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PE®EPAT

I13: 79 ctop., 1 Tabmn., 25 puc., 32 mxepena.

KOHTAKTOP 3MIHHOI'O CTPYMY, MATHITHUI IIYCKAU,
CTPYMOBEJIVUMII KOHTYP, IIMHU, KOMVYTAILIMHI KOHTAKTH,
TEMIIEPATYPA, TIIPYXXWHA, EJEKTPOMATHIT, 3AXUCT BIJ
I[TEPEBAHTAXEHHA

OG’eKT MOCHIKEHHS — €JEeKTPOMArHiTHUN TMPUBOJI KOHTAKTOpa 3MIHHOTO
ctpymy Ha 80 A Ta 380 B.

Mera po6oTH — HOCTIPKEHHS Ta ONTUMI3allis €IEKTPOMArHiTHOTO MPUBOY
KOHTaKTOpa 3MIHHOTO CTpyMY, po3paxoBaHoro Ha 80 A ta 380 B.

Meroau AOCHipKEHHST — B POOOTI BHUKOPUCTOBYBAIMCS PI3HI METOAH
JOCTIPKEHHS, BKJIIOYAI0UM PETEIbHUM aHai3 TEXHIYHOT JIITEpaTypu, IPOMHUCIOBUX
CTaHJapTiB, KOMIUIEKCHI PO3paxyHKH ISl PI3HUX YMOB eKcIuTyaTalii. Merogamu
OPOEKTYBaHHS, 110 BHUKOPUCTOBYIOTbCSA, € JIOCHIUKEHHS Ta  IOCTIHHE
BJIOCKOHAJICHHSI 3 BHUKOPUCTAaHHSIM MPOLEAYPH PO3paxyHKy, PEKOMEHIOBAHOI
eKcrepTaMu B il ramysi [18].

Pe3ynbratu 1OCHiKEHHS YITKO MOKa3yl0Th, 110 111 KOHTAKTOPHA CUCTEMA €
e(EeKTHUBHOIO Ta HAA1ITHOO, TOMY 1€ HalKpallle PillieHHs ISl 3aIyCKY Ta KepyBaHHS
neuryHamu. KoHCTpyKIlig 3aXuIae IBUT'YH HE TUIBKHU BiJl IEPEBaHTaXXEHb, aJI€ 1 B1Jl

MTOJIOMOK, JIJI ¢cTab1IbHOT Ta 6e31meuHoi poOoTH.



ABSTRACT
EN: p. 79, 6 tab., 25 fig., 32 sources.

ALTERNATING CURRENT CONTACTOR, MAGNETIC STARTER,
CURRENT-CARRYING CIRCUIT, BUSES, SWITCHING CONTACTS,
TEMPERATURE, SPRING, ELECTROMAGNET, OVERLOAD PROTECTION.

The object of the study is an electromagnetic drive of an AC contactor rated
at 80 A and 380 V.

The aim of the work is to study and optimize an electromagnetic drive of an
AC contactor rated at 80 A and 380 V.

Research methods — various research methods were used in the work,
including a thorough analysis of technical literature, industrial standards, and
complex calculations for different operating conditions. The design methods used
are research and continuous improvement using a calculation procedure
recommended by experts in this field [18].

The results of the study show clearly that this contactor system is efficient and
reliable so it’s the best solution for starting and controlling motors. The design
protects the motor not only from overloads but also from failures, for stable and safe

operation.
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INTRODUCTION

The contactor is an apparatus of mass application, produced in large quantities
and widely used, therefore the task is always to simplify the design, improve the
technology, which is what this project is dedicated to.

Contactors play a pivotal role in industrial settings, where they are utilized to
regulate and oversee electrical loads spanning a diverse array of applications.
Whether it entails the control of motors, illumination systems, heating mechanisms,
or even the management of capacitor banks and thermal evaporators, contactors
serve as a dependable means of operation. They are available in varying dimensions,
ranging from compact handheld devices to larger units that occupy substantial space.
It is noteworthy to acknowledge that contactors possess distinct characteristics that
set them apart from circuit breakers, as their primary purpose does not involve the
interruption of short circuit currents. Nonetheless, they bestow an additional
advantage by acting as a safeguard against voltage drops within the network, thereby
ensuring a steadfast and unwavering power supply.

In addition to breaking during normal operations, electromagnetic contactors
can also serve as protection against voltage drops in the network. As the voltage
drops and the electromagnet can no longer maintain the contactor in the moving
system, it is spontaneously switched off.

This project centers around the calculation and meticulous design of an AC
contactor, specifically engineered to handle a rated current of 80 A and a rated
voltage of 380 V. Its primary objective is to enhance the technical functionalities of
contactors, ensuring heightened efficiency, reliability, and adaptability to a wide
array of motor initiation and deceleration requirements. Furthermore, the project
places considerable emphasis on optimizing economic factors, encompassing the
reduction of power losses, enhancement of energy efficiency, and strategic
integration of cost-effective manufacturing methodologies. By pursuing these
objectives, this endeavor aims to revolutionize the capabilities and performance of

contactors, fostering advancements in the field of electrical engineering.



1 FEASIBILITY STUDY OF THE PROJECT

1.1 Design overview

The contactor, a widely utilized device in industrial applications, undergoes
constant refinement to simplify its design and enhance its technological capabilities,
which is the primary focus of this project.

Contactor technology plays a crucial role in industrial environments, where it
manages electrical loads across various applications such as motor control, lighting
systems, heating elements, and the regulation of capacitor banks and thermal
evaporators. Available in a range of sizes, from compact handheld models to larger
units, contactors distinguish themselves from circuit breakers by not primarily
interrupting short circuit currents. However, they provide an added layer of security
by preventing voltage drops within the system, ensuring a consistent power supply.

Moreover, electromagnetic contactors not only break circuits during normal
operations but also protect against voltage drops in the network. When voltage
decreases and the electromagnet can no longer sustain the contactor's position within
the system, it automatically switches off.

This project specifically focuses on designing an AC contactor capable of
handling a rated current of 80 A and a rated voltage of 380 V. Its aim is to improve
the technical aspects of contactors, enhancing efficiency, reliability, and adaptability
to various motor start-up and deceleration requirements. Additionally, the project
emphasizes optimizing economic factors such as reducing power losses, improving
energy efficiency, and incorporating cost-effective manufacturing methods. By
pursuing these goals, the project seeks to advance contactor capabilities and
performance, driving innovation in electrical engineering.

Furthermore, this project will investigate the development of the contactor
with a focus on studying magnetic fields, their influence on device characteristics,
and the reciprocal impact of magnetic fields on the overall electrical apparatus.



1.2 Consideration of important aspects of an electrical device

Before considering analogues, it is worth looking at some features that you
should pay attention to before choosing an electrical device.

The primary functions of AC contactors revolve around the frequent switching of
high-current main circuits, a necessity particularly prevalent within low-voltage
control systems [1].

It's essential to acknowledge the profound impact of vibration environments
on the degradation of AC contactor performance. The service life of these
components intricately intertwines with their dynamic characteristics during
operation. When the closing process occurs, vibration stress can modify the impact
energy of the iron core, potentially disrupting the dynamic response characteristics
of the contact. This alteration may consequently impinge upon the operational
performance and overall longevity of AC contactors.

Employing the finite element method enables the calculation of dynamic
characteristics. By meticulously analyzing factors such as armature and magnetic
ring parameters within Maxwell's transient magnetic field model, one can strive
towards achieving an optimal electromagnetic field design. Additionally, it's
imperative to address contact bounce during the closing process, as it stands as a
critical factor influencing contact wear and the electrical life of the device. Excessive
energy stemming from electromagnetic mechanism core collisions may give rise to
secondary bounces, thereby instigating contact abrasion and significantly
diminishing the electrical contactor's lifespan. The coil closing phase angle during
AC contactor operation closely correlates with the closing process.

Research in [2] indicates that under low-acceleration vibration, dynamic
characteristic variations are smaller, with less impact on electromagnetic
mechanisms. Vibration frequency influences actuation time and contact
performance, with lower frequencies affecting actuation time more significantly and

higher frequencies impacting contact performance to a greater extent.
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Moreover, a detailed virtual prototype model is presented in [3], enabling
simulation of dynamic processes and contact bounce using communication circuit,
electromagnetic field, and mechanical motion equations.

Avrticle [4] introduces a switch model capable of adjusting both magnetic and
contact gaps of AC contactors.

The residual electrical endurance of AC contactors, as discussed in [5],
reflects their line on-off performance. Timely prediction of this endurance before
failure can markedly enhance power system reliability and reduce economic losses.

Given the significance of AC contactors to power systems, researchers have
conducted extensive studies on predicting residual-electrical-endurance in recent
years. For example, M. Zong et al. addressed voltage switching challenges for AC-
3 and AC-4 operating conditions in [6], enhancing test accuracy using PLC and a
new transformer setup. In [7], Z. Wu et al. proposed a modeling method based on
conditional density estimation for accurate residual-electrical-endurance prediction.
S. Kumari et al. estimated AC contactors' health status in [8] by examining feature
parameters such as contact resistance and residual-electrical-endurance.
Additionally, control strategies were investigated by Z. Wu et al. in [9] to improve
AC contactors' electrical life by studying the relationship between arc phase angle,
arc energy, and contact mass loss. Simulation of electrical-endurance distribution
characteristics based on a contact ablation model was conducted by S. Zheng et al.
in [10], along with reliability evaluation through electrical endurance tests. H. Cui
et al. utilized a convolutional neural network (CNN) in [11] to construct an
electrical-endurance-prediction model, extracting voltage and current waveform
signals and employing a voting mechanism for enhanced prediction accuracy.

Similarly, S. Sun et al. utilized Euclidean distance calculations and statistical
indicator correlations in [12] for residual-electrical-endurance prediction using a
one-dimensional regression model. In [13], K. Li et al. established a Wiener
degradation model with normally distributed degradation variables, validated
through simulated residual-electrical-endurance tests using the Monte Carlo method.

Finally, S. Abirami et al. developed a stochastic gradient-descent classifier model in
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[14] for estimating residual-electrical-endurance prediction using operational data
across different operating conditions.

However, certain critical aspects were overlooked in the aforementioned
investigations concerning the prediction of residual-electrical-endurance of AC
contactors: (1) Limited adoption of feature parameters hindered effective
representation of degradation information, thereby impacting prediction accuracy.
(3) The electrical endurance of AC contactors was not considered as a long time-
series problem, neglecting the importance of considering both current and previous
states in determining residual-electrical-endurance and underutilizing the
relationship between pre- and post-degradation states, thus limiting precision.

In conclusion, it is imperative to carefully consider the comprehensive information
provided when making a selection among analogues for AC contactors. This text
sheds light on several critical aspects, such as the fundamental functions of AC
contactors, the impact of vibration environments on performance degradation, and
the importance of accurately predicting residual-electrical-endurance to bolster
power system reliability. Furthermore, the discourse delves into extensive research
endeavors aimed at comprehending and enhancing the performance and longevity
of AC contactors, spanning from intricate analyses of dynamic characteristics to the

development of sophisticated prediction models.

1.3 Review of existing models

To streamline the work process and gain a deeper understanding of the topic,
it is essential to explore existing analogues. By analyzing similar systems or
components, we can identify proven solutions, recognize potential challenges, and
apply best practices to our current application. This comparative analysis not only
simplifies the design or implementation phase but also helps in predicting system
behavior under different conditions. Moreover, studying existing analogues provides

insights into performance optimization, reliability enhancements, and cost-effective
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approaches, which are crucial for ensuring long-term efficiency and safety in
electrical systems.
There are a lot of different contactors and magnetic starters with rated

parameters 80 A and 380 V. The device is shown on the KT series contactor, figure
1.1 [30]

6)

a — AC contactor system: 1 — anchor; 2 — coil; 3 —shading ring; 4 — magnetic
core; 5 — shock-absorbing springs; 6 — contacts; 7 — opposing spring; 8 — tie rods;
b — the whole AC contactor construction: 1 — arc chute; 2 — fixed contact; 3 —
movable contact; 4 - camera mounting bracket (bail); 5 — coil; 6 — core; 7 — anchor;

8 — flexible electric connection; 9 — interlocking contacts.

Figure 1.1 - General view of AC contactors and their main components

Import analogues of AC contactors can also be found in the production lines
of SEZ and Siemens. SEZ power contactors are widely utilized in both industrial
applications and everyday environments, covering a current range from 9 A to 90
A. These contactors are known for their reliability and versatility, making them

suitable for controlling motors, lighting systems, and various electrical loads.
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Siemens, being a global leader in electrical engineering, offers a comprehensive
range of contactors designed for higher performance, durability, and advanced
control features, making their products ideal for demanding industrial applications.
The availability of these imported options provides flexibility in selecting the most
suitable contactor based on specific operational requirements. The picture, that

helps to understand the consctuction is shown in figure 1.2 [28]

Figure 1.2 - SEZ CNN 40 00 18,5kW 400V, 50A, AC

Siemens provides a diverse selection of contactors tailored to meet a broad
spectrum of applications, including pre-assembled contactor assemblies. These
devices are highly regarded for their outstanding contact reliability, long operational
life, and ability to maintain performance even in challenging environmental
conditions. Such qualities make Siemens contactors an ideal choice for customers
seeking durable and dependable solutions for their electrical systems. Whether in
industrial automation, power distribution, or motor control, Siemens contactors
consistently deliver the reliability and efficiency needed to ensure smooth and safe

operation in a wide variety of settings. Figure 1.3 is taken from [29].



14

Figure 1.3 - SIEMENS 3RT2026-1AP00 400V, 25A, AC

Noark Electric, as part of the Chinese Chint Group, one of the world's largest
manufacturers of electrical equipment, produces a wide range of reliable and
efficient electrical devices that meet high quality and safety standards. Among their
product lineup, Noark contactors stand out for their robust design, durability, and
adherence to international standards such as IEC.

Noark contactors are specifically designed for both industrial and commercial
applications, ensuring reliable operation in various electrical circuits. They are used
for controlling and switching motors, lighting systems, and other electrical loads.
The contactors are engineered to handle demanding environments, offering a
combination of high switching capacity, long mechanical life, and energy efficiency.
These features make Noark contactors a dependable solution for users seeking

quality and performance in power control and automation systems.
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Figure 1.4 — NOARK Ex9C80 11 3P 400V 80A, AC

1.4 Choice of analogue

Following a review of both domestic and foreign alternatives, the ITM 4-80
contactor was selected. This contactor is an electromagnetic device designed for the
remote and frequent switching of AC and DC power circuits. It offers a reliable and
safe method for controlling heavy-load electric motors, ensuring efficient operation
under high-demand conditions.

In addition, when equipped with thermal relays, contactors like the ITM 4-80
function similarly to magnetic starters, providing not only switching capabilities but
also protection against motor overload. This integration helps safeguard motors from
damage by disconnecting the circuit if the current exceeds the set threshold, further
enhancing the contactor's versatility in industrial applications.

Image of contactor is shown on figures 1.5, 1.6 [27]
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Figure 1.5 — The contactor IIM 4-80

127

]— | I

85

a — overall, mounting dimensions;

b — connecting dimensions.

Figure 1.6 Dimensions of contactors I1TM 4-80
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1.5 Detailed description of analogue.

This device is designed for starting, stopping, and reversing asynchronous electric
motors with a squirrel-cage rotor, as well as controlling various types of resistive
and inductive loads. Its versatile mounting options allow it to be installed either on
a mounting plate or a DIN rail, making it adaptable to different electrical setups and
configurations. This flexibility ensures that the contactor can be easily integrated
into a wide range of industrial and commercial applications, providing reliable and
efficient control over electrical loads and motor operations.

The apparatus is called ITM 4-80 on 380 V, where:

e mode of operation: Long-term;

e volume, kg: 0.00117;

e nominal operating current I,, A: 80;

e nominal operating voltage U,, V: AC 380;

e application category: AC-3, AC-4;

e type of additional contacts: INO+1NC,;

e degree of protection: 1P20;

e Wweight, kg: 1.46;

e type of contacts: 3NO;
Climatic peculiarities of contactor operation:

e ambient temperature -15...+45 °C;

e precipitation (contactor can withstand hoarfrost fall and its melting in off-
state);

o relative humidity less than 98% at ambient temperature not more than 40 °C;

e mechanical loads.

The TTM 4-80 contactor is designed for fixed installations to remotely control
the starting, stopping, and reversing of asynchronous motors with squirrel-cage
rotors at AC voltages up to 660 V and frequencies of 50 Hz or 60 Hz. This contactor
is ideally suited for use in industrial applications where motors are directly

connected to a 380V network. It offers a reliable solution for managing heavy-load
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equipment through efficient motor control, ensuring smooth operation even in
demanding conditions.

One of the key advantages of this device is its compatibility with
microprocessor-based control systems, making it highly versatile in modern
automation environments. It supports coil bridging with interference suppression
devices, enhancing its resistance to electrical noise, which is particularly beneficial
when using thyristor-based control systems or other sensitive electronics.

Additionally, the TIM 4-80 contactor is valued for its compact size, cost-
effectiveness, and ease of installation and use. The device features adjustable
parameters, which allow for fine-tuning of its operation to meet the specific needs
of various projects. These characteristics make it an optimal choice for constructing
and configuring electrical apparatus, ensuring both performance and adaptability
within the given technical specifications.

In summary, the TIM 4-80 offers a robust and affordable solution for
controlling motors in industrial settings, while its compatibility with advanced
control systems and interference suppression capabilities make it an excellent choice

for high-performance automation systems.
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2 CALCULATION OF CURRENT-CARRYING CIRCUIT
ELEMENTS

Initial data for calculation and designing of current-carrying circuit:

» rated voltage U, is 380 V;

» rated current I, is 80 A;

» maximal breaking current lp; is 6 I, A;

« tripping frequency per hour Z is 1200 tripping/hour;

« switching life Ng is 1 millions of cycles.

The objective of the calculation is to determine the appropriate cross-sectional
dimensions of the current-carrying circuit, assess the resistance of the materials used,
analyze transitional resistance at contact connections, estimate voltage drops across
the circuit, and evaluate both thermal and dynamic resistance. Maintaining the
temperature of the components within safe limits is essential to ensure reliability and
longevity in operation.

Furthermore, the calculation seeks to confirm that the pressure exerted by the
switching contacts is sufficient to prevent welding or inadvertent disconnections due
to electro-dynamic forces. This aspect is particularly critical in applications
involving high currents or frequent switching operations, where the risk of contact
fusion or failure could lead to operational downtime or equipment damage.

By conducting a thorough analysis of these parameters, the calculation
ensures that the electrical system operates efficiently and safely under expected load
conditions. It also helps in optimizing the design, enhancing the overall performance
of the electrical circuit while minimizing the risk of failures and maintaining
compliance with relevant safety standards. This comprehensive approach ultimately
contributes to the reliability and effectiveness of the electrical system in its intended
application.

Current-carrying circuit of alternative current of magnetic starter our type is

represented in figure 2.1.
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1
L X 1
— | \
3
I2

1 fixed contact, 2 — movable contact, 3 — contact plates, 4 — contact spring.

Figure 2.1 — Current-carrying circuit of contactor

Calculation of current-carrying units of apparatus is carried out for two
regimes: long-term flowing of rated current I, and short-time flowing of maximal

breaking current .

2.1 Calculation of output buses

Dimensions of current-carrying non-insulated conductor are calculated by
Newton formula [17; 19]

Inz'PO'(1+“c'19c)'kadd_losses (2 1)
kt'(ﬁc_ﬁenv) ’ .

p-q=
where p is perimeter of cross section of a conductor, taking part in heat
exchange with environment, cm;
S is cross section of conductor, cm;

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

a Is temperature coefficient of resistance; a is equal 4.3-10° 1/deg;
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3¢ is long-term admissible temperature of conductor heating (is chosen in
accordance with to TOCT 403-73); 9. is 105°C;

Kaq Is coefficient of additional losses caused by skin and proximity effects;
Kag=1;

9eny is ambient temperature (usually eny is 40 °C);

Kr is heat transfer coefficient; Kyis 7 W/ecm? - deg.

For non-insulated rectangular bus with sides a and b taking into account m =
a /b, when pg = 2m(1+m)b?

2:m-(m+1)-ke-(9c—Y%nv)

3 In2' 'ka osses'(1+ c'ﬁc
b=\/( Pokadd 1 (1+a )) 2.2)

where m is ratio between sides of the bus; mis 0.2;

Kag 1S equal to 1.

= (0.8833 cm.

e (802-1.62-107¢-1-(1+4.3-1073-105))
B 2-0.2-(024+1)-7-10"%- (105 — 40)

The value of size a can be found from expressionm=a/b

a=m-b, (2.3)
a=0.2-0.8833 =0.1767 cm.

It is now possible to calculate section of a bus by using following formula:

S=a-b, (2.4)
S =0.1767 - 0.8833 = 0.156 cm>

According to TOCT 434-78 the nearest larger standard cross section of a bus

S and standard values of dimensions a and b are chosen
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S=02cm%*a=02cm;b=1cm.

For chosen dimensions of cross section steady-state heating temperature is

calculated by formula

_ PO'(1+ac‘19c)‘In2‘kadd_losses
Uset = Jenv + s D , (2.5)

where p is perimeter of bus cross section, which is calculated by next formula
p=2-(ath), (2.6)
p=2-(02+1)=24cm.

Steady-state heating temperature of a bus (2.5)

1.62:107%-(1+4.3-1073-105)-802%-1
7-1074.0.2 -2.4

Dot = 40 + = 84.7891°C.

Steady-state heating temperature of a bus 9 is 84.7891°C, that value is less
than admissible heating temperature of a bus in long-term regime 9. is 105°C
according to 'OCT 434-70, so it can be concluded that calculation was made
correctly.

Obtained bus cross section is verified for thermal stability in maximal
breaking current I, flow regime. Estimate the thermal stability of the apparatus. To

do this, calculate the parameter 1%, ts, called the thermal impulse:

.21 (1 %cIsc

Ath_s -

(2.7)

)
Po'Ac'Kadd losses

. -3,
8-94 . 0.39 . 0.2 i . ln (1 i i.g * }8_3 * ig(S)
Ay = .
th-s 162 106 -43. 102 . 1

) = 9.1285 - 10° A2 - s.




where v is density of bus material; y is 8.94 g/cm?;

C is specific heat capacity; C is 0.39 J/g - deg;
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Isc , U, Is admissible heating temperature correspondently of current-carrying

bus in short-circuit regime and conductor in long-term regime; 95, is 300°C; 9, is

105 °C.

After calculating this, time of thermal stability can be calculated by the next

formula

Ath s
9.1285 - 10°
tse = —g07— = 39.6203s.

Obtained value of thermal stability should not be less than 5 s.

2.2 Contact connections

The following view of dismountable contact connections was chosen:

»
»

Figure 2.2 — The view of contact connections

(2.8)
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The temperature of details in the contacting point can be determined by the

formula

_ Inz‘Rcont
l9cont - 7-95et + ke (Sc1—Sholt)’ (29)

where Rqont — IS a total resistance of the contact connection;
Sc1 — 1S an area of a total external surface of the contact connection;

Skolt — Cross section of a chosen bolt.

Total resistance of the contact connection R consists of transitional resistance
of the contact R and of ohmic resistance Rc; of conductor parts, forming the contact

connection
Reont = Re + Ret (2-10)
Transitional resistance of the contact can be calculated by formula

R, = —ur__ (2.11)

ml'Pka’

where ¢ is a factor, depending on the material and the state of the contact
surface, Ohm-N; € is 0.24-10? Ohm-N;

m; is number of the bolts in the contact connection;

P. is a force of contact pressure, N;

m, is a factor, depending on a number of contacting points and contact type
(for two-dimensional contact m; is 0,7...1,0).

Force of contact pressure Py is determined by recommended values of specific

contact pressure px and by the area of contacting surface S.

Px=px - Sc. (2.12)
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Specific pressure pk in contacting parts, connected by bolts for copper is equal
to 600 N/cm?,
In the simplest case area of contacting surface S can be calculated by the next

formula

S. = ]’_:1 (2.13)

where j is equal to 0.31 A/mm? for copper buses with alternative current less
than 200 A with frequency 50 Hz.

S, = 2.5806 cm?.

~ 031 100

Substituting S, to the formula (2.12), the force of contact pressure is next
Py = 600 - 2.5806 = 1548.3871 N.

By value Py from the table 22-3[18] 1 bolt M6 is chosen, m; is equal 1.
Inequality Pc poit > Pk ; 2.9 KN >1.5 kN is satisfied.
According to obtained contact pressure P, transitional resistance of the contact

R. can be defined:

_ 0.241072
€ 1.1548.3871085

= 4.6646 - 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[éj in [18].
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Resistance R of conductor parts, forming the contact connection can be

calculated by formula

. Pt
RCl B kc kt'(Sc_Sbolt)' (214)

where Sy IS the cross-section of bolt, that is equal to 2- - d?/4;
| is a length of contact connection, cm; | is 2.726 cm;

po IS specific electrical resistance and it is equal to 1.62-10° Ohm-cm;
Sc1 =S¢ — Sbolt »

where S, is the area of contacting surface, calculated by formula (2.4);

d is diameter of the M6 bolt in the corresponding table in [18], it’s equal to
0.65 cm;

0.42252
S = 25806 —2-3.14 - — — = 19173 cm?.
K, = f(%J ~ £(10.651) = 0.55.
0.18

After determining of all parameters, resistance R¢; of conductor parts can be

defined as

1.62:107°.2.726
7-10~4.1.9173

R., = 0.55 - = 1.2668 - 107° Ohm.
To calculate total resistance of the contact connection R Obtained

transitional resistance of the contact R. and ohmic resistance R¢; of conductor parts
are substituted into the formula (2.10)
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Reont = 4.6646 - 1076 + 1.2668 - 107° = 5.9314 - 10~° Ohm.

The temperature of details in the contacting point now can be calculated by
formula (2.9)

802-5.9314-107° .
Ueont = 84.7891 + T To419173 113.0734°C.

2.3 Switching contacts

The primary aim of the calculation is to establish the requisite contact pressure
force, ensuring the contact point temperature stays within safe limits and preventing
unwanted welding or spontaneous opening due to electrodynamic forces.

For enhanced contact durability, ceramic metal is recommended as the
optimal material for contact plates. Although it may escalate initial costs, its use
leads to improved arc stability, heightened reliability, and extended apparatus
lifespan, outweighing the initial investment.

In constructing the AC contactor, silver with cermet has been selected for the
contact plates. For bridge contacts, the width of the movable contact should either
match or be slightly larger (up to 25%) than the current-carrying bus or flexible
connection width.

Width of movable contact is

bync=12-b, (2.15)
bpc=12-1=12cm,

The nearest standard value of movable contact width is chosen by IS
1.044 cm due to TOCT 3884-67.
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Length of movable contact | is equal to 2 cm.

Perimeter of movable contact is

p1 = 2- (l + bm_c); (216)
pr=2-(2+12)=64cm.

Section of contact details by contact line is defined by formula

Sme =1 Dbmc (2.17)
Smc=2-12=24 cm?.

In the continuous mode of I, current flow the transitional contact resistance
with taking into account the influence of electric arc on contact heating is defined

by the following expression [17]
Sme =1 Dbmc (2.17)

Rtr 012+Pelarc thr c |§
9, =%, =8y +—= =+ - : (2.18)
2JAK p,S _ 8lp,(L+ad,)

where 39, — is maximal temperature of contact surface, °C;
9. — Is the temperature of contact detail that 84.7891°C;

Sm ¢ — is section of contact details by contact line, cm? S, =24 cm?

Perarc — 1S the part of power losses from electric arc presence in apparatus

contacts, W;

A — is thermal conductivity factor of contact plates material; A is 4.16 Wtc :
cm-°

The part of power losses caused by electric arc in apparatus contacts is

calculated by formula
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_01-U,-I,-t,-Z

= : 2.19
el.arc 3600 ( )

where U, — is an arc voltage, V;
I, — is an arc current, A;

ta— Is duration of arc burning on contacts, s.

For calculation of AC arc blow out device the duration of arc burning t, is equal
to 0.0015 s, and the arc voltage U, is equal to 0.5-0.8 of Uy, U, is 247 V.

The arc current is

L (2.20)

Substituting obtained values into the formula (2.19) the part of power losses

caused by electric arc in apparatus contacts can be calculated as:

P - 0.1-247-50-0.0015-1200 _ 0.494
' 3600

Contact pressure force is defined by expression

Pe1 = psp - In, (2.21)

where ps, — is a specific contact pressure on 1 A of rated current, N/A. For

silver contacts of contactors it is equal to 0,07-0,145 N/A.
P,=01.80=8N.

The value of transitional contact resistance Ry ¢ is calculated by formula
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R1(1+ zagcj
3

- iy (2.22)

tr.c

where K;, m — are empirical coefficients; it’s chosen from [17] in dependence
on material and type of contacts, Ky is 0.00006, m.

0.00006-(1+2-0.0043-84.7891)
Ry o = - =0.00020hm.
- (0.102-8)

Correctness of calculation of contact pressure force is checked by the
temperature of contact surface. The value of ¢ shouldn’t exceed 9

9 Rtr c[n2 +Pel.arc thr c Inz (2 23)
s — Yse = + - ) .
" 2JiK,p, S, . 8ip(1+ad,)
2 2 2
9. —84.7891+ 0.0001-80° +0.494 0.0001° -80

+ =
2./4.16-75-10™ -6.088-2.4 8-4.16-1.59-107° - (1+0.0043-84.7891)

=89.797°C.

In the short-term ts. regime of current Is. flowing it should be determined
whether the calculated contact pressure force P¢; will provide no welding of contacts.

Welding current is calculated by the following formula

_ A'Pcl'(ﬁmelt_ﬁcs) ] C_V . Pcq
hy = \/ 0.1:p-Osm exp( A \’3.14-asm-tsc>’ (2.24)

where 9,,01; — IS melting temperature of contact plates material,°C; it is 961°C;

v — is density of the contact plates material, g/cm3; for silver with cadmium
oxide vy is 10 g/cm?;
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p — specific electric resistance of the contact plates material; for silver with
cadmium oxide p = 1.59-107°® Ohm - cm ;

C —is specific heat of the contact plates material, J/g-deg; it is 0.234 J/g-deg;

o com — IS Ultimate compression strength of contact plates material, N/cm?; for

silver with cadmium oxide 6eom 1S 30300 N/cm?.

4.16-8-(961—89.797 0.234-10 8
I, = O61-89797) . exp : = 2.454 - 103A.
0.1-1.59:1076-30300 4.16 3.14-30300-5

Contacts with calculated contact pressure force will not weld on, because the

expression Iy < I, is satisfied.
For estimation of value of electrodynamics repulsion forces of contacts in case

of short-circuit current flowing the following formula is used [17]

P

el _ef

S
=2.10772 In g , (2.25)

(o}

where Sy — is the section area of compression contact surface, that calculated

by formula

°T 4 (2.26)

where do — is a diameter of contact by contact line and it is defined by

02 | Pa
3'14'0-com ’ (227)
8
d,=2- |———— =0.0183cm.
3.14-30300

Substituting the value of do into formula (2.26) section area of compression

expression

contact surface is obtained
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©3.14.0.018%

0

S =0.0003cm?,

Now the electrodynamics forces can be defined by formula (2.25)

2.4

P =2.1077480% -In =042 N.

el _ef

In efficiently designed contact system the following condition should be

execute

Pel.ef < Pcl,

0.42 N< 8 N.

Depending on alternative rated current of contactor the following contacts

opening B is chosen

B=5mm.

2.4 Calculation of wearing and follow through of contacts

Linear wearing of contacts can be determined by given number of circuit
openings Ne;, which apparatus contacts should stand. By linear contacts wearing the
follow through of contacts, which should be 1,5-2,5 times greater than linear

wearing, can be specified, i.e.

o= (1,5 ... 2,5) 61 (2.28)
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The mass of the material, g, of one contacts pair, being used up, can be

approximately calculated by formula
Q=10 Ky Nei- I ?, (2.29)

where K, — is an empirical factor, depending on the current and contacts
material, it is chosen by figure 1.3; K is 0.2 g/AZ2,
Now by formula (2.29) the mass of material of one contacts pair can be

calculated

Q=10".0.2-10°-80> =1.28¢.

VVolume wear can be defined by following expression

v=_ (2.30)
Y

v =128 _ 4108 cmd.
10

Knowing geometrical dimensions of the contact, the linear wearing can be

found by volume wear V

(2.31)

GL:S y

m_c

o, = % — 0.0533CM.

And now by formula (2.28) the follow through of contacts can be assumed as

o, =2-0.0533 =0.1067 cm.
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3 DESIGNING OF APPARATUS MECHANISM

Electromagnetic contactors function through the integration of two distinct
mechanisms: an electromagnetic drive responsible for engaging the contactor and a
spring mechanism tasked with disengagement. To properly calculate the
electromagnetic mechanism performance, it is critical to first assess the
characteristics of the opposing forces, which originate from the spring mechanism.

The spring mechanism consists of two primary components: the contact
springs and the pullback springs. These springs create the necessary force to separate
the armature from the core once the electromagnetic drive is de-energized. The
contact springs exert pressure to maintain reliable electrical contact, while the
pullback springs ensure the armature returns to its original position after operation.

To calculate the spring forces, the process requires specific initial parameters:
for the contact springs: the preliminary compression force (P;) and final compression
force (Py); for the pullback springs: the preliminary compression force (P1p,) and
final compression force (Pzpb).

These forces are critical in ensuring smooth contactor operation and
preventing excessive wear or malfunction.

In order to calculate the values of P; and P, for the contact spring, the
previously determined contact pressure force (P.) must be adjusted. This adjustment
involves realigning the force to the axis of the contact spring based on a design
sketch that includes preliminary linear dimensions. This ensures the correct
transmission of forces within the system and accounts for any deviations caused by
spring placement or geometry.

The formula for adjusting the contact pressure to align with the contact
spring's axis is next:

P’c :2'Pcl ' (31)

where P¢; - is contact pressure force, N; Pci =8 N;
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P =2-8=16 N.

The ratio between preliminary P; and final P, compression of contact spring

can be assumed as
P;=0.6-P; (3.2)
The value of P, can be derived from expression

p _P+P, 20.6-P2+P2
’ 2

~08-P,, (3.3)

p,=_c, (3.4)

By the value of the final compression P, the value of preliminary compression

P, can be determined as
P, =0.6-20 =12 N.

The value of initial force of pullback spring Piyy is taken by the value of the
final spring compression P,, reduced to the axis of pullback spring. For apparatus

with valve type electromagnet and normally open contacts

1pb

- 0.3-%1)2, (3.5)

K — is the number of the main apparatus contacts; K is 1.
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P, =03-2.20=9N.

The final pressure of pullback spring Py, approximately can be assumed

P,,=13-P,,, (3.6)

P, =13-9=117 N.

The force of electromagnet which it can develop at critical air gap o' is

calculated by the following formula

Pei cr. = Ksaf (P2pb +3'P2), (3.7)

where K¢ - safety factor, for contactors is equal to 1.3...1.7;

P — the value of total opposing force at critical air gap;

Perer. =1.35 - 71.7 = 96.795 N.

Using the calculated values of the preliminary compression force (P;) and
final compression force (P,) for the contact springs, along with the preliminary
compression force (P1pb) and final compression force (P2pb) for the pullback springs,
and the electromagnet force developed at the critical air gap (Pel_cr), there can be
estimated the approximate characteristics of the opposing forces in the contactor.

These opposing forces represent the mechanical resistance the
electromagnetic drive must overcome to actuate the contactor.

Since the pulling characteristic of an alternating current contactor is nearly
linear, the critical electromagnet force (Pe_¢) IS less significant to focus on. The most
crucial point in this analysis is the upper limit on the opposing force characteristic

Pyp, Which is determined from formula (3.7):
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Py = (Pypy +3-Py), (3.8)
Py =71.7 N.

Drawn characteristics of opposing forces shown on figure 3.1.

20 7
15 | -

10 - e e —————————eee b S B = = = e = ]

0 005 01 015 02 025 03 035 04 045 05 055 06 0B85 07 075
O, cm

Figure 3.1 - Characteristic of opposing forces
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4 PRELIMINARY CALCULATION OF ELECTROMAGNET

The aim of calculation is preliminary determination of magnetic circuit
dimensions, magnetizing force of winding and its geometrical dimensions.

The magnetic starter has the electromagnet of alternative current of E-type.

Figure 4.1 - Layer magnetic E-core

Cross-sectional area of the core is calculated by the following formula

_ Pel_cr
¢ 19.9-B% (4.1)

where Pg ¢ IS the force of electromagnet, which it can develop at critical air
gap ot Peer =1.35 - 71.7 = 96.795 N.
B;s — magnetic induction in air gap, T; B;lies in the range 0,5- 0,9 T.

96.795

=272 76001 cm?.
Sc = 199 0.82 cm.

Determination of core sides a and b:



39

S
a=——7 (4.2)
Krilling'b

where Kgjing is fill factor that is equal to 0.9 due to the width of the sheets 0.35mm.

Thus in layer magnetic core the perfect ratio is a/b=1

Sc

4= K filling’ (4.3)
_|7.6001 2906
a = 09 = L. cm.
The sectional area of the armature is determined by
The width of basic size
lbasic = \/S—c =+va-b, (4-4)
lpyasic = V7.6001 = 2.7568 cm.
The width of the opening
C=C"-a, (4.5)

where C* = 0.8...1.2;
C=0.8-2906 = 2.3248 cm.

The average length of wind

laverage =2-(@a+b) +4-C, (4.6)



laverage = 2 * (2.906 + 2.906) + 4 - 2.3248 = 20.9229 cm.

The opening height

l _ 0-33'laverage'\/ lpasic
h — C )

_0.33-20.9229 - v2.7568

1, 53248 = 4.9313 cm.

The number of turns

_ Kn_min'Un'Kr
4-44'f'B6max_out'Sc'

into account;

Bsmax out - 1S€qual to 1 T;
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(4.7)

(4.8)

where K, min IS 0.7 is the coefficient that takes minimal possible voltage of network

K.- is the coefficient that takes into account the voltage drop in active

resistance and it equals to 0.9;

B 0.7-380-0.9
"~ 4.44-50-0.9-7.6001 104

w = 14109.

The cross-sectional area of wire

_ S
gm_wr

where K., is fill factor of the coil, it’s equal t0 0.2...0.22.

7.6001

_ 2
1419~ 0.0048 cm-*.

8m =

Magnetizing force of winding operation is calculated by

(4.9)
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_ Bsmax_ out
Fap = — — * Osum_attr_eq’ (4.10)
Ho'Obulging

Where 8sum attr_eq - 1S €quivalent summary gap, which is equal to 0.002 m.

Obulging 1S equal to 1...1.8.

1
Foo = +0.002 = 1592 A.
v 1.256-107°-1

The maximal coil current, not taking into account inductive resistance of

winding

’ cYc) laverage
R = po-(1+a ; )X ge . w, (411)

R = 1.62-107%- (1 + 0.0043 - 105) - 20.9229

0.0048 1419 = 14.4808 Ohm,

The value of current in closed state of armature

1.05-Up,

] = —Z, (4.12)
where X Is inductive resistance
X=w-L, (4.13)
L=W?2-J, (4.14)
Sc
s = po " , (4.15)
sum_attr_eq
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. —4
Jlg = 1.256-107° - 76001107 4.7729-1077,
0.002

L =14192-4.7729-1077 = 0.9609 H,

X=2-314-50-0.9609 =301.7253,

1.05- 380

[ = = 1.3209 A.
v301.72532 + 14.4808 2

Magnetizing force of electromagnet at a moment of operation
F=1-W, (4.16)
F=1.3209 - 1419 = 1874 A.

As F > F,, is satisfied, the calculations can be considered as suitable.
1874 A = 1592 A.

Steady-state temperature-rise is calculated due to Newton’s formula

P
Teop = —22— (4.17)

)
kTO'Scooling

where kro is the heat transfer coefficient that is determined by the
dependence between the coefficient and temperature-rise Kr in steel; it is equal to
67 W/m - C;

% P=Pgeel + Peddy cur T Pact wind 1S the summary losses.

Now the losses are needed to be calculated.
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The losses in steel:
Psteel = kg ) Pr_b - Gt (4-18)

where Kk, is experimental coefficient, which is equal 2-3;
P; , is specific loss for B,= 1.5T that is determined from the dependence of
the graph in [18] and it’s equal to 2.1 VA/kg.

Gst IS the mass of steel
Gst = Po " Vso (4.19)
where p, for steel is equal to 7.65- 103kg/m3;

Gs = 7.65 - 103 - 41897.65 = 0.3205 kg,
Pgees = 2+ 2.1-0.3205 = 1.3462 W.

Magnetic losses
Pact wina =17 - R, (4.20)
Pact wing = 1.3209? - 14.4808 = 25.265 W.
The summery losses

ZP = Pgteel + Peddy_cur + Pact_wind = (2-4 2-5) ' (Psteel + Pact_wind)» (4'21)

For calculating S,y Should be found. It can be calculated by next formula

Scooling =a-b- laverage —2-((a=2-l)-(b—2-0C)), (4.22)
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Scooling = 2:906 - 2.906 - 20.9229 — 2 - ((2.906 — 2 - 4.9313) - (2.906 — 2
. 2.3248)) = 152.4257 cm?.

_ 2.4(25.265+1.3462)

_ 0
Tset = “g7152425710-% 62.5378°C.

It compares with permissible temperature for A class insulation.

Tset T Venv < Ve
102.5378°C < 105 °C.

The preliminary calculations are finished. The dimensions have been chosen

correctly.
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5 CALCULATION OF ARC CONTROL SYSTEM

The arc blowout method using a double loop break is particularly effective for
breaking circuits with voltages ranging from 220V to 380V and frequencies between
50Hz and 500Hz. This technique is employed to interrupt the current and extinguish
the arc formed when opening high-power circuits. By fulfilling these voltage and
frequency specifications, this method ensures reliable performance in such
conditions, making it suitable for a wide range of industrial applications.

The recovery voltage of contacting gap

1.1+/2-Up .
Uot = 3 Kex - sin(e), (5.1)

where k., is 1.5 — the scheme coefficient;
¢ is the angle of phase displacement and it is equal to 66.5 °C.
Uy, = 1.1-v/2-380
V3

+1.5-sin(1.161) = 469.5555 V.

where f,— is fundamental frequency, which is equal 5 000...20 000 Hz [18];

k, is am amplitude coefficient

ka — Uyv_max ~ 1+ e—0.0003'f0’ (52)
Uot

k, = 1+ 000037000 = 1 1225

The inductance of interrupted circuit

L = Jnsin®o (5.3)

Ipr®
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_380-sin(1.161)

= = 0.0023 H.
480-2-3.14-50

The length of the arc can be calculated by next formula

2
ldO = \/516 + 12300 - Ibr5 * 0.012, (54)

where 6§, is equal to 2,
lgo = 8.798 cm.

Active resistance of the arc

14200
R ~ 0.015 + ——, (5.5)

br

RO 0015+14200—00766Oh
n =~ 0. 2802~ O m.

The equivalent resistance of arc on one pole
R, =~ R} " n-ly, (5.6)

where n is the number of breaks on one pole; n=1.
R, = 0.0766-1-8.798 = 0.6742 Ohm.

Now the number of breaks needs to be recalculated to check if it is enough to

blow the arc out

KnUn—Ax(1+In"200)

J— X

n =
a-cal ™ y0 | +0.34ky a0 RS Tor’




where k,,, A, and M,, are the coefficients, which are

k, =0.9 Kk - +/1—cos(@),

k,=09-15-v1-04 = 1.046,

Mo =~ 0.8+ 1075 + 23,
br
~ . -5 i = . -5
Mo ~ 0.8-1075 + == = 1.8851-107%,
_ K BxL
A==
where 8, = 2 from the table [18];
ks is 1.
4 _1°2:00023 . o
¥ 1.8851-10-5 7T
1.046 - 380

1.046 - 380 — 245.3468(1 + In 5 emrre-)
n, o= 2453468 _ () 1931
- 70 + 0.34- 1.406 - 8.798 - 0.6742 - 480

Ny > na_cali

1>0.1831,

¢ _ My-n,-10°
0_cal L’

. _18851-1075-1-10° _ Jeoe
ocal =T 394700023 &
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(5.10)

(5.11)
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2596 Hz < 7000 Hz.

Since all conditions are met, a single break is sufficient to effectively
extinguish the arc. This eliminates the need for additional components such as arc
chutes, shells, frames, or clenches. The single break design ensures simplicity in
construction while maintaining reliable performance.

By avoiding the complexity of extra devices, this method not only reduces the
overall cost but also improves the ease of maintenance and reliability of the system.
The simplicity of the design, combined with the adequate arc suppression capability,
makes it a highly efficient solution for circuit interruption within the specified

voltage and frequency ranges.
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6 THE CALCULATION OF SPRINGS

Springs play a critical role in many electrical devices, where they greatly
impact performance and reliability. Among the various types, the cylindrical screw
spring is particularly notable for its unique properties and adaptability. Its design
allows for high resistance to bending forces, making it an ideal choice for numerous
applications. The durability of cylindrical screw springs ensures long-lasting
operation, especially in environments with frequent mechanical stress.

These springs are versatile, fitting into different apparatus configurations,
whether in compact systems or large-scale industrial equipment. Their ability to
efficiently store and release energy makes them indispensable in mechanical and
electrical systems, where precise force application is required, such as in contactor
mechanisms, switches, and other dynamic components.

All calculations are carried on by methods, stated in [18].

6.1 The calculation of contact spring

The initial data for the calculation:

- P, is initial force of pullback spring which is equal to 9 N;

« fis bending which is equal to 2.2 mm;

G is shift modulus which is equal to 80 000 N/mm?;

* Opst IS permissible torsional stress which is equal 580 N/mm? ;

* ¢, is spring index which is equal from 4 to 10 for the small diameters of

the spring wire.
The diameter of spring wire

d= |22 (6.1)

)
TOp.st
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a= [22°0 0487
~ w580 T e M
Spring diameter
D=d-c, (6.2)

D =0.487-6 = 2.9222 mm.

Number of turns in spring

_ Gad*of

N = P (6.3)
_ 80000-0.487%-2-2.2 — 11.0235 turns.
8-9-2.92223
The number of turns is taken as 12.
The actual bending of the spring
6

_ 8-2.9222%3-9-12

f = — 43906 mm.
2~ 780000 - 0.487% mm

Checking of mechanical stress in the spring



(o)

16-P,D
2-m-d3’

16-9-2.9222

= = 580 ,
2-3.14-0.4873 mm?

6.2 The calculation of opposing spring

The initial data for the calculation:

- B, is final force of pullback spring which is equal to 11.7 N;

- T is bending which is equal to 5 mm;

- G is shift modulus which is equal to 80 000 N/mm?;

- 0p st IS permissible torsional stress which is equal 580 N/mm? ;

o1

(6.5)

- ¢, IS spring index which is equal from 4 to 10 for the small diameters of the

spring wire.

The diameter of spring wire

Spring diameter

d— 8P, ¢y

T Op st
8-11.7-6 0.5553
w580 00T



52

D=d-c,
D = 0.5553:6 = 3.3319 mm.

Number of turns in spring

N_G-d4-2-f

~ 8:D3-B,’
80000 0.5553%-2-5
~ 8-11.7-3.33193

= 21.9733 turns.

The number of turns is taken as 22.
The actual bending of the spring

i 8-D3:P, N

aT G-dt
i _8-33319%-11.7- 22
a 80000 - 0.55534

(6.4)

= 9.5571 mm.

Checking of mechanical stress in the spring

16P, - D
o 2m-d3’
16-11.7-3.3319 N

= 2.314-05553% ~ 200 pm?

o (6.5)

(0)

0 = Opsts

580 = 580

mm?2 mm?2
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As the calculations are correct, the type of spring and its material is suitable
for using in AC contactor of IIM series.

The characteristics of chosen springs:

- material is carbon steel spring wire, TOCT 9389-60 for cold winding, high-

strength material,

- material mark is | (B);

- ultimate strength during the tension is 2 650 N/mm?;

- permissible torsional stress is 580 N/mm?;

- permissible bending stress is 930 N/mm?;

- shift modulus is 80 000 N/mm?;

- strength modulus is 200 000 N/mm?;

- electrical resistivity is 0.19-0.22 - 107¢ Ohm- m.
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7/ MODELING IN THE FEMM PROGRAM

7.1 Description of the FEMM program

The Finite Element Method Magnetics (FEMM) is an indispensable tool in
electrical engineering and research for solving low-frequency electromagnetic
problems in 2D and axisymmetric configurations. By utilizing FEMM, engineers
can simulate complex electromagnetic fields, providing critical insights into how
devices will perform under real-world conditions. The finite element method (FEM)
used by the software allows precise calculations by dividing the electromagnetic
fields into smaller elements, providing high accuracy in solving differential
equations related to magnetic fields. This makes FEMM both powerful and user-
friendly, allowing professionals to conduct in-depth studies on various electrical
components.

Why analyze AC electromagnets in FEMM? Alternating current (AC)
electromagnets are crucial in electrical devices such as transformers, electric motors,
and inductors. These components rely on the alternating nature of current to generate
varying magnetic fields, which in turn affect performance parameters like
inductance, torque, and efficiency. By studying AC electromagnets in FEMM,
researchers can:

- optimize design: ensuring the electromagnet is optimized for efficiency means

minimizing energy losses and improving the performance of the device.

- predict performance: engineers can predict how the electromagnet will behave
under varying loads and conditions, understanding how the magnetic fields
fluctuate.

- minimize losses: FEMM helps identify energy losses due to eddy currents and
hysteresis, allowing engineers to adjust the design for lower heat generation and

higher energy efficiency.
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- ensure safety: safety is paramount when dealing with high-power devices.
FEMM enables the evaluation of thermal limits and mechanical stresses, ensuring
the electromagnet operates within safe parameters.

Modeling AC electromagnets in FEMM.

1. Geometry creation: the first step involves drawing the shape and
dimensions of the electromagnet, including the core, windings, and housing, using
FEMM's graphical interface. This graphical interface makes it easy for engineers to
accurately model the physical structure of the device.

2. Material properties: FEMM provides a library of materials with defined
properties, such as conductivity and permeability. Materials like copper for windings
and iron for cores can be selected from this library, or custom materials can be
defined for more specific applications. Accurate material definition is essential for
precise simulation results.

3. Boundary conditions: setting up boundary conditions ensures that the
simulation reflects real-world working conditions. This includes inputting the AC
voltage, current frequency, and external magnetic fields that the device will
experience in operation. This step ensures that the simulation replicates the actual
working environment of the electromagnet.

4. Mesh generation: once the geometry and conditions are set, the program
divides the model into small elements (mesh). Mesh generation is crucial for
accurate simulation. A finer mesh results in more accurate results but requires more
computing power, whereas a coarser mesh might yield faster but less precise results.

Calculation of the critical 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: the program visualizes the magnetic flux density
(B-field) and magnetic field strength (H-field) throughout the electromagnet,

showing engineers where the field is strongest or weakest.
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Inductance and impedance: these are critical parameters that describe how
efficiently the electromagnet stores energy and how it resists AC current flow. These
factors directly affect the performance and energy consumption of the device.

Eddy current losses: the program calculates where eddy currents are generated
in conductive materials, highlighting areas where energy loss occurs as heat. This
information helps engineers design for minimal energy wastage.

Force and torque: FEMM calculates the magnetic forces and torques exerted
by the electromagnet, which are crucial for determining how the electromagnet
interacts with other mechanical 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 it is.

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: engineers can export data into formats such as spreadsheets for
further analysis, or use it in other software tools. This flexibility allows for deeper
examination and integration into larger engineering projects. 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,
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efficiency, and safety. This means they can make better, safer, and more efficient

electromagnets.

Taking a closer look at the program. The FEMM software package consists of

four parts:

1. Dialog shell (femm.exe)

The dialog shell, or femm.exe, acts as the primary interface for users. It is a

pre-processor program that provides a CAD-like environment for creating and

defining the problem geometry. This component allows users to:

Draw geometry: users can create the physical layout of the electromagnetic
problem using intuitive drawing tools. The interface supports creating
complex geometries with ease.

Set material properties: users can specify the material characteristics of
different areas within the model, including conductivity, permeability, and
other essential parameters.

Define boundary conditions: users can set up various boundary conditions that
mimic real-world scenarios, essential for accurate simulations.

Import CAD files: the program allows importing AutoCAD (.DXF) files,
which can streamline the geometry creation process by enabling users to use
pre-existing designs.

2. Triangulation program (triangle.exe).

The triangulation program, known as triangle.exe, is crucial for preparing the

geometric model for simulation. This component performs the following functions:

Mesh generation: it divides the solution area into triangular elements, which
are essential for applying the finite element method. This division can be
specified by the user or set to default parameters.

Mesh quality control: users can ensure that the mesh quality meets the
required standards for accurate simulation, which is critical for the precision
of the results.

3. Solvers. FEMM includes several solvers that address different types of

problems within electromagnetic analysis:
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fkern.exe: this solver is used for solving magnetic field problems, allowing
users to analyze how magnetic fields distribute within the modeled geometry.
belasolv.exe: this solver focuses on electrostatic problems, enabling the study
of electric fields and potential distributions.

hsolv.exe: designed for thermal problems, this solver allows users to analyze
heat distribution and temperature effects within the model.

csolv.exe: this solver addresses current distribution problems in conductors,
helping users understand how current flows and where potential issues may
arise.

Each solver generates a set of output files that describe the problem setup and

provide detailed solutions, which can be used for further analysis and interpretation.

4. Dialog shell (femmplol.exe)

The final processor, or femmplol.exe, serves as the concluding component of

the FEMM package. This program provides the following capabilities:

Visualization of solutions: users can visualize the solutions to field problems
in various formats, such as equipotential lines and flow lines, which depict
how fields behave in the modeled area.

Color mapping: the results can be represented as images, where color
gradients correspond to specific values of calculated quantities (such as
magnetic flux density or temperature). This visual representation aids in the
quick identification of areas of interest or concern within the model.
Limitations in the use of the program.

The FEMM package is a powerful tool for solving a variety of electromagnetic

problems; however, it has certain limitations that users must be aware of. Notably,

the FEMM system does not solve Maxwell's equations in all scenarios. It is primarily

designed to address magnetism problems that can be classified as "low-frequency

problems"”. This classification means that it operates under the assumption that

displacement currents are negligible compared to conduction currents.

In practical terms, this limitation implies that FEMM is not suitable for

applications involving high-frequency phenomena, such as radio wave propagation,
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where displacement currents play a significant role. As a result, users seeking to
model scenarios involving such high-frequency behaviors may need to consider
alternative software solutions capable of addressing the full spectrum of Maxwell's
equations.

Furthermore, FEMM is primarily focused on two-dimensional (2D) analysis.
This constraint may a little limit its applicability for complex geometries or systems
that require a 3D representation for accurate results. Users should keep these
limitations in mind when planning their projects, as they may need to supplement
FEMM with additional computational tools or methodologies to fully capture the
electromagnetic behavior of their designs in high-frequency or three-dimensional

contexts.

7.2 Building a model of an AC electromagnet

To create a model, there are some important information and steps to consider
first.

The preprocessor in FEMM serves as a critical tool for establishing the design
geometry required for electromagnetic analysis. This process involves defining the
materials of the geometry and setting appropriate boundary conditions to accurately
simulate the physical scenario.

To create a new file in the FEMM environment, users initiate the process by
selecting the «File» menu and then choosing «Newy. This action opens a dialog box,
prompting the user to select the type of problem they intend to address. In this case,
users should select «Magnetics Problems to set up the environment specifically for
magnetic field analysis.

Once the magnetic problem is selected, one can proceed to utilize the CAD-
like interface to draw the desired geometry. The preprocessor allows for precise
control over the dimensions and shapes, ensuring that the model accurately reflects

the intended design. Users can also specify the material properties for different areas
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of the geometry, allowing for a comprehensive understanding of how various

materials will interact within the magnetic field.

Additionally, boundary conditions are crucial in defining how the system

behaves at its edges or interfaces. These conditions can include specifications for the

magnetic field or constraints on how the field lines are allowed to interact with the

geometry. By carefully setting these parameters, users ensure that the simulation

results are reliable and reflective of real-world behavior.

The drawing of design geometry in FEMM consists of four essential types of

elements that contribute to the accurate representation of the physical problem being

analyzed:

Starting and ending points: these are the foundational points that define linear
and arc segments within the geometry. The starting point marks the beginning
of a segment, while the ending point indicates where it concludes. These
points are crucial for establishing the shape and layout of the design.
Connecting lines: This element includes both straight and arc segments that
connect the starting and ending points, forming the structure of the geometry.
The ability to create curves and angles allows for more complex shapes that
closely resemble real-world applications.

Block label markers: these markers are added to the geometry to define
material properties and specify cell sizes for the computational grid. By
assigning block labels, users can indicate which materials will occupy
different areas of the geometry, facilitating accurate simulations that take into
account the varying properties of different materials. The cell size affects the
mesh density, which is essential for determining the precision of the finite
element analysis.

Boundary conditions: at the outer boundaries of the geometry, boundary
conditions must be established. These conditions dictate how the
electromagnetic fields interact with the edges of the modeled area. Properly

defining boundary conditions is crucial for obtaining valid simulation results,
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as they can significantly influence the behavior of the magnetic fields and the

overall system response.

The key elements of using a preprocessor in FEMM are crucial for efficiently
creating design geometries:

- spot mode: defines specific points in the geometry by clicking on desired
locations, facilitating accurate placement.

- segment mode: allows users to draw linear segments by connecting points
or dragging the mouse, forming the basic structure of the design.

- arc segment: enables the creation of curved lines or arcs, useful for
representing circular or rounded features.

- block method: defines areas with the same material properties or mesh size,
streamlining the modeling process.

- group method: organizes and manages different elements by grouping them,
simplifying modifications and analyses.

There is also a grid and buttons for working with it: show/hide, snap a point
to the grid, grid size.

Command sequence for drawing objects:

1. Switch to point drawing mode.

2. Specify point coordinates by left-clicking with grid snapping enabled or by
pressing the Tab key to enter Cartesian or cylindrical coordinates in the dialog
box.

3. For straight lines, switch to "Line Drawing"” mode and left-click the
corresponding points.

4. To draw segments, switch to "Segment Drawing" mode and left-click the
corresponding points. In the dialog box, specify the arc angle, maximum
discretization angle, and any necessary boundary conditions. The arc's
convexity direction depends on the order of the specified points (positive

direction of contour traversal).
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Mo
Ps

1 — coil; 2 — body of electromagnet; 3 — air gap.

Figure 7.1 — Built electromagnet of needed contactor:

6.3 Creating a model of an AC electromagnet, parameter output

After building the electromagnet, next, the user can either create a custom
material or choose from a library of predefined materials. These actions are done
through the "Properties of Materials™ block, where material properties are assigned
to the block label. To adjust properties, go to (Menu/Properties/Material).
Modifications to existing materials are made using the (Modification) button, while
new materials can be added with the (Add) button. Notably, materials from the
library must be dragged into the appropriate column of the model with the mouse.

To create a custom material in FEMM, users can follow several key steps to
define the material's properties accurately. Inside the dialog box, users can define
various material characteristics that are essential for the accuracy of the simulation.

The process here is divided on several parts.
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Magnetic properties:

e Relative permeability (u), it defines the material's ability to conduct magnetic
fields relative to free space. This value is crucial for modeling ferromagnetic
materials like iron or steel.

e Coercivity (Hc): for permanent magnets, input the coercive force, which
determines how strongly the material can retain its magnetization.

Electrical properties:

e Electrical conductivity (c): it represents how easily the material allows
electric current to flow. Materials like copper or aluminum will have high
conductivity, while insulating materials will have low or zero conductivity.

e Laminate properties (for cores): there can be defined the type of core
lamination, which is essential to reduce eddy currents in applications like
transformers.

Thermal Properties (optional). For thermal simulations, it may be necessary
to define the material's thermal conductivity and specific heat. This is useful for

applications where heat dissipation is a factor, such as in motors or transformers.

Block Property

Mame I lew Material

B-H Curve ILinear B-H Relationship j

~Linear Material Properties

Relative f£, |1 Relative £f, |1
¢hx , deg ID ¢h}.“ , deg IEI

—Monlinear Material Properties

Edit BHIGlrve | ¢hmax , deg ||:|

— Coercivity Electrical Conductivity
H J Afm ID (a.msjm |'3|
—Source Current Density
3, MAfm~2 | 0

—Special Attributes: Lamination & Wire Type
IN-JI: laminated or stranded EI

Larn thickness, mm I 0 Larn fill Factar I 1
Mumber of strands I 0 Strand dia, mm | 0

OK I Cancel I

Figure 7.2 — View of creating material block
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Once the new material is created or existing one dragged, it assigns to specific
regions of the geometry. To do this, there need to use the block label tool and drag
the new material from the library into the corresponding sections of the model.

Next step is to define the form of current in circuit, is it series or parallel
connection of elements and value of current.

Selecting the "Series" option in FEMM indicates that one current flows
through all the turns of the coil. In the "Properties of the selected block™ dialog box,
user must input the total number of series turns.

On the other hand, selecting the "Parallel" option assumes that there is only
one turn with a total current flowing through it. In this case, the user must input the
complex value of the current, which is expressed as Re(value) + I*Im(value),
representing both the real and imaginary components of the current.

After writing in circuit series connection and setting 80A as a value of current,
start to choose materials.

Then start with selecting the air for the external environment, after that select
the steel material, 416 stainless steel. Next, select the wire for needed model, we put
10 AWG from the proposed ones, with a maximum permissible current of 140

amperes and set winds in our coil.
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o430 Stainless $feel .
g Air

o 10 WG
[Cdil:1419]

o43p Stainless Steel

.10 pWG
[Cdil:-1419]

[,

Figure 7.3 — Bonded to electromagnet materials

7.3 Creating a Model of an AC electromagnet, parameter output

Now that everything is set up, start triangulation, after which start automatic

calculation. Ready model is shown on figure 7.4 and triangulated view on figure 7.5.
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5.587e+000 : >5.881e+000
5.293e+000 : 5.587e+000
4.999e+000 : 5.293e+000
4.705e+000 : 4.999e+000
| 4.411e+000 : 4.705e+000
[ ]| 4.117e+000 : 4.411e+000
| 3.823e+000 : 4.117e+000
3.529e+000 : 3.823e+000
3.235e+000 : 3.529e+000
2.941e+000 : 3.235e+000
2.647e+000 : 2.941e+000
2.353e+000 : 2.647e+000
2.059e+000 : 2.353e+000
1.764e+000 : 2.059e+000
1.470e+000 : 1.764e+000
1.176e+000 : 1.470e+000
8.822e-001 : 1.176e+000
| 5.882e-001 : 8.822e-001
[ | 2.941e-001 : 5.882e-001
|| <1.572e-005 : 2.941e-001

| Density Plot: |B|, Tesla

b —

Figure 7.6 - Flux density graph.

Intergating results.

Magnetic vector potential (J):

] =205.929 —1-0.00414392 HA?,

This describes the total magnetic vector potential at a certain point. The real
part (205.929 HAm?2.) represents the inductive behavior, while the imaginary part
(0.00414392) accounts for phase shifts due to reactance.

Integral of A over selection:

—3.42311 x 10711 +1-2.12611 x 10713 HAm?.

This is the total magnetic potential integrated over the selected area. The
value is small due to the integration over a limited region, and the imaginary part
indicates the phase of the magnetic field in that region.

Integral of A / selected area:

—1.25389 X 1075 + 1- 7.78794 x 10~ 1°HA.

Magnetic field energy: 258276 J.

This is the total energy stored in the magnetic field. High energy indicates
strong magnetic coupling or inductive behavior.

Hysteresis, laminated eddy of proximity effect losses:  0.650925 W.
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This accounts for energy losses due to hysteresis and eddy currents. These
losses occur when the magnetic field causes small circulating currents in the
material, converting some energy into heat.

Resistive losses: 5306.48 W.

This is the power loss due to the resistance of the conductors, also known as
I?R losses. It indicates how much energy is being lost as heat due to the resistance
of the material.

Total current: —1.98273 x 10 ~1%4.

This is the net current in the system, which in this case is very small,
suggesting near-equilibrium or cancellation of opposing currents.

The total volume of the selected region where the calculations are
performed: 2.73 x 10 ¢ m3,

Lorentz force (J x B). Steady-state force: x-component: -430.878 N; y-
component: -1.39571 N; 2x frequency force: x-component: -430.878+ 1| -

0.115331 N; y-component: -1.39571— | - 0.000286194 N.

Force results from the interaction between the current and the magnetic
field. The steady-state force represents the constant magnetic force, while the 2x
frequency force includes the alternating components.

Magic field coenergy: 258276 J.

Coenergy is a concept related to energy in systems where magnetic fields are
present. It is equal to the stored magnetic energy and indicates how much work can
be done by the field.

Force via weighted stress tensor. Steady-state force: x-component: -1060.62
N; y-component: 0.150227 N.
2x Frequency force, x-component: -1060.62+ | - 0.00633525 N; y-component:
0.150227 — 1 - 3.91539-10° N.

That is another way to calculate forces using the stress tensor, providing a
different perspective on the force distribution.

Torque via weighted stress tensor (about 0,0). Steady State: 50.5283 N*m.
2Xx Frequency: 50.5283— 1 - 0.000303821 N*m.
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That is the twisting force that results from the magnetic field. The steady-
state value shows the constant torque, while the 2x frequency value includes the
oscillating part.

R2 moment of inertia/density, it is related to the rotational inertia of the system
and indicates how much resistance the object has to rotational acceleration.

476098 x 10 ~8 m®.

Total loss density: 2.07023 x 10 15 %
Table 7.1 — Circuit output.
Parameter Value
Total current 80 A
Voltage drop 132.678 + | - 2253.37 V
Flux linkage 12916.2—1-5.1799-10°WB
Flux/Current 161.453 — 1 - 6.47487-10 " H
Voltage/Current 1.65848 + 1 - 28.1671 Ohm
Real power 5307.13 W
Reactive power 90134.8 VAr
Apparent power 90290.9 VA

Linear building of graphs.

In the event that the function along the contour is discontinuous, then the
quality of the graph may become worse (the construction of a field on both sides of
the mathematical ferromagnet material gives different graphs for discontinuous
functions). Put contour across coil to collect the data.

Graphic meanings (signs) come from sequence instructions: guidance of
contour points.

Potential, the graph is shown on figure 7.7:
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Figure 7.7 — Graph of potential in model

|B| - magnitude of flux density, the graph is shown on figure 7.8:
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Figure 7.8 — Graph of magnitude of flux density

B. n —normal flux density, the graph is shown on figure 7.9:

70
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Figure 7.9 — Graph of normal flux density

B. t — tangential flux density, the graph is shown on figure 7.10:
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Figure 7.10 — Graph of tangential flux density

|H| - magnitude of field intensity, the graph is shown on figure 7.11:

71
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Figure 7.11 — Graph of magnitude of field intensity

H. n - normal field intensity, the graph is shown on figure 7.12:
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Figure 7.12 — Graph of normal field intensity

H. t - tangential field density, the graph is shown on figure 7.13:
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Figure 7.13 — Graph of tangential field density

J_eddy — eddy current density, the graph is shown on figure 7.14:
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Figure 7.14 — Graph of eddy current density

Js+J_eddy — (Source+eddy+eddy current_density), the graph is shown on figure

7.15:
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Figure 7.15 — Graph of source eddy and eddy current density
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In the analysis using FEMM, several important electromagnetic parameters
were calculated to assess the behavior of an AC electromagnet under various
conditions. The integration results provided key insights into the system's
inductance, magnetic field distribution, resistive losses, and forces acting on the
components. Flux linkage and inductance showed that the system effectively stores
and transfers magnetic energy, with minimal reactive components, indicating
efficient performance. Magnetic energy and coenergy reflected the ability of the
system to convert electrical energy into magnetic energy, crucial for optimizing the
electromagnetic design. Resistive losses were quantified, allowing for adjustments
to minimize energy dissipation as heat. Forces (Lorentz and stress tensor) provided
insight into the mechanical effects of the magnetic field on the structure, important
for ensuring stability and durability. The calculated torque and force distribution
offer essential data for fine-tuning mechanical properties and preventing failures
during operation.

Work with FEMM helps with it results to get better control over
electromagnetic systems and it real-world model of contactor. Also it helps to
optimize the design for efficiency, performance, and safety, ensuring that the

electromagnet operates within safe thermal and mechanical limits.
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CONCLUSION

For this project, an AC contactor with a rated current of 80 A and voltage of
380 V was designed, which served as the prototype for the contactor IIM 4-80.
Foreign analogues were also reviewed during the design process.

The assessment of the elements within the current-carrying circuit was
completed, involving the choice and computation of output buses, contact
connections, switching contacts, wear considerations, contact follow-through, and
the design of flexible couplings. Copper was selected as the primary material for
these circuit elements, while silver coverings were applied to the switching contacts
to enhance thermal stability during continuous operation.

Subsequently, the apparatus mechanism was devised, encompassing
calculations for opposing forces and initial electromagnetic assessments. This phase
involved determining the magnetic circuit's dimensions, the magnetizing force of the
winding, and their respective geometrical dimensions.

Regarding arc control, the methodology of free blowout employing two
breaking points was adopted. The process involved testing the arc blowout
conditions for effective arc extinguishing. Detailed design drawings of the
apparatus, including its main components, were meticulously created and
incorporated.

The working model was built and modulated under work conditions. Magnetic
fields view and many results of working model was obtained, everything works

without problems.
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