURRENT-CARRYING CIRCUIT ELEMENTS

Initial data for current-carrying circuit design:

* Rated current, I,: 110 A;

* Rated voltage, Un: 380 V;

* Tripping frequency, Z: 1200 tripping/hour;

« Maximum breaking current, Iy is 81, A;

« Switching life, Ngi: 1.1 million cycles.

The objective of these calculations is to determine the appropriate cross-sectional
dimensions for the current-carrying circuit, resistance of materials, transient resistance of
contact points, voltage drop, and both thermal and dynamic resistance. Additionally, it is
essential to ensure that temperatures within the circuit elements do not exceed permissible
values and that the contact pressure is adequate to avoid welding or accidental opening
under electro-dynamic forces.

The current-carrying circuit for the AC magnetic starter of the selected type is

shown in figure 2.1.

e

0)

Figure 2.1 — The current-carrying circuit of the magnetic starter

1- fixed contacts, 2 — movable contacts, 3 — contact plate, 4 — contact spring.
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Current-carrying component calculations are conducted for two operating
conditions: continuous rated current flow, I, and short-term flow of maximum breaking

current, ly;.

2.1 Output Bus Calculations

The dimensions of non-insulated, current-carrying conductors are determined

using Newton’s formula [3; 5]:

Inz'Po'(1+ac'190)'kadd_losses (2 1)
kt'(ﬁc_ﬁenv) ’ .

p-q=
where p is the perimeter of the conductor’s cross-
section, in cm, participating in heat exchange with the environment;

S is the cross-sectional area of the conductor, in cm?;

po is specific electrical resistance at 0 °C; po is equal 1.62-10° Ohm-cm;

a is the temperature coefficient of resistance; a is equal 4.3-107° 1/deg;

9c is the allowable continuous operating temperature of the conductor  (as per
I'OCT 403-73); 9. = 105°C;

Kaq is the additional loss coefficient due to skin and proximity effects, Kag=1;

9eny is the ambient temperature, usually 3¢n = 40 °C;

Kr is the heat transfer coefficient, Ky =7 Wt/cm? - deg.

B 110%-1.62-107°%-(14+4.3-1073-105) -1

g = — 0.6253 cm?.
P4 7-10-* - (105 — 40) cm

For a non-insulated, rectangular busbar with sides a and b taking into account

m =a /b, when pg = 2m(1+m)b?
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3 (Inz ‘Po 'kadd_losses'(1+ac'19c))

b = , 2.2
2-m-(m+1)-k¢'(9c—Ienv) (2.2)
where m is ratio between sides of the bus; m is 0.2;
Kag IS equal to 1.
3/(1102-1.62-1076-1- (1 +4.3-1073 - 105))
= = 1.0922 cm.
2:02:-(024+1)-7-107%*- (105 — 40)
The value of size a can be found from expressionm=a/b
a=m-b, (2.3)
a=0.2-0.8632 =0.2184 cm.
The bus cross-sectional area is calculated by next formula
S=a-b, (2.4)

S=0.1767 - 0.8833 = 0.2386 cm?.

According to TOCT 434-78 the nearest standard cross-sectional area for the bus S

and standard values of dimensions a and b are chosen

S=0.275cm* a=0.25cm; b=1.1cm.

For the selected cross-sectional dimensions, the steady-state heating temperature

of the bus is determined by the following formula:
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Po'(1+ac'19c)'1n2'kadd_losses (2 5)
ktSp ’ .

Uset = Venv +
where p represents the perimeter of the bus cross-section, calculated as:
p=2-(a+b), (2.6)
p=2-(02+1)=2.7cm.

Steady-state heating temperature of a bus (2.5)

1.62:107°-(1+4.3-1073-105)-8021
7-107%.0.2 -2.4

Oger = 40 + = 94.7423°C.

The calculated steady-state heating temperature, 9o = 94.7423°C, , remains
below the permissible long-term heating limit of 9, = 105°C (IOCT 434-70), affirming
the accuracy of the calculation..

The verified bus cross-section is then evaluated for thermal stability under the
maximum breaking current ly.. To assess the thermal endurance, the thermal impulse

parameter 12, ts is calculated as follows:

1+acd
ycszln A
(1+0£c 19c) (2.7)

)
Po'®cKadd losses

Ath_s =

1+4.3-1073-300
. . 2 *
8.94-0.39-0.275 1n<1+4_3_10—3.105

A =
th_s 1.62-1076-43-1073 -1

) = 1.7259 - 107 A% - s.

where v is the density of the bus material, y = 8.94 g/cm?;
C is the specific heat capacity, C = 0.39 J/g - deg;
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Jsc and I, is are the allowable heating temperatures of the bus in short-circuit and

continuous modes, respectively, set at 300°C and 105 °C.

Finally, the thermal stability duration is determined by the following formula:

Ath
tsc = Il:r_zs: (2.8)

_ 17259 107

toc o7 = 39.6203.

The obtained thermal stability value must be at least 5 s.

2.2 Calculation of bolt requirements

In control switchgear, contact connections are critical for securing busbars, which
prevents displacement of conductors and shields the device from multiple operational
issues. According to failure statistics, a significant number of breakdowns occur within
these contact nodes. For instance, inadequate contact can lead to excessive heat
generation at the connection, potentially causing localized melting, conductor
detachment, and other malfunctions.

The calculation for a dismountable contact connection involves determining the
necessary contact area and calculating the number and size of bolts required to maintain
adequate contact pressure. Following this, a validation of the contact connection
parameters is conducted. The structure of the dismountable contact connection is
illustrated in figure 2.2.
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— u@I 1 amn,
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Figure 2.2 — Design of a detachable contact connection

The area of the contact surface at the bus duct connection can be calculated using

the following formula:

In
Scont =L+ b = I% (2.1)

where is the overlap length of the bus;
b is the width of the bus, equal to 0.011 m;
Jc represents the theoretical current density for the copper bus.
For a nominal current of 110 A per bus duct, the current density in the designed

contact connection is selected according to the following condition:

Je =(031—-1.05-107*- (I, — 200)) - 10, (2.2)

Je = 3.1945-10° —

Let's proceed with calculating the area of the contact surface using formula (2.1):

1575

S. = — 0.0003 m?
cont = T 0eE3. 105 m

The overlap length of the busbars at their connection point can be calculated as

follows:
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| = cont (2.3)

For the connection of flat busbars, it is recommended that the overlap length be set
equal to the width of the busbar, assuming it allows for the placement of the required
number of bolts. Based on this recommendation, an overlap length of 0.016 m is selected.

Therefore, the area of the contact surface is calculated as:
Scont1 = b + by, (2.4)
Scont1 = 0.011-0.016 = 0.0002 m?.

The required number of bolts is determined by the necessary contact pressure

force Fy, given by the condition:

Feont = fecont * Scont1 (2-5)

where f.on¢ IS the contact pressure force per unit area, equal to 9.81 - 106 N/m? for
copper.

Feont = 9.81-10°-0.0155 = 1.7265 - 10° N

The calculated number of bolts n can be determined by:

_ Feont
n= Try ! (2.6)

where Fs is the force exerted by a single bolt, which for a selected M6 bolt is
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9.81-10° N.

_ 17265 10°

n=—go—ros = 0.5954

Considering the structural characteristics of the busbar and design
recommendations, a single bolt is selected to meet the force requirements for secure
connection.

2.3 Contact connections

The chosen view for dismountable contact connections is shown in figure 2.3:

Figure 2.3 — The appearance of contact connection

The temperature at the contact point can be calculated using:

In%R
eont = Uset + ——o—, 2.7
cont €L ke (Sc1=Sbort) (2.7)

where Reont IS the total resistance of the contact connection;
S¢1 1S the area of the total external surface of the contact connection;

Seort IS the cross-sectional area of the chosen bolt.

The total resistance of the contact connection Rcon: includes the transient resistance

R. of the contact and the ohmic resistance R¢; of the conductor parts:
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Reont = Re + Re1 . (2.8)

Transient resistance Rc can be determined by:

R, = —Sur__ (2.9)

my-Py™2’

where ¢ is a material-specific factor, with a value of 0.24-102 Ohm-'N;

m; is the number of bolts in the connection;

P. is the contact pressure force, N;

m; is a factor based on contact type, with a value of 0.85 for two-dimensional
contacts.

The contact pressure force Py is determined by recommended values of specific

contact pressure px and by the area of contacting surface Sc:
Pc=pk - Sc (2.10)

where p. is the specific contact pressure, which for copper is 600 N/cm?.

S. is the contact area, calculated as:

S, =2 (2.11)
Jm
Given [,,, = 0.31 A/mm? for copper buses with an AC current below 200 A, the

contact surface area is:

110

_ _ 2
=031 100 3.5484cm=".

S

Thus, the contact pressure force is:



P, = 600 - 3.5484 = 2129.0323 N.
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With Py selecting a single M6 bolt satisfies the recommended pressure (2.9 kN >

1.5 kN), m; = 1 [4].

We can now determine R:

p 0.24 - 1072
€ 1-2129.0323085

= 3.5584 - 107° Ohm.

Resistance R differs from resistance of a straight line section of contacting parts

because of current lines curvature at the contact point. It is taken into account by

correction factor K., specified by the dependence K, = f (%) in [4].

The resistance R¢; of the conductor parts, taking into account current path

curvature, is calculated as:

Po-l

R.=k. - —
cl € ke(Sc—Sbort)’

) i 2-1r-d?
where Syt IS the cross-sectional area of the bolt, calculated as ” )

| is the length of the contact connection (2.726 cm);

po is the specific electrical resistance (1.62-10° Ohm-cm);

—_ 2
Scl - Sc - Sbolt cm-,

where S_ is the contact surface area as calculated in formula (2.3);

d is the diameter of an M6 bolt from table in [4], equal to 0.65 cm;

0.42252
4

Sc1 =3.5484—-2-3.14 - = 2.8851 cm.

(2.12)
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19173
0.18

K. = F(22) = £(10.651) = 0.55.

The resistance R.; of the conductor parts, taking into account current path

curvature, is calculated as:

R.. = 0.55 1'62'10_6'2'726—84188 1077 Oh
1= 0 04 . 28851 O -

To determine the total resistance of the contact connection, Rgon the transient
resistance of the contact R. and the ohmic resistance R. of the conductor parts are
substituted into the formula (2.12)

Reont = 3.5584-107°% + 8.4188- 1077 = 4.4003 - 107° Ohm.

With this value calculated, we can now determine the temperature at the contact

point, Y.ont, USing formula (2.7):

110%-4.4003-107°
Yeont = 94.7423 + Totisesl 121.1064 °C.

2.4 Switching contacts

The purpose of this calculation is to determine the necessary contact pressure force
to keep the contact point temperature within safe limits and to prevent issues such as
welding and unintended contact opening due to electrodynamic forces.

For high durability, ceramic metal (cermet) is recommended as the material for
contact plates. Though this choice may increase initial costs, ceramic metal contacts offer
excellent arc stability, which greatly enhances the reliability and lifespan of the apparatus,

making the investment worthwhil.



24

In designing the AC contactor, silver with cermet was selected for the contact
plates. For bridge contacts, the width of the movable contact should be equal to or up to
25% wider than the width of the current-carrying bus or flexible connection.

The width of the movable contact, by, ., is calculated as follows:

bm = 12D, (2.13)
bpmc=12-1,1=132cm.
The nearest standard value for the width of the movable contact, by, ¢ is selected as
1.044 cm in accordance with TOCT 3884-67.
The length of the movable contact, I, is set at 2 cm.
The perimeter of the movable contact is calculated using the formula:
pr=2-(L+bn.) (2.14)
p1=2-(2+132) =6.64cm.

The section of the contact details along the contact line is defined by:

Smc=1bnc (2.15)

Smc=2-132 = 2.64 cm?®.

In continuous mode with a rated current I, , the transient contact resistance,
accounting for the influence of the electric arc on contact heating, is represented by the

expression [4]:

Sme=1"bmc (2.16)
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Rer c1121+Pel.arc R?r c'ITzl
9 9. =9 g = 2.17
m env set 2 AKTplsm_C 8Apo(1+aser) ( )

where 9, is the maximum temperature of the contact surface, °C;

9c is the temperature of the contact detail (94.7423 °C);
Sm ¢ Is the cross-sectional area of the contact details along the contact line (2.64

cm’);
Perarc denotes the portion of power losses due to the presence of the electric arc in

the apparatus contacts (in Watts);
Wt

A is the thermal conductivity coefficient of the contact plate material, A =4.16 —

The power losses attributed to the electric arc in the apparatus contacts can be

calculated using the formula:

_ 0,1'Ua'1a'ta'z
Perarc = 3600 (2.18)

where U, is the arc voltage (in Volts);

I, is the arc current (in Amperes);
ta is the duration of the arc burn on the contacts (in seconds).

For the calculation of the AC arc blow-out device, the duration of the arc burn t,is
taken as 0.0015 s, and the arc voltage U, is estimated between 0.5 and 0.8 of the rated
voltage U, with U, set at 247 V.

The arc current is determined as follows:
I
I, = L (2.19)
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Substituting the known values into this equation (2.19), the power losses due to the

electric arc in the apparatus contacts can be calculated as:

0,1-247-55-0.0015-1200

Petare = 3600 = 0.6792

The contact pressure force is defined by the expression:
Pe1=psp - In, (2.20)

where ps, — IS the specific contact pressure per ampere of rated current (N/A). For silver

contacts in contactors, this value is typically between 0.07 and 0.145 N/A.
P.;=0.1-110=11N.
The transient contact resistance Ry ¢ is calculated using the formula:

1+§'(195et'“c+ 1)

Riyre =K - ,
tTC 1 (0.102_P01)mcoef

(2.21)

where K; and m empirical coefficients selected based on the contact material and type, as
specified in [3]. Here, K;=0.00006 m.

0.00006-(1+§-0.0043-94.7423>
(0.102-11)1

= 0.0001 Ohm.

R tr.c —

The accuracy of the contact pressure force calculation is verified by ensuring the

contact surface temperature 9 does not exceed the maximum temperature 9,
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Rer o In?+Pg; Rey % In?
003 — ﬁset 4 Jtre’n el_arc rc 'In ’ (2.22)
2:.\/Ake'D1'Sm ¢ 8-poA-(1+acYser)
0.0001 - 1102 + 0.6792 0.00012 - 1102
9o = 94.7423 + = 100.7342°C.

2V416-7-10"%-6.64 - 2.64 + 8-4.16-1.62-107°- (1 + 0.0043 - 94.7423)

In the short-term fault condition with a current Is. it’s necessary to verify that the
calculated contact pressure Pc; prevents contact welding. The welding currentis liyeiding
given by.

Welding current is calculated by the following formula

A-Pc1-(Omelt—Ycs) Cy Pcq
Letding = |25 cexp(LL. | —FPa ), 2.23
Weldlng 0-1'p'0—5m p /1 3_14.0—5m.tsc ( )

where 9p,q1; 1s the melting temperature of the contact material, set to 961°C;
y is the material density, v is 10 g/cm? for silver with cadmium oxide;
p is the specific electrical resistance (p = 1.59-107° Ohm - cm) ;
C — is specific heat (J/g-deg; it is 0.234 J/g-deg);

G com IS the ultimate compressive strength (ceom is 30300 N/cm?.

416-11-(961-100.7342) 0.234-10 11 3
I Lo = - ex . = 2.864 - 10°A.
welding 0.1-1.59-10-6-30300 P\ %16 3.14-30300-5

The contacts will not weld under the calculated pressure, as Ipr < I,
To estimate the electrodynamic repulsion forces under short-circuit current, the

following formula is applied [3]:

- Sm_c
Peres =107 - I, - In (S—) .2, (2.24)

0



where Sy, the section area of the compression contact surface, is calculated by:

d, =2- /L = 0.0215 cm.
3.14-30300
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(2.25)

(2.26)

Substituting d, into formula (2.26) section area of compression contact surface is

obtained

_3.14:0.02152

S, = 0.0004 cm?.

Thus, the electrodynamic force can be defined by formula (2.25)

Peper =2+ 10776602 - In—— = 0.7747 N.

For a properly designed contact system, the condition must be met:

lDel_ef < Pcl-

0.7747TN < 11N.
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The opening distance [ for the contactor is selected as 5 mm, based on rated current

specifications.
B = 5mm.
2.5 Calculation of wear and subsequent contact closure.
The linear wear of contacts can be determined based on the number of operations,
N, that the contacts must withstand. The wear factor, or follow-through, is set to be 1.5-
2.5 times greater than the linear wear, as defined by the following relationship:

Of = 2-oL (227)

The approximate mass Q (in grams) of material consumed by one pair of contacts

over its lifespan can be calculated with the formula:

Q =~ 1077 K, - Ny - 1,2, (2.28)
where K, is an empirical coefficient based on current and contact material, determined
from figure 1.3. Here, K, is set to 0.2 g/AZ.

Using the formula (2.29), the material mass for one pair of contacts can be
calculated as:

Q=10"%-1.1-10°-110% = 2.662 g.

The volumetric wear V of the contact material can then be found with the following

expression:

v=2 (2.29)
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V= % = 0.2662 cm?.

Given the geometric dimensions of the contact, the linear wear o; can be

determined from the volume wear V' using the formula:

v

(2.30)

Oy, =

Sm_c ’

02662

oL = = 0.1008 cm.
2.64

Using formula (2.28), the follow-through wear oy of the contacts is calculated as:

of = 2-0.1008 = 0.2017 cm.
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3 DESIGNING THE APPARATUS MECHANISM

Electromagnetic contactors are designed with two actuating mechanisms: an
electromagnet drive for engaging the contact system and a spring system for releasing it.
To calculate the electromagnet drive, it is essential to first establish the characteristics of
opposing forces, which include the characteristics of the spring mechanism.

The spring mechanism is made up of contact and return springs that generate the
force required to disconnect the armature from core once the electromagnetic drive is
switched off. Initial parameters needed for calculating the contact and return springs
include the preliminary (P,) and final (P,) compression forces for the contact springs, as
well as the preliminary (P,,,) and final (P,,,) compression forces for the return springs.

To calculate P, and P, for the contact spring, determined previously contact
pressure force (P,.) must be transferred to the contact spring’s axis, using a schematic with
initial linear dimensions.

The reduced contact pressure force is calculated as follows:
P.=2-P,, (3.1)
where P, is the contact pressure force, P, = 11N;
P,=2-11=22N.

The relationship between the preliminary P; and final P, compression forces of the

contact spring can be expressed as:

P1 == 06 ° P2 . (32)
The value of P, is then obtained using the expression:

_ P1+P2 06P2+P2

P,C > == > = 0.8 . P2, (33)
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P¢
PZ = &, (34)

P, =—-=275N.

With the value of final compression P,, the preliminary compression P; is

determined as:
P, =0.6-275=16.5N.
The initial force of the pullback spring Py is derived from the final compression

force P,, adjusted to the axis of the pullback spring. For a device with a valve-type

solenoid and normally open contacts:
Pipp = 03>+ Py, (3.5)
where K is the number of main apparatus contacts; K = 1.
Pipp = 03-2-27.5 = 12.375 N,
The final pressure of the pullback spring Py, can be estimated as:
Popp = 1.3 Py, (3.6)
Ppp = 1.3-12.375 = 16.0875 N.

For constructing the characteristic of opposing forces, the contact opening j, the

follow-through &¢, the preliminary P1 and final P2 compression forces of the contact
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springs, and the preliminary Py, and final P,,, compression forces of the pullback

springs are aligned to the axis of the electromagnetic coil.

PN
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Figure 3.1 — Characteristics of the opposing forces

The force generated by the electromagnet at the critical air gap, denoted as o', is

calculated using the following formula:

Pel_cr = (PZpb + @3- PZ)) - Ksat (3.7)

where Kt is the safety factor, typically ranging between 1.3 and 1.7 for contactors;

P. represents the total opposing force value at the critical air gap.
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Pej v = (16.0875 + (3-27.5)) - 1.35 = 133.0931 N.

Given that the pulling characteristic of an AC contactor is nearly linear, the point
Pe) ¢ is not critical to display. Instead, the most significant point is the uppermost one on

the opposing force characteristic, calculated as:
Pup :PZpb+(3'P2), (3.8)
P,, = 98.5875N.

The initial and final forces of the contact and return springs are aligned along the

coil axis as follows:

F0=[0 2 ]

0 P,+05 (3.9)

Pel_cr
a HRyp

Pip

a

a Plpb + 15
0 P

F3 = 2pb
| a Plpb + 15

Fi = |

F2 =

a Plpb + 1.5

The pulling and opposing force characteristics are illustrated in fig. 3.1
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4 PRELIMINARY CALCULATION OF THE ELECTROMAGNET

The purpose of this calculation is to preliminarily determine the dimensions of the

magnetic circuit, the magnetizing force of the winding, and geometrical dimensions.

B

\\>\\\‘
b

dw

/7/( dl’

Figure 4.1 — Electric solenoid valve

For electromagnets with a pole tip, the cross-sectional area of the pole tip S, , in

cm?, can be determined using Maxwell's formula:

Pel cr
Sy = |———, (4.1)
P- 39.8 - Bs?

where Pg « is the force the electromagnet can generate at the critical air gap o'+

B; is the magnetic induction in the air gap, typically between 0.5and 0.9 T.
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o (130931
Pt~ [398.052 >0/

Pole tip diameter:

dy ¢ = = (4.2)

g = 4-3.6573 21579
pt= 314 " % cm.

The diameter of the core d_ is set from the ratios recommended in the literature:
For small valve electromagnets, the pole tip height is typically set to 1.1 cm
Pole tip height: for small valve electromagnets, the pole tip height is 0.1 cm

Cross-sectional area of the core is given by:

S. = ) (4.3)

_71-1,12

¢ 4

= 0.9503 cm?

Cross-sectional area of the armature:

San = —, (4.4)

where og,4 ranges from 1.1 to 1.5 cm;
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San = 09503 _ 0.731 cm?
1.3
Cross-sectional area of the yoke
Sy = San, (4.5)
S, = 0.8 cm?

The width of the anchor, b,,,, is selected to be equal to or slightly larger than the pole tip
diameter, with b,, = 1.47 cm.

The anchor thickness is calculated by:

S
Gan =72, (4.6)
an

~0.731

Aan m = 0.4973 cm.

The magnetizing force of the winding, E,,,, for the critical gap is determined by:

_B(S"(S"KD

- 4.7)

aw

where py, =4 - - 1077 is the magnetic permeability of air;
& =is equal to 2.5 - 10~ 3cm represents the air gap at the critical point;
K= 1.3 accounts for the reduction in magnetizing force in non-working gaps and

in the magnetic conductor.

~05-25-13

Fow = o= = 1293.
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Winding dimensions are calculated according to thermal factor requirements:

= (4.8)
2 fo Kr-Taq

L = 3\/Fkr2 -n-po-(1+ac-19€)-DI-Kst’
where n = 5 is the ratio coil length [, to coil thickness h,, typical for DC valve
electromagnets is taken to be equal to 4 - §;

DI =1 duty cycle;

K. — is the safety factor it equals to 1.3 — 2;

fo = 0.5 the winding filling factor;

The heat transfer coefficient, K; = 12, is selected based on the temperature rise in
the winding, as shown in fig. 2.2. For a coil without a frame, the coefficient corresponds
to line "a," and for a framed coil, it corresponds to line "b."

Fyr = Fyw - K¢ = 1939 A - is the magnetomotive force;

The temperature coefficient 7,4 = 50.

_ 719392516210 - (1+00043-105)-1-15 _
k= 2-05-12-50 - cm.

Coil thickness:
h, =—, (4.9)

0.1034
= = 0.0207 cm.

k

Yoke width:
by, =d.+2-hy, (4.10)
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b, =11+2-0.0207 = 1.1414 cm.

Yoke thickness:

Sy
Cly = E, (411)
0.8
a, = 11414~ 0.7009 cm.

A gap between yoke and winding, in the range of 0.5-1.5 cm, is recommended to
minimize flux leakage.

Based on the calculated dimensions, the electromagnet sketch should be drawn,
showing the specific measurements obtained for each part.

The coil is the core component of the electromagnet, generating the magnetizing
force necessary for its operation. In electromagnetic contactors for both AC and DC, coils
may be framed or frameless. Framed coils, however, are limited by poor thermal
conductivity and significant surface losses.

For framed coils, the thickness of the insulating material walls must be considered
when calculating the winding space, as this impacts the effective length and thickness of
the winding, [, and h,, respectively.

Winding thickness:

hy = hy + 0.005, (4.12)

ho = 0.0207 + 0.005 = 0.0257 cm.

Average winding length for a round coil:

lay =1 - (do + ho), (4.13)
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l,, = 3.14 - (0.0215 + 0.0257) = 0.1482 cm.

Diameter of round winding wire:

(4.14)

d = 4"po'(1‘|'a'c'190)'lav'Fkr'Kst
U ’

where the power supply voltage, U = 220

L |4:162-10% - (1+00043-105)-0.1482-1939-15 _
- 314 - 220 e cm.

From reference [4], the closest larger standard diameter of bare wire is selected,
with an insulated wire diameter of d; = 0.000230 cm and a winding filling factor f, =

0.580.
Winding length:

lo = 1, + 0.005, (4.15)
lo = 0.1034 4+ 0.005 = 0.1084 cm.
Number of winding turns:

4'h0'lo

W=f0 T['d2 4

(4.16)

W — 0.580 4-0.0257-0.1084 25029
o 3.14-0.00022 '
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Length of the inner part of the coil:
lavi =dc +2- 1, (4.17)
l.yy =1.1-1072+2-0.1034 = 0.2178 cm.
The active resistance of the winding is calculated using the following formula:

:4'p0'(1+ac°19c)°lavllw

R )
T - d?

(4.18)

R = 4-1.62-1078- (14 0.0043 - 105) - 0.2178

3.14 - 0.00022 - 35029 = 3891 Ohm.

Maximum current in the winding required for thermal calculations is determined

as.

1.05-U
[=—
1.05 - 220

~ 3891

(4.19)

= 0.0594 A.

The maximum power of the winding can be calculated by:

P=1%-R, (4.20)

P = 0.0594% - 3891 = 13.711 Wt.

The current density in the winding is determined as follows:
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=2 421
'] - 1T - dZ' ( " )
o H0059% a5 1054 m?
/= 314-000022 fm.
The coil thickness is calculated by:
D=d,+2-h, (4.22)
D =0.011+2:0.0207 = 0.0524 cm
The cooling surface area of the coil must be calculated as:
Scool =T D - [, (4.23)

Scool = 3.14-0.0524 - 0.1034 = 0.017 cm?

The temperature rise t.; above ambient is determined using Newton's cooling

formula;

P
= 424
Tset KT . Scool ( )

L = 1371
set ™ 12.0.017

To verify the winding calculation, we ensure that:

=67 °C.

TS et < TTLOTI’L'

67 °C < 85 °C.
where t,,,,, represents the permissible temperature rise above ambient, dictated by the

insulation class.
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For commonly used enamel-insulated wire (PEL), t,,,,,= 85°C.
The preliminary calculations indicate that the dimensions and thermal parameters
are within acceptable limits, confirming that the selected dimensions meet the required

specifications.
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5 CALCULATIONS OF THE ARC CONTROL SYSTEM

The double-loop arc blowout method is an effective technique for circuit breaking
in voltage ranges of 220-380V. This method satisfies the necessary requirements for
constructing such a device.

Key factors influencing arc blowout include the recovery voltage and the number
of interruptions in the circuit.

The recovery voltage of the contact gap is given by:

1.1-v2-U
Uy = Tﬂ Koy " SiNQ, (5.1)

where k., = 1.5 is the scheme coefficient;

¢ = 66.5°Cis the phase displacement angle.

1.1-v/2-380
UOt = \/§

-1.5-sin(1.161) = 469.5555 V.

where fyis the fundamental frequency (5,000-20,000 Hz) [4];

k, is the amplitude coefficient.

U
k, = \(/}max ~ 1 4+ e~0:0003fy (5.2)
ot

ko = 1+ 7000037000 = 1 1225,

The inductance of the interrupted circuit is:
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U, - \/1 — (cos(<p))2
T 3. L, - 314

: (5.3)

380 - V1 —0.952
L=
V3660 - 314
The arc length is given by:

= 0.0003 H.

2

lyo = \/5k2 + 12300 - I3 - 0.012, (5.4)

where &, = 2 cm is the contact separation distance.

2
lao = \/22 + 12300 - 6603 - 0.01%2 = 9.861 cm.

The active resistance of the arc is calculated as:

14200

2 )
br

RO ~ 0.015 +

(5.5)

14200
R} ~ 0.015 + = 0.0476 Ohm.

6602

he equivalent resistance of the arc for one pole is calculated as follows:

R, ~R)-n-1), (5.6)

where n = 2 is the number of breaks on one pole.

R4y = 0.0476-2-0.5 = 2.3469 Ohm.
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To determine if the initial number of breaks n = 2 is sufficient to extinguish the arc,

the required number of breaks n, ., is recalculated using the following formula:

kU, —AX(1+lnk‘"—U“)

Ax

n = )
el T g0, +0.34 Kk, 19 R - Iy,

(5.7)

where the coefficients k,,, A, and M,, are used in calculating the number of breaks needed

to ensure effective arc blowout, which are

ky, =09 -k +/1—cos@g,

k,=09-15-v1-0.95 =0.3019,

2.5
M, = 0.8 - 1075 + =
Ibr
My ~ 0.8-1075 + 25 _ 1.3739-107°
o= 6602 ’
kZ ) BK L
Ay =—-—
X MO )
where B, = 2, which is obtained from reference [4];
ks is typically taken as 1 for this calculation.
4 _1:2-00003 oo
X 1.3739-10"5 ’

(5.8)

(5.9)

(5.10)



0.3019 - 380 — 48.1194 - (1 + In 0-1%1191'9?:}80
Hacal = ' = 0.2435.
a-ca 70 + 0.34-0.3019-9.861 - 0.0476 - 660
Ny > na_cal;
1> 0.2435.
MO Ny, - 106
f0_cal = —_— ,
1.3739-1075-2- 106
focar = — 26473 Hz.

3.14-0.0003
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(5.11)

Since all conditions are met, a single break is sufficient to extinguish the arc

effectively. However, to enhance device reliability, it is recommended to use two breaks.

No additional components, such as arc chutes, shells, frames, or clamps, are required for

this design.
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6 THE CALCULATION OF SPRINGS

Electrical apparatuses commonly include one or more springs, which play a crucial
role in defining the operational characteristics of these devices. Consequently, accurate
spring calculations are essential.

Among various types, cylindrical helical springs are predominant, chosen based on
the apparatus's kinematic design and mechanism construction.

Helical springs with substantial deflection are particularly suitable and find
application in both small and large devices.

All calculations follow the methodologies outlined in [4].
6.1 Contact spring calculation

Given data for the calculation:

« Py,: Initial pullback force of the spring, equal to 11 N;
 f: Deflection, equal to 2.2 mm;

+ G: Shear modulus, equal to 80000 N/mm?;

* Opst - Allowable torsional stress, equal to 580 N/mm?;

* ¢, Spring index, ranging from 4 to 10 for small spring wire diameters.

The diameter of spring wire:

8-P,-c
d= |——, (6.1)
T Gp.st

d= 210 05384 =06
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The spring diameter is determined by:
D=d-c,, (6.2)
D=0.6-6=3.6mm.
The required number of turns is calculated using:

_G-d*-2-f

N=—u-"—, (6.3)
8- D3P,

80000+ 0.6*-2-2.2

8-11-3.63 = 11.3169 turns.

Rounding, the number of turns is taken as 12.
The actual bending f, is:

8-D3-P, - N
fa=—Ga

(6.4)

_8-33-11-12

[ = — 4752 = 5 mm.
2~ 780000 0.6 mm

Finally, the mechanical stress is checked as follows:

16-P,-D

o= 2-m-d3’

(6.5)

_ 16-11-36 _ 67 N
- 2:3.14-0.63 mm?2’

o
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0 = Op;sts

<580

2 mm?2

467

N
mm

The stress in the spring is within the permissible limit, confirming the design is
suitable.

6.2 Opposing spring calculation

The initial data for the calculation:

« P, Final force of the pullback spring =22 N;

f: Deflection =5 mm;
G: Shear modulus = 80000 N/mm?;

op.st - Allowable torsional stress = 580 N/mm? ;

c,. Spring index, typically ranging from 4 to 10 for small-diameter springs.

The diameter of spring wire:

8:P,:cC
d= |—2 2 (6.6)
T cyp.st

d= | 2225 07615=08
= [314-580 " - v mm.

The spring diameter is determined by:

D=d-c, 6.7)
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D=0.8"6=4.8mm.
The required number of turns is calculated using:

_G-d*-2-f

N=——0=—, (6.8)
8- D3 - P,

~80000-0.8*-2-5
~ 8-22-483

= 16.835 turns.
Rounding, the number of turns is taken as 17.

The actual bending f, is:

8-D3-P,-N
fa=—Ga

(6.9)

_8-4.83-22-17

f = —10.098 = 10.1 mm.
2~ 780000-08* mm

Finally, the mechanical stress is checked as follows:

16-P, - D

o= 2-m-d3’

(6.10)

_ 16-22-48 s N
- 2-3.14-0.8% mm?2’

o)
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0 = Op;sty

N_ <580

N
mm?2 mm?2 ’

525

After performing these calculations with the appropriate values, the final results
will confirm whether the opposing spring meets the required specifications.

Spring specifications:

» Material: carbon steel spring wire (TOCT 9389-75) for high-strength, cold-
wound applications;

» Grade: | (B);

« Ultimate tensile strength: 2650 N/mm?;

« Allowable torsional stress: 580 N/mm?;

« Allowable bending stress: 930 N/mm?;

« Shear modulus: 80000 N/mm?;

« Elastic modulus: 200000 N/mm?;

« Electrical resistivity: 0.19-0.22 - 107 Ohm- m.
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7/ MODELING IN THE FEMM PROGRAM

Finite Element Method Magnetics (FEMM) is a computer program used for solving
low-frequency electromagnetic problems in 2D (two-dimensional) flat and axisymmetric
areas. It uses the finite element method to study different types of electromagnetic fields.
FEMM is very popular in electrical engineering and research because it is powerful, easy
to use, and has strong computing abilities.

Why use an alternating current electromagnet in FEMM. Alternating current (AC)
electromagnets are important parts in many devices, like transformers, electric motors,
and inductors. Studying an AC electromagnet in FEMM helps engineers and researchers
understand how magnetic fields behave with alternating current. That program is helpful
for:

Optimizing Design: Making sure AC electromagnets are designed to work well and
use energy efficiently. This means they can do their job without wasting too much energy.

Predicting Performance: Knowing how the electromagnet will work in different
situations. For example, how strong the magnetic field will be at different times.

Minimizing Losses: Finding and reducing energy losses caused by things like eddy
currents (small currents in the metal parts) and hysteresis (energy lost in the magnetic
material).

Ensuring Safety: Making sure the electromagnet works safely within given limits.
This means it will not get too hot or break under normal use.

Modeling the Electromagnet in FEMM:

Geometry Creation: First, draw the shape of the electromagnet using FEMM’s
graphical interface. This includes the core, windings, and other parts. You use the mouse
to draw and shape the parts on the screen.

Material Properties: Next, give the model the right material properties. FEMM has
a large library of materials (like copper, iron, etc.), or you can add your own materials if

needed. Each material has different properties like conductivity and permeability.
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Boundary Conditions: Set the correct boundary conditions for the model. This
means defining the electrical input (AC voltage or current), setting the frequency (how
fast the current changes direction), and adding any external magnetic field conditions.

Mesh Generation: FEMM automatically divides the shape into small pieces (mesh).
These small pieces help the computer calculate more accurately. You can change the
mesh density to get the right balance between accuracy and computation speed. More
pieces mean better accuracy but take longer to compute.

Calculating the Final Parameters:

After setting up the model, FEMM uses its solvers to do the calculations. For AC
electromagnets, it solves the time-harmonic magnetic field equations. Important results
include:

Magnetic Field Distribution: How the magnetic flux density (B-field) and magnetic
field strength (H-field) are spread out in space. This shows where the magnetic field is
strong or weak.

Inductance and Impedance: Values of inductance (how much the electromagnet can
store energy in a magnetic field) and impedance (how much it resists the flow of AC
current).

Eddy Current Losses: How eddy currents are distributed and their sizes in
conductive materials. This shows where energy is lost as heat.

Force and Torque: Magnetic forces and torques (twisting forces) on the parts. This
helps understand how the electromagnet moves or affects other parts.

Outputting the Final Picture of Magnetic Fields

When the calculations are done, FEMM offers several ways to see the results:

Field Plots: Colorful pictures showing the magnetic field distribution. These
pictures show the size and direction of the fields, making it easy to see areas with high
flux density. Red might show strong fields, while blue shows weak fields.

Vector Plots: Images that show the direction and size of the magnetic fields at
different points in the model. Arrows can show which way the field points and how strong

itis.
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Contour Plots: Lines that show areas of constant magnetic potential or flux density,
useful for detailed study. These lines help understand how the field changes in space.

Data Export: You can export numerical data for more analysis or to use in other
software. FEMM supports exporting to different formats, like spreadsheets (Excel) and
text files (TXT).

Reports: Detailed reports summarizing the analysis results, including important
numbers, pictures, and calculation data. This can be printed or saved for future use.

Using FEMM to study AC electromagnets helps engineers and researchers
understand the electromagnetic behavior of their designs, improving performance,
efficiency, and safety. This means they can make better, safer, and more efficient

electromagnets.

7.1 Description of the FEMM program

The magnetic preprocessor [16] is an essential tool for building the model’s
geometry, assigning material properties, and applying boundary conditions, all of which
are foundational to setting up a magnetic analysis. This preprocessor provides a structured
environment where users can visually construct and refine the geometric configuration of
the problem before performing simulations. The geometry created in this preprocessor is
composed of four primary types of elements:

Points define the start and end locations of linear and curved segments within the
geometry. These points act as anchors, setting the locations where segments connect or
terminate.

Connecting lines include both straight and curved segments that create the
foundational structure of the geometry. Connecting lines bridge the points to form closed
shapes or paths necessary for defining the problem space. These connections are critical
for building complex contours and shapes, as well as for controlling current paths and
field distributions.

Block labels are essential markers placed within specific regions of the geometry.

These markers help assign material characteristics, such as magnetic permeability and
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electrical conductivity, to defined areas. Additionally, they control the density and size of
the computational mesh in each region, affecting the precision and computational
efficiency of the solution.

Boundary conditions are specified along the external edges of the geometry to
simulate real-world constraints or idealized limits. This can include setting boundaries
that mimic open spaces, specific field intensities, or insulating edges, all of which impact
the behavior of the magnetic fields within the problem space.

These elements collectively establish the setup and context for the magnetic analysis,
ensuring that the geometric layout, material definitions, and boundary conditions are fully
specified before running calculations.

The drawing preprocessor is the primary interface for creating and editing the
geometry. Its core functionality includes multiple modes that enable users to build,
organize, and modify objects with ease.

This point mode allows users to define precise points within the geometry. Points
serve as reference nodes for connecting segments, providing exact locations where shapes
begin or end.

In segment mode, straight line segments can be created between defined points.

These segments form the backbone of linear elements in the geometry.
Arc segment mode is designed for creating curved segments, allowing users to add arcs
and complex contours to the geometry. Curved segments are particularly useful in
magnetic modeling where field behavior may be non-linear or involve rotational
symmetry.

The block method allows users to assign material and physical properties to defined
regions. By assigning these properties, users can simulate the behavior of different
materials under magnetic fields, such as ferromagnetic, diamagnetic, or paramagnetic
responses.

The group method is useful for managing and organizing multiple objects within
the geometry. By grouping various elements, users can efficiently select, edit, and apply
transformations or material properties to entire sets of objects at once, streamlining the

setup process for large or complex models.
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Together, these modes provide the flexibility needed to create detailed and accurate
representations of magnetic systems. The combination of individual editing tools and
organizational methods simplifies the process of constructing a model that aligns with
real-world scenarios. After defining the geometry, the preprocessor provides a platform
for refinement and verification, allowing users to make adjustments and ensure that the
setup aligns with the intended physical parameters and boundary conditions before
proceeding to solve the magnetic analysis.

To facilitate work in drawing mode, | used a grid object, which is represented by
points marked across the drawing window surface. This grid provides a visual reference
that helps align elements, ensures precision in placing points and segments, and assists in
maintaining proportionality within the geometry. The grid simplifies the layout process,
making it easier to position and connect elements accurately, especially in complex
configurations or when symmetry is needed.

In the program, objects are selected by drawing a rectangular or circular selection
frame while holding down the left mouse button. This will select only the objects that are
currently active, such as points, lines, arcs, or blocks. Using the commands in this menu,
| can copy any selected object to the clipboard, delete it, move or rotate it, scale, mirror,
or round it. These tools provide flexible options for editing and transforming objects,
allowing for precise customization and efficient refinement of the geometry.

| specify the exact coordinates for each point. This can be done in either Cartesian
coordinates (x, y) for planar positioning or cylindrical coordinates (r, 6) if working in a
rotational framework. Accurate point placement is critical, as it ensures that all
subsequent lines and segments align precisely according to the design requirements.

To create straight lines between points, | switch to Line Drawing Mode. In this
mode, | can draw linear segments by connecting predefined points, forming the main
structure and edges of the geometry. These lines define the boundary and internal
structure of the model, serving as the framework for regions with specific properties or

behaviors.
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For drawing arc segments, | activate Segment Drawing Mode, allowing me to
create curved paths essential for rounded or complex contours. In the dialog box, I enter
several key parameters:

Arc angle — defines the curvature of the arc.

Maximum discretization angle — sets the level of detail for the arc by controlling
the angle of each subdivided segment.

Boundary conditions — conditions may be applied if required, such as magnetic
insulation or specific field values.

The direction of the arc’s curvature depends on the order of selected points, with
the positive contour direction determining the arc’s convexity. This feature enables
flexibility in designing structures with non-linear or circular properties, as often required
in electromagnetic modeling.

To prepare the model for analysis, | follow these steps to define the problem
parameters:

| select a 2D analysis type to simplify the model and reduce computational load,
ideal for planar or axisymmetric problems.

| specify the units for measurements in the drawing window, such as meters,
centimeters, millimeters, or inches. Consistent unit selection is essential for ensuring that
all parameters align correctly during simulations.

Since | am working with a permanent magnet and require a static field analysis, |
set the frequency to Hz = 0. This setting is crucial for simulating scenarios without
alternating currents or time-varying fields.

For 2D models, the depth parameter represents the extent of the model along the z-
axis. This depth value is important when extrapolating 2D results to three-dimensional
interpretations, especially in cases with uniform fields along the z-axis.

I set the accuracy of the iterative solver to a high precision level (e.g., up to 1x107'6). This
precision ensures reliable results, particularly for complex or high-field-intensity
scenarios.

To control the quality of the mesh in complex regions, | define a minimum angle

for triangular elements. Reducing this angle may help capture finer details in intricate
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geometries, but caution is needed as excessively small angles can lower solution accuracy
in high-gradient areas.

| can add comments within the project to record important details, assumptions, or
unique setup notes. These comments serve as a reference, ensuring all relevant
information is available when revisiting or sharing the project.
This structured approach ensures that each aspect of the model is carefully configured for
accurate, efficient simulation, ready for subsequent analysis and interpretation.

To solve the problem, | need to define boundary conditions, materials, and block
properties. Depending on the type of problem being solved, real or imaginary values can
be entered for property values. By setting the frequency to zero, | can enter quantities

with a complex part equal to zero:
m = Apeyrcos(w- t)+ [ - Agpy - sin(w - t)

| need to set boundary conditions for accurate and correct problem-solving. These
conditions define how the system behaves at its boundaries and are necessary for proper
simulation of physical phenomena. Each time | add or modify an existing boundary
condition, a dialog box opens for configuration. To ensure easy identification, | need to
assign each boundary a unigue name.

Different types of boundary conditions | will use:

Prescribed magnetic potential:

This is the main boundary condition set by default. It allows me to specify the
magnetic potential along the boundary. For example, if | need to simulate magnetic flux
that runs parallel to the object’s boundary, I will use this condition. Specifically, if I want
to set magnetic insulation, I set the potential value to A = 0. | can configure this boundary
condition by setting parameters AO, Al, A2, and phase, which is especially useful for 2D
or axisymmetric problems where it’s important to control the distribution of the magnetic

field. In this case, for a planar or axisymmetric problem:
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A = (A0+ Al'x + Azy)e{l(p}
A= (Ag+ AT + Ay 2)-ell®

Thin layer (Small Skin Depth):

| will use this condition for cases where there is a pronounced surface effect and
eddy currents are concentrated in a thin surface layer. This is necessary in high-frequency
fields where the penetration depth of the current becomes minimal. By applying Robin
conditions with complex coefficients, | account for the conductivity and permeability of

the layer, which yields a more accurate solution for such problems.

Mixed Condition

0A
P — A = 0:
o, On + Co + 1 0

This condition is useful in two cases:

If I want to simulate an infinite space (an open boundary), | will choose the
coefficient cO with ¢1=0 at the outer boundary. This helps reduce the impact of the
surrounding environment in the simulation.

If | need to specify a certain value of the magnetic field along the boundary, I will
set c0=0 and c1=H (where H is the magnetic field strength in A/m). The default condition

can be used for cases requiring a flow of magnetic field perpendicular to the boundary,
enhancing modeling versatility g—i = 0.

Strategic dual image:

| will use this condition when | need to simulate external boundaries in a two-
dimensional problem. It is especially useful when it’s necessary to simulate an infinite
space for a constant magnetic field. I will apply this condition only to the outer
boundaries, where the relative magnetic permeability is 1 and where there are no currents.

Periodic boundary:

This condition allows me to set the same magnetic potential value on two

boundaries. It will be useful when | want to reduce the modeling area, describing open
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boundaries in this way. This reduces computational resource demands since a smaller
area will need to be modeled.

Anti-periodic condition:

This condition, like the periodic condition, applies to a pair of boundaries, but the
difference is that the magnetic potential value on one boundary is the opposite of that on
the other. | will use this condition when | need to reduce the modeling area, for example,
when considering a part of an electric machine.

Material Properties:

The "Material Properties" section is essential for defining the material
characteristics of the object associated with the block label in the simulation model. This
section allows me to specify various attributes of the material, ensuring that each region
in the model accurately reflects its physical characteristics and behavior under different
electromagnetic conditions. By carefully setting these properties, | can achieve a more
realistic and accurate simulation that aligns with the actual performance of the materials
in real-world applications. When creating a material, | first need to perform a series of
actions: assign a unigue name to the material, which serves as an identifier, allowing me
to easily reference it and distinguish it from other materials; determine whether the B-H
(magnetic flux density versus magnetic field strength) relationship will be linear or
nonlinear, which is critical as it affects how the material responds to applied magnetic
fields; specify anisotropic values of u,., (relative permeability) for materials with a linear
B-H relationship, especially important for materials exhibiting directional properties; and
set the angle of lag of the hysteresis curve for harmonic problems where hysteresis creates
a constant phase lag between B and H that is independent of frequency. This approach is
effective under the assumption that the hysteresis loop has an elliptical shape, but since
the loop is not perfectly elliptical, the angle needs to be adjusted based on the amplitude
of the input signal. The lag angle is a crucial parameter for sintered steel, typically ranging
from 0 to 20 degrees, influencing the material's response to varying magnetic fields. In
the case of a nonlinear B-H relationship, 1 must input the corresponding data points
manually. By pressing a designated key, | can enter specific values that describe the

material's behavior under nonlinear conditions, which is critical for capturing the
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complexities of how the material reacts to varying magnetic fields. Once the data is
entered, | can observe the resulting curve on a graph. The program employs spline
smoothing to enhance the visual representation of the data, and in some cases, to obtain
a smoother curve, | may need to either increase the number of input points or adjust the
existing data points. This iterative process helps refine the accuracy of the representation.
If the calculated values exceed the data range, particularly during instances of high
saturation, the program automatically extrapolates the data, extending the series beyond
the original input. This feature is useful for simulating conditions that may exceed the
standard operating parameters of the material. The program includes a window that allows
me to account for the lag angle during hysteresis for nonlinear problems, where it is
assumed that the lag angle is proportional to the effective magnetic permeability. The

highest magnetic permeability is taken as the maximum permeability:

err(B
(Ph(B) = <L()> Pnmax

effmax

By meticulously defining these material properties and their relationships, | can
create a robust model that accurately simulates the behavior of the material under various
electromagnetic conditions, leading to reliable and meaningful results in my analysis.

By specifying the properties u,- and H,, | define materials for a permanent magnet.
The window also allows me to set the density of external source currents in the block
when using direct current. | can also set the density of external source currents in the
block when using direct current. However, it is recommended to use the "current
properties” to define the total current in the object. Additionally, 1 can specify the
material's conductivity in MS/m.

The final property allows me to set the lamination of the material and the type of
wire. The flux is continuous if it flows along the lamination and experiences interruptions

if it flows across it, figure 7.1 shows examples of flux passing through laminated material.
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Laminzted in plane Laminated paraliel to ¥ Laminated parallel D X

Figure 7.1 — Examples of flux passing through lamination

Special Attributes:

In the "Special Attributes"” section, | can define key parameters that influence how
the material behaves under electromagnetic conditions. This section lets me select the
flux direction, the lamination thickness, and the fill factor. These values are especially
important when modeling materials with complex behaviors, as they help account for
both hysteresis and eddy currents in harmonic problems, enabling more accurate
simulations in dynamic electromagnetic fields. For magnetostatic scenarios, this setup
allows for capturing the effects of nonlinear lamination without needing to model each
lamination layer individually.

If the material is homogeneous, | leave the "Lamination Thickness" field at O, as
no layering is present. Otherwise, | enter the thickness of the iron sheet in millimeters,
representing the distance of each lamination layer. Next is the fill factor, which defines
the portion of the core filled with iron as a decimal. For instance, a fill factor of 0.9 means
that 90% of the core space is occupied by iron. This factor directly impacts the material's
magnetic performance by controlling how densely the core material is packed, affecting
how efficiently magnetic flux flows through the material.

When choosing the wire type, additional diameter fields become available for
detailed customization. For stranded and spiral wires, I can specify both the diameter of
each strand and the total number of turns. This feature is crucial in modeling complex
wire geometries where multiple strands or coils are present. For square and magnet wires,
only a single conductor is implied, simplifying the configuration. Starting with the

"magnet wire" option, | can set a linear B-H relationship with the option of anisotropy,
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which applies directionally dependent properties. This is particularly useful for
applications where the magnetic properties vary along different axes.

Specifying the wire type also means that the material property can apply to the
entire space occupied by the wire, removing the need to model each individual conductor
in detail. For direct current (DC) conditions, the program automatically adjusts the results
based on the fill factor, which ensures accuracy by accounting for the wire’s space usage
within the material.

For magnet wire, which is available when the B-H relationship is linear and
magnetic permeability is constant, | can define the wire diameter directly, affecting how
current flows through the conductor.

Circuit Property

Here, | specify the current flowing through the magnet. First, |1 need to assign a
name to the current for easy identification in the model later on. Then, | set the current
strength which in my case is 110 amperes, which is critically important for accurately
modeling the magnetic field generated by the current.

Correctly setting these parameters is essential for ensuring the accuracy and reliability of
calculations in the electromagnetic model.

Properties of the Selected Block

Here, | specify the materials from which the electromagnet is made, the number of
turns in the coil, and select the circuit that | created earlier. Defining the materials is
essential because different materials will affect the magnetic properties and overall
efficiency of the electromagnet.

Additionally, by selecting the appropriate circuit, | can ensure that the
electromagnet integrates effectively with the rest of the electrical system, allowing for
optimal performance in its intended application. This careful configuration is vital for

achieving the desired electromagnetic characteristics and functionality.
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7.2 Building a model of an DC electromagnet

After completing all the necessary steps, | created a model of a DC electromagnet,
which we can see in figure 7.2 that includes several key elements: a stainless steel core,

an air gap, and a winding [16].

o41p Stainless Steel o41p Stainless Steel

o Air

210 AWG .
[New Circuit:305p

=}

gt

210 AWG
[New Circuit:-30529]

Figure 7.2 — The model of an DC electromagnet

| defined two rectangular sections made of 415-grade stainless steel, which form
the magnetic core of the electromagnet. This material was chosen to control the magnetic
flux and ensure the durability of the structure.

In the model, I also included an air gap, labeled as "Air." The air gap is essential
for controlling the path of the magnetic flux and for storing magnetic energy.

For the winding, | used 10 AWG wire and added a coil with 30529 turns. Each coil
carries a current of 110 amps, which generates a strong magnetic field required for the
electromagnet’s operation.

This model allows me to analyze the distribution and behavior of the magnetic field
within the electromagnet, including parameters such as flux density, field intensity, the

attraction force on the plate, and potential losses in the air gap.
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Figure 7.3 shows the same model of the DC electromagnet, with a visualization of
the magnetic flux density distribution, allowing for a detailed analysis of the magnetic
field behavior. We can observe how the magnetic field lines pass through the stainless
steel core, concentrate around the coil, and close within the air gap. These magnetic flux
lines follow the path of least resistance, forming closed loops and showing the path of the

flux through different materials in the model.

ul=y|

—
A

Figure 7.3 — Flux density (T)

A

The highest density of lines is seen around the coil, where the energy of the

magnetic field is concentrated. This corresponds to areas of the highest magnetic flux
density, as the primary magnetic field of the electromagnet is generated here.
The color gradients displayed in the image vividly depict the change in magnetic flux
density: more saturated colors, such as purple and red, indicate high flux density in the
coil area where strong currents generate a powerful magnetic field. Zones with green and
blue shades represent areas with lower flux density, showing the weakening of the
magnetic field as it spreads away from the source — the coil.

This visualization not only facilitates the analysis of the distribution and intensity
of the magnetic field but also shows how materials with different magnetic properties

interact. It helps identify areas of highest and lowest flux density, potential areas of flux
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loss in the air gap, and enables adjustments to the model’s parameters to optimize the

electromagnet’s performance.

7.3 Results of the software analysis

In this section, | will present the types and results of the studies that can be
conducted in the program [16].

Results of the point analysis:

In the figure 7.4 | put a point from which | took the following results:

1.Coordinates of the point x=4.55 and y=3.68: These values indicate the location
of the point in two-dimensional space. In FEMM, this is necessary for defining the
position of the area being analyzed in the magnetic or electric field.

2. Magnetic Flux A = 0.0802818 Wb/m : This value indicates the amount of
magnetic flux passing through a unit area. It can be used to calculate the magnetic
characteristics of systems such as transformers or electric motors. An important aspect:
the larger the value, the greater the magnetic flux.

3. Magnetic Field Density |B| = 2.17949 T: This value indicates how strong the
magnetic field is at the given point. The magnetic field density is important for
understanding how charged particles or conductors will behave in this field. It is also
crucial for estimating the force acting on a conductor with current placed in a magnetic
field.

4. Components of the Magnetic Field Bx = 1.30459 T: This is the component of
the magnetic field along the x-axis. It shows how the magnetic field influences this axis.
By = 1.74592 T: This is the component of the magnetic field along the y-axis. Similarly,
it shows the influence of the magnetic field along the y-axis.

5. Magnetic Field Intensity |H| = 392369 A/m: The intensity of the magnetic field
Is a measure of the magnetic force applied per unit length. It helps understand how the
field will affect magnetic materials and charged particles.

6. Components of the Magnetic Field Hx = 234862 A/m: This is the component of
the magnetic field intensity along the x-axis. This value may be useful for calculating the
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force acting on magnetic materials in this area. Hy = 314314 A/m: This is the component
of the magnetic field intensity along the y-axis. It allows for determining how the
magnetic field influences this axis.

7. Permeability ux= 4.42028 (relative) and py= 4.42028 (rel) (relative): These
values indicate how well materials conduct magnetic lines in the corresponding
directions. The relative permeability compares the permeability of the material to the
permeability of vacuum (where py, =4m-10"7H/m ). The higher the relative
permeability, the better the material conducts magnetic lines.

8. Energy of the Magnetic Field E = 106271 J/m”3: This is the energy stored in the
magnetic field per unit volume. It can be useful for estimating energy losses in electrical
devices or for designing magnetic systems.

9. Current Density J = 0 MA/m”2: The density of electric current at this point is
zero, which may indicate the absence of electric current in this area or that this point is in

an inactive zone concerning the electric field.

{ /
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Point: x=4.55, y=3.68
A = 0.0802818 Wh/m
B| = 2.17949 T
rd | Bx =1.30459T

— By = 1.74592T

-1 HIl = 392369 Afm

Hx = 234862 A/m
Hy =314314A/m
mu_x= 4,42023 (rel)
mu_y = 4.42028 (rel)
E = 106271 1/m~3
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Figure 7.4 — Mode Point

Results of integration along the line:
If | choose a contour like in figure 7.5, | can calculate linear integrals along the

contour. In the case of a harmonic problem, the integral is calculated in the form of a
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complex number. Line integrals play a key role in the analysis of electromagnetic fields,
allowing for the evaluation of various physical quantities along a given path. These
integrals can be used to solve numerous problems related to magnetic and electric fields,
including the assessment of flux and forces acting on conductors.

Types of Integrals: Bn — This integral returns the flux normal to the contour, as
well as the average value of the flux density. It allows us to assess how much magnetic
flux passes through the chosen contour, which is important for understanding the

interaction of the magnetic field with surrounding objects.

Normal Flux = 7.99292 - 10~® Webers
Average B -n = 0.00225255 Tesla

Ht — This integral returns the field intensity between the endpoints of the contour.
It is used to determine the influence of the magnetic field on conductors located along

this contour and can aid in analyzing the electrical characteristics of the system.

MMF Drop Along Contour = 278538 Amp-turns
Average H - t = 1.99383 - 10° Amp/Meter

Contour Length — This calculates the length of the contour in meters. This
parameter is necessary for determining the characteristics of magnetic and electric fields,

as the contour length affects the field distribution and the magnitude of the integrals.

Contour Length = 0.11 meters
Surface Area = 0.00354839 m?

Force Tensor — This integral calculates the force acting on the contour according

to Maxwell's tensor. The force acting on the contour can be used to assess the interaction
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between magnetic fields and conductors, which has practical applications in devices such

as electric motors and transformers.

Force in x-direction = 24.3214 N
Force in y-direction = —16624.2 N

Torque Tensor — This integral calculates the moment about the axis (0, 0) acting
on the contour. This value helps determine how external magnetic and electric fields may
cause rotation of conductors or magnetic objects, which is also important in a number of

engineering applications.

Torque about (0,0) = —866.205N - m

Bn2 — This integral represents the integral of the square of the induction. It allows
for the assessment of magnetic field distribution along the contour and can be used to
analyze energy losses in systems where high values of magnetic induction may cause

significant energy losses.

Result = 0.00772401 Webers?
Average (Bn)? = 0.0552899 Tesla?

SN

Figure 7.5 — Contour
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Results of integration over the specified area:

If a specific area is chosen like in figure 7.6, a series of integrations can be
performed over it.

1. JA integral:

The JA integral is defined by the following expression:
JA = jdV-]A [TH - A?]
1%

This integral allows the calculation of the self-inductance L of the region with a

known current i;

=) e

This calculation applies only to linear problems where the inductance remains
constant.
Result of the software calculation:

995.212TH - A?

2. A integral:

The A integral is calculated using the formula:
A=de'A[FH'A'M2]
74

This integral can be used to calculate the mutual inductance M, defined as:
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1
M=<_)' ]2'A1'dV
2 v,

where Al is the magnetic potential from the first loop intersecting the second, J2J is the
current density of the second loop, and V2 is the volume of the second loop. By using the
relation S = | - i, the current density can be expressed through the values of current, turns,

and area:

M = Uz_h)'A'dV

v,

Calculation of M is simpler when both loops carry the same unit current, as the
inductance of linear systems is independent of current. For harmonic problems, the values
of mutual inductance M will be complex and vary with frequency. The second part of the
A integral (H-A) gives the flux, adjusted by flux linkage. To obtain the complete flux
linkage, this value should be multiplied by the number of turns in the loop.

Result of the software calculation:

Integral of A over the selected area:
jAdV = 7.65008 X 10 — 6 Henry - Amp - meter?

Integral of A per selected area:

[4dv
selected area

= 0.00296441 Henry - Amp

3. Magnetic field energy:
This option can be used as an alternative way to calculate inductance in linear or

unsaturated systems. Inductance is defined by the formula:
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For nonlinear materials, the energy is calculated by the formula:

E = jB -H-dV
%4
Result of the software calculation:

77.0188 Joules

4. Magnetic co energy:

Co energy is calculated by the formula:
W= j H-B-dV
74

For nonlinear problems. This method is used as an alternative for calculating force

or torque. The force or torque is given by:

Y = W(q +dq) —W(q)
dq

where q is the coordinate along which the force is calculated, and dq is the coordinate
increment.
Result of the software calculation:

77.0188 Joules

5. Hyst. and (or) laminated eddy current losses:
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Used to determine losses in laminated steel stacks in harmonic problems.
Result of the software calculation:
0 Watts

6. Resistive losses:
The integral calculates the value of iRin the direction perpendicular to the cross-
sectional plane (z or o) if the material’s conductivity is specified.

Result of the software calculation:
3072.52 Watts

7. Block cross-section area:
Calculates the cross-sectional area.

Result of the software calculation:
0.00258064 meter?
8. Total losses:
Calculates total losses in the selected area. If a loss angle is specified for steel, both
resistive (Ohmic) and hysteresis losses are calculated.
Result of the software calculation:

3072.52 Watts

9. Lorentz force (J-B):
This integral calculates the Lorentz force by the formula:

F=J]><B-dV
|74
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Result of the software calculation:

X-component: 19.7059 N
y-component: 11086.6 N

10. Lorentz torque (r-J-B)
Determines the torque due to the Lorentz force acting on a current-carrying
conductor in a magnetic field.

Result of the software calculation:

Torque about (0,0): 575.925 N*m

11. B Integral across the block:
Can be used to calculate Lorentz forces or average induction across a volume.

Result of the software calculation:

X-component: 8.52213e-005 Tesla meter3

y-component: -1.51477e-007 Tesla meter3

12. Total current:
Calculates the current across the selected section, useful for assessing current
distribution in conductors.

Result of the software calculation:
335720 Amps
13. Block volume:

Determines the volume of the block, required for various calculations.

Result of the software calculation:
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6.55483e-005 meter3

14. Torque via Weighted Stress Tensor:
Calculates torque based on the Maxwell tensor relative to an axis at coordinates (0,

0).
Result of the software calculation:

Torque about (0,0): 483.257 N*m

15. Moment of Inertia (R?):

Calculates the moment of inertia relative to the Z-axis (x = 0, y = 0), and for
axisymmetric problems, relative to the axis r = 0. For the final result, this integral must
be multiplied by the material’s density.

Result of the software calculation:

Integral of(x? + y?): 8.97445 x 10~7 m®

3

\x_________/_;,/J
&& "”;//J/

—

=)

1 /1
Figure 7.6 — Chosen area

16. Force via weighted stress tensor:
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We can calculate the force through the weighted stress tensor only via the adjacent
plate, as shown in figure 7.7. Determines forces acting on an object according to the
Maxwell tensor. The program selects an integration path to yield the best result by solving
the Laplace equation.

Result of the software calculation:

X-component: -1332.54 N
y-component: -281.982 N

o

= 0

Figure 7.7 — The plate that is attracted by the magnetic field.

Circuit properties:

We can view the circuit parameters in the program:

Parameter Value

Total current 110 Amps

Voltage Drop 55.8641 Volts
Flux Linkage 8.49869 Webers
Flux/Current 0.0772608 Henries
Voltage/Current 0.507855 Ohms




78

Power

6145.05 Watts

Plots of the field values:

To plot the dependency graphs, I first need to draw a line as shown in figure 7.8.

e

\
NN

Figure 7.8 — Measuring line

After that I can start exploring the plots. The first plot on the figure 7.8 illustrates

the variation of magnetic potential along the length of an electromagnet. The horizontal

axis represents the length in inches, and the vertical axis shows the magnetic potential in

Webers per meter (Whb/m). The shape of the curve provides insight into the magnetic field

distribution within the electromagnet.
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Figure 7.8 — Potential plot

Analysis of the curve:

Initial low potential Region (0 to ~0.5 inches):

At the leftmost edge of the graph, the magnetic potential begins around 0.052
Whb/m. This low initial value suggests that this part of the electromagnet has minimal
magnetic field concentration.

There is a small but noticeable increase in potential as the length progresses,
indicating that the magnetic field begins to strengthen within the first half-inch.

Sharp increase region (~0.5 to ~1 inch):

Between 0.5 and 1 inch, the curve shows a steep rise in magnetic potential, reaching
approximately 0.065 Wb/m.

This sharp increase suggests a rapid buildup of the magnetic field, likely as the
field lines concentrate towards the core of the electromagnet.

Plateau region (~1 to ~5 inches):

From about 1 inch to 5 inches, the magnetic potential remains almost constant,
creating a plateau at around 0.065-0.067 Wb/m.

This flat section represents a stable and uniform magnetic field within this central

region, likely corresponding to the core or main body of the electromagnet. The relatively



80

consistent magnetic potential here indicates that the field is well-distributed in this area,
which is typically desired for an effective magnetic field.
Gradual decline region (~5 to ~6 inches):

After 5 inches, the magnetic potential starts to decrease gradually until it returns to
approximately 0.052 Wb/m near the 6-inch mark.

This tapering off suggests that the magnetic field weakens as it approaches the end
of the electromagnet. This decline in magnetic potential is consistent with the typical
behavior of magnetic fields, which tend to spread out and weaken near the edges or
boundaries.

End region (after ~6 inches):

The curve levels off near 0.052 Wb/m, similar to the initial value at the starting
point of the graph, suggesting a symmetry in magnetic field distribution along the length
of the electromagnet.

Summary: The graph highlights a strong, uniform magnetic field in the central
region of the electromagnet (1 to 5 inches), with weaker fields at the edges. This
distribution indicates that the electromagnet is likely designed to concentrate the magnetic
field within its core, with the ends contributing minimally to the overall field strength.
This is a typical profile for a well-designed electromagnet, where the core area provides
the primary magnetic effect.

The figure 7.9 displays the variation of magnetic flux density, represented by |B],
in Teslas along the length of an electromagnet. The x-axis shows the length in inches,

while the y-axis indicates the magnetic flux density in Teslas.
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Figure 7.9 — Magnitude of the flux density

Analysis of the Curve:

Initial low flux density region (0 to ~0.5 inches):

At the left edge of the graph, the magnetic flux density begins at approximately 1
Tesla. This relatively low starting value suggests that the magnetic field strength is
minimal at the edge of the electromagnet.

As we move from 0 to around 0.5 inches, there is a sharp increase in |B|, indicating
the field is rapidly intensifying.

Rapid Increase Region (~0.5 to ~1.5 inches):

Between 0.5 and 1.5 inches, the magnetic flux density rises sharply, reaching nearly
5 Teslas.

This increase reflects a high concentration of the magnetic field as the flux density
builds up towards the core of the electromagnet.

Plateau region (~1.5 to ~4.5 inches):

From about 1.5 inches to 4.5 inches, the magnetic flux density remains almost

constant at a peak value around 5 Teslas, creating a plateau in the graph.
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This flat portion signifies a stable, uniform magnetic field distribution in the central
region of the electromagnet. This high and consistent field strength is likely by design,
where the electromagnet core generates a strong, uniform magnetic field.

Gradual decline region (~4.5 to ~6 inches):

After 4.5 inches, the magnetic flux density begins to decrease, gradually tapering
off to around 1 Tesla by the 6-inch mark.

This reduction reflects the weakening of the magnetic field towards the end of the
electromagnet, consistent with field distribution that naturally weakens near the edges.

Symmetry of the curve:

The curve is nearly symmetrical about the center of the plateau, which indicates an
even distribution of magnetic flux density along the length of the electromagnet’s core.
This symmetry suggests a balanced design, where both ends of the electromagnet have
similar field strengths.

Summary: The graph shows that the electromagnet has a strong and uniform
magnetic flux density in its central region (1.5 to 4.5 inches), with weaker fields towards
the edges. The central peak reaching 5 Teslas signifies the core’s role in generating a
strong magnetic field, while the edges have minimal impact on the overall field strength.

The figure 7.10 shows the dependence of the normal component of magnetic

induction Bn, expressed in teslas (Tesla), on the length in inches.
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Figure 7.10 — Normal flux density

Graph Description:

Initial section (from 0 to ~1 inch): There is a sharp drop in the normal component
of magnetic induction to around -0.5 T. This indicates an area where the flux direction is
opposite to the main field orientation.

Middle section (from ~1 to ~4 inches): The flux density remains relatively stable
around zero, indicating minimal normal magnetic flux component in this region.

Final section (from ~4 to ~6 inches): The graph rises, with Bn increasing to
approximately 0.6 T, along with some fluctuations and sharp peaks. This may suggest the
presence of a strong magnetic field in this region and inhomogeneities in the magnetic
flux distribution.

The graph illustrates a variable magnetic flux density along the length, with distinct
changes in the initial and final regions.

The figure 7.11 displays the dependence of the tangential component of magnetic

induction Bt, measured in teslas (Tesla), on the length in inches.



84

B.t, Tesla

Length, inches

Figure 7.11 — Tangential flux density

Graph Description:
Initial section (from 0 to ~1 inch): The graph shows a gradual increase in tangential flux
density from 1 to about 2 T, indicating a steady strengthening of the magnetic field.

Middle section (from ~1 to ~5 inches): There is a stable peak area with flux density
values around 5 T, indicating a strong and steady tangential component of the magnetic
field in this region.

Final section (from ~5 to 6 inches): The flux density gradually decreases back to
around 1 T, suggesting a reduction in the tangential component of the flux.
The graph illustrates a smooth increase and decrease in tangential flux density along the
length, reaching a maximum in the central region, which reflects the flux density
distribution in this configuration.

The figure 7.12 displays the dependence of the magnetic field intensity [HI,

measured in amperes per meter (Amp/m), on the length in inches.
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Figure 7.12 — Magnitude of field intensity

Graph Description:

Initial section (from 0 to ~1 inch): The graph shows a sharp increase in field
intensity from zero to approximately 5e+5 A/m, indicating an initial rise in the magnetic
field.

Middle section (from ~1 to ~5 inches): The magnetic field intensity reaches peak
values around 2.5e+6 A/m and remains relatively stable at this level in the central region
of the graph.

Final section (from ~5 to 6 inches): A steep drop in field intensity is observed,
followed by several sharp peaks reaching up to 3e+6 A/m, and then a return to zero,
indicating rapid fluctuations and a decline in field strength in this region.

The graph illustrates that the magnetic field intensity has a distinct maximum in the
central part, accompanied by abrupt changes toward the edges.

The figure 7.13 illustrates the dependence of the normal component of magnetic

field intensity Hn, measured in amperes per meter (A/m), on length in inches.
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Figure 7.13 — Normal field intensity

Graph Description:

Initial section (from 0 to ~1 inch): There is a sharp decrease in Hn to around -2e+5
A/m, indicating an area with a strong reverse direction of the magnetic field.
Middle section (from ~1 to ~4 inches): The field intensity remains relatively stable with
small fluctuations around zero, suggesting a weak field in this region.
Final section (from ~4 to ~6 inches): A sharp rise is observed, reaching a peak of around
1le+5 A/m, followed by a drop. This section shows significant changes in the magnetic
field with distinct peaks, which may indicate inhomogeneities in the flux distribution.

The graph illustrates the variable normal magnetic field intensity along the length,
with pronounced changes at the beginning and end.

The figure 7.13 shows the relationship between the tangential component of

magnetic field intensity Ht, measured in amperes per meter (A/m), and length in inches.
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Figure 7.13 — Tangential field intensity

Graph Description:

Initial section (from 0 to ~1 inch): The graph shows a rapid increase in Ht from
nearly zero to approximately 5e+5 A/m, indicating a strong initial rise in the magnetic
field intensity.

Middle section (from ~1 to ~5 inches): The intensity stabilizes at a high level, with
values reaching around 2.5e+6 A/m, showing a strong and steady tangential field in this
central region.

Final section (from ~5 to 6 inches): There is a steep drop in intensity back to near
zero, with a few sharp peaks exceeding 3e+6 A/m, suggesting fluctuations and a rapid
decrease in the magnetic field at the edge of this region.

This graph illustrates a prominent peak in tangential field intensity at the center,

with rapid changes near the boundaries.
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CONCLUSION

Contactors are widely used in various industries to control electric motors, lighting
systems, heating equipment, capacitor banks, thermal evaporators, and other electrical
loads.

This master’s project involved designing an AC contactor with a rated current of
110 A (AC-1), a rated voltage of 380 V, and a control coil voltage of 220 V. The design
was based on the magnetic starter model CEM 80.00 - 220 V, featuring a DC
electromagnet. Additionally, several foreign models were reviewed for design insights.

In the course of this project, calculations were conducted for the current-carrying
components. This included selecting and calculating output terminals, contact
connections, switching mechanisms, contact wear and follow-through, and designing
flexible couplings. Copper was chosen as the primary material for current-carrying
elements, and silver coatings were applied to switching contacts to account for continuous
operation. Thermal stability checks were performed on the output terminals, contact
connections, and switching mechanisms.

The apparatus mechanism was then designed, resulting in the development of an
opposing force characteristic curve. Preliminary calculations for the electromagnets were
also conducted, determining magnetic circuit dimensions, the winding’s magnetizing
force, and its geometrical dimensions.

For arc control, the free blowout method with two breaking points was selected,
and the arc extinguishing process was verified under these conditions.

Additionally, calculations were conducted to determine the characteristics and
required number of winding turns for stable operation of the apparatus.

Finally, an analysis of the electromagnet was performed using the FEMM software,
which allowed for precise modeling of the electromagnet’s behavior and enabled
parameter analysis with material selection, covering aspects such as magnetic field
intensity, force distribution, and other various coefficients. The attractive force of the
plate by the magnet was also calculated, amounting to 1332.54 N.

Schematics of the device and its primary components are included in the project.
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