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ABSTRACT. AC contactor is a kind of widely applied low-voltage apparatus. Almost
all of power losses occur during the closed state, so the power losses of AC contactor
at the closed state are the key to realizing energy-saving. The coil of AC contactor
can be energized by alternating or direct current. For the latter case, there are hys-
teresis and eddy-current losses caused by alternating magnetic field, which makes the
electromagnetic-thermal analysis quite difficult and low accuracy. In this paper, FEM
(Finite Element Method) is applied to analyse a kind of AC contactor, which is applied
i air condition, with high accuracy. The power losses and temperature distribution of
AC contactor at closed state with different kind of coil excitation are simulated through
electromagnetic-thermal coupling method. The simulation data with high accuracy pro-
vides theoretical basis for energy and material saving of AC contactor.
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1. Introduction. AC contactor is a kind o f low-voltage apparatus which is applied to
close and open circuit frequently,and it maintains the closed state for most of the time.
Coil of AC contactor can be energized by alternating or direct current. For the latter case,
there are hysteresis and eddy-current losses caused by alternating magnetic field, which
make the electromagnetic-thermal analysis quite difficult and low accuracy. In theory,
any conductor of the AC contactor will generates eddy-current loss. The conductive parts
include the main coil, shading coil, magnetic core. Moreover, there is also hysteresis loss
in the magnetic cores. All the losses will cause temperature rise, which will affect losses
at the same time. Therefore, the electromagnetic-thermal analysis of AC contactor at
closed state is quite important and difficult.

As a traditional method, the Newton Formula is usually applied for calculating the
steady temperature rise of coil. However, many factors which affect the power losses are
ignored, the accuracy of traditional method is very low. Heat circuit method is quite sim-
ple with smaller amount of computation, but the accuracy is low. With the development
of computer and simulation technology, more and more scholars apply FEM to calculate
thermal field of electromagnetic mechanism [1-11]. However, the temperature calculation
of AC contactor is actually electromagnetic-thermal coupling field more than pure ther-
mal field. Therefore, the accuracy of present AC contactor simulation can be improved.
This paper proposes an electromagnetic-thermal coupling method to calculate the power
losses and 3D temperature distribution of AC contactor at the steady closed state with
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both AC and DC coil excitation cases. The calculation accuracy of temperature rise is
improved significantly, and the simulation results with high accuracy provide theoretical
basis for energy and material saving of AC contactor.

2. Electromagnetic-Thermal Coupling Mathematical Model of AC Contactor
in the Steady Closed State.

2.1. Power Loss Calculation Model of AC Contactor in the Steady Closed
State. The electromagnetic mechanism and its corresponding model is shown in Fig.1.
The prototype includes moving core, static core, shading coil, main coil, skeleton and so
on.
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FIGURE 1. Mechanical model of AC contactor (left) and its 3D model (right)

When the coil of AC contactor is excited by AC current, there will be magnetic hystere-
sis loss and eddy-current caused by alternate magnetic field. The hysteresis loss in each
finite element of magnetic core is calculated by:

Phe = f‘/e/ dHedBe (1>
BHI

where P, is magnetic hysteresis loss of finite element, f is frequency, V. is volume of
the finite element, BHI is the B-H hysteresis loop, H. is magnetic field intensity of the
finite element, B, is magnetic flux density of the finite element [1]. The hysteresis loops
of magnetic material is provided by the manufacturer.

The whole area of hysteresis loop is less than 4H,,, By, /3, where H,,, is the maximum
magnetic field intensity, B, is the maximum magnetic flux density. Therefore, for each
element, the hysteresis loss is less than 4V, He,, Ben /3. The total hysteresis loss is the
sum of each element, and it is less than 4f> " | (VeHenBem)/3, where n is the total
number of element. From the built FEM model of AC contactor, the total magnetic
hysteresis loss P, < 0.0372W, and it takes the proportion of total power losses is less
than 1.43%. Therefore, the hysteresis loss can be ignore in this model. Therefore, the
main heat source includes coil loss, eddy-current loss of moving and static core and the
shading coil loss.

The model can be divided into eddy current area and no eddy current area according
to the conductive of material. Therefore, moving core, static core, shading coil are belong
to eddy current area, and the other parts are belong to no eddy current area [12-14]. For
the eddy current area, method based on the vector magnetic potential and scalar electric
potential can be applied, and the control formulas are:

1 1 A
Vx—xA—V—V-Avaa—JrJVV:O (2)
I I ot
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where v means conductivity, p is permeability, V' is scalar potential, A is magnetic vector
potential, ¢ means time. The control formula of no eddy current area is:

1 1
Vx—-—xA-V-V-A=J, (4)
I 1
where J is current density of coil. According to the Maxwell equation and the definition

of magnetic vector potential, there are the formulas as following:

VxH=J (5)
1

H= B (6)

B=VxA (7)

where H is magnetic field intensity,B is magnetic flux density, J is current density.

2.2. Thermal Field Calculation Model of AC Contactor at the Steady Closed
State. The heat energy, which is caused by power losses of AC contactor, usually dissi-
pates through conduction, convection and radiation. According to the national standard,
the magnitude of allowed temperature rise of electric appliance is limited to 102, and the
radiant power is negligible. Therefore, it just considers conduction and convection in this
paper. Heat dissipation can be handled through surface coefficient of heat transfer in the
FEM model, and the conduction equation is:

90
pCyr = V- (AVE) =5 =0 (8)

where p means density, C), is specific heat capacity, 6 is temperature, X\ is heat con-
ductivity, S is heat generation rate [1]. The boundary conditions of heat dissipation
is:

00
—A—=a(fy— 10 9
o~ a(ty— 0y) ©)
where « is surface coefficient of heat transfer,0, is temperature of heating element, 8; is
the environment temperature.

2.3. Electromagnetic-Thermal Coupling Calculation of AC Contactor at the
Steady Closed State. The heat energy, which makes the temperature rise of each parts,
is caused by eddy current loss and coil loss. According the equations 5-7, the current
density J is calculated by:

1
J:VXEVXA (10)

Then, the heat generation rate S can be calculated by:

1
S==|JP (11)
g

As illustrated in Fig.2, first, setting the environment temperature, material property of
each part, exciting voltage, simulation time t.,4, time step At and so on. Heat generation
rate S of coil, cores and shading coil with the variation of time can be got by 11. Making
S as the heat excitation of each part in the thermal field model, which is solved by 8 and
9. Then, the temperature distribution at ¢t + At can be got. If t + At < t.,q4, the material
property of each part will be updated according the new temperature distribution. Making
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t =t + At, and repeating the process until t = t.,4. Finally, save the result and turn to
the post process.

temperature, simulation time #.,q and time

Running magnetic field solution ]4

[Setting material properties, environment

step At

v

Getting heat generation rate .S of each part
at the time ¢

t=t+At

T

Getting the temperature distribution of each
part and then change the material property
A

v

Apply S as the excitation of thermal field
from 7 to t+A4t

Simulation time ¢ + A 1<t.,q

[ End of Calculation ]

F1cUure 2. Calculation flow chart of electromagnetic-thermal coupling

3. Experimental Verification of FEM Model. Temperature rise with different volt-
age was tested. The rated voltage is 220V at 50Hz, and the environment temperature is
28°C. The comparisons of simulation and measurement is illustrated in Table 1, where
U-voltage, P-power, L-inductance, AT-temperature rise, and U,-the rated voltage. The
maximum relative error of power and inductance are 6.5% and 2.48% respectively. And
the maximum relative error of average temperature of coil is 5.41%. The results of simu-
lation and measurement match well.

TABLE 1. Comparisons of simulation and measurement

U/U P(W) L(H) AT(K)
| FEM | Exp. | Error | FEM | Exp. | Error | FEM | Exp. | Error
0.8 | 1.55 | 1.47 | 5.44% | 22.83 | 23.41 | 2.48% | 31.4 | 30.1 | 4.32%
0.9 | 2.13 | 2.00 | 6.50% | 21.51 | 20.05 | 2.45% | 40.9 | 38.8 | 5.41%
1 2.76 | 2.61 | 5.75% | 20.80 | 20.77 | 0.14% | 52.0 | 50.7 | 2.56%
1.1 | 3.61 | 3.48 | 3.74% | 19.32 | 19.43 | 0.57% | 69.1 | 68.7 | 0.58%

3.1. Electromagnetic-Thermal Simulation of AC contactor with AC-energized
coil. The 3D heat generation rate result of each part is illustrated in Fig.3, with T, =
65.6°C, and U = 1.1U, at 50Hz.

Heat generation rate equal to the ratio of power losses and volume. Fig.3 shows that
the heat generation rate of cores is mainly focus on the middle column of cores. The heat
generation rate of coil is quite uniform. Coil is the main heat source and it takes 72.63%
of the total power losses. Core loss takes 24.47% of that. Meanwhile, the loss of static
core is more than moving core.
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F1GURE 3. 3D heat generation rate of each part

3.2. Electromagnetic-Thermal Simulation of AC contactor with DC-energized
coil. Through the built 3D model of AC contactor, the lowest holding voltage is about
15V. Therefore, setting the holding voltage as 22V for considering the appropriate margin.
Setting simulation environment temperature as 65.6°Cand the result of 3D heat generation
rate of AC contactor is showed in Fig.4.
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FIGURE 4. 3D heat generation rate of coil at 22V DC holding voltage

The power losses of coil are the only heat source at closed state when the main coil is
energized by DC voltage. The heat generation rate of DC energized coil is just one-sixth
of the AC energized coil. The power losses of coil are just 0.2743W, and its temperature
rise is decreased sharply. Meanwhile, the total power losses of AC contactor are also
decreased significantly.
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4. Power Loss of AC Contactor at the Closed State.

4.1. Power Loss Analysis of AC Contactor at Closed State with AC-energized
Coil. Defining the initial parameters as: coil turn N = 5620, wire diameter d = 0.08mm,
rated voltage Ue = 220V. For the AC-energize case, the power losses of coil and cores
take the most of total power losses. Therefore, we focus on the analysis of power losses
with the variation of coil parameters and thickness of cores. The highest allowed oper-
ation temperature is 155°C according to the grade F of coil heat-resisting. When the
environment temperature is 65.6°C and the input voltage is 1.1U,, the long term average
temperature rise must be less than 89.4K. For appropriate margin, the long term aver-
age temperature rise should be less than 80K. Setting the environment temperature to
65.6°C, the input voltage U = 1.1U,. And then running the simulation with the variation
of parameters. The simulation results and the data analysis are as follow.

Table 2 shows the power losses and temperature rise with the variation of turns N form
4800 to 6000. In the table, F; is power losses of moving core, P; is power losses of static
core, P,. is power losses of shading coil, P,, is power losses of coil, I means current, and
S means apparent power.

TABLE 2. Power loss and temperature rise with the variation of coil turns

U =110, U="0.,
N [Py/W | P;/W | Py/W | P../W | AT,,,/K | I/mA [ S/VA |EEG
6000 | 0.23 | 0.63 | 2.11 | 0.096 | 57.75 | 27.22 | 5.9
5800 | 0.24 | 0.64 | 250 | 0.10 | 66.17 | 28.94 | 6.37
5620 | 0.25 | 0.68 | 2.76 | 0.11 | 72.08 | 31.31 | 6.89
5400 | 0.27 | 0.72 | 3.30 | 0.12 | 81.89 | 34.06 | 7.49
5200 | 0.27 | 0.74 | 400 | 0.12 | 9584 | 37.11 | 8.16
5000 | 028 | 0.76 | 5.02 | 0.13 | 115.02 | 40.29 | 8.86
4800 0.30 | 0.77 | 578 | 0.13 | 130.51 | 44.51 | 9.79

W W NN DN DN DO

The result shows that: the percentage of coil power losses increases with the decrease
of coil turns. When N < 5400, the temperature rise will reach the highest allowed
temperature rise. With the increase of N, the apparent power increases clearly. All the
EEG (Energy Efficiency Grades) are 2 within the allowed temperature rise range. When
N < 5200, the EEG will reach to 3. Therefore, the effect of energy and material saving
by changing the coil turns is not apparent.

Table 3 shows the power losses and temperature rise with the variation of wire diameter
d form 0.06mm to 0.08mm. The result shows that: the percentage of coil power losses
increases with the decrease of wire diameter. When d < 0.071mm, the temperature rise
will reach to the highest allowed temperature rise. With the decrease of d, the apparent
power decreases. The EEG keeps 2 with the variation of wire diameter within the allowed
temperature rise range. Therefore, the energy and material saving won’t change much
with the variation of wire diameter.

Table 4 shows the power losses and temperature rise with the variation of core thickness
H, from 10.0mm to 12.5mm.

The result shows that: with the decrease of H;, power losses of cores and shading coil
decrease obviously and the percentage of coil power losses increases. When Ht < 11.5mm,
the temperature rise will reach to the highest allowed temperature rise. With the decrease
of H,, the apparent power increase clearly. All the EEG are 2 within the range of allowed
temperature rise. When Ht < 10.0mm, the EEG will reach 3. According to the analysis
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TABLE 3. Power loss and temperature rise with the variation of wire diameter

U=110, U="0U,
d/mm | Py/W [ P;/W | Py/W | P,./JW | AT,.,/K | I/mA | S/VA [ EEG
0.085 | 0.26 | 0.69 | 2.60 | 0.11 | 67.21 | 31.86 | 7.01
0.080 | 0.25 | 0.68 | 2.76 | 0.11 | 72.08 | 31.31 | 6.89
0.075 | 0.25 | 0.65 | 2.97 | 0.10 | 75.61 | 30.90 | 6.80
0.071 | 0.24 | 0.63 | 3.24 | 0.10 | 8243 | 30.26 | 6.66
0.065 | 0.22 | 0.60 | 3.53 | 0.093 | 90.28 | 29.86 | 6.57
0.063 | 0.22 | 0.60 | 3.59 | 0.088 | 92.89 | 29.55 | 6.50
0.060 | 0.21 | 0.55 | 3.82 | 0.084 | 93.94 | 29.15 | 6.41

DO DO DO DN DN N DN

TABLE 4. Power loss and temperature rise with the variation of wire diameter

U =110, U=0.
H,Jmm | Py/W [ P;JW | Py/W [ Poo/W | AT,,,/K | I/mA [ 5§/VA | EEG
125 | 029 | 0.71 | 2.17 | 0.10 | 59.42 | 28.33 | 6.23
12.0 | 027 | 0.68 | 256 | 0.11 | 68.05 | 30.32 | 6.67
115 | 025 | 062 | 3.10 | 0.11 | 79.31 | 31.81 | 7.00
11.0 | 0.24 | 060 | 3.75 | 0.084 | 92.81 | 33.12 | 7.29
10.0 | 0.19 | 050 | 515 | 0.073 | 122.01 | 38.65 | 8.50

I NN DN N

above, the EEG keeps 2 for the AC-energized case within the allowed temperature rise
range. The eddy current losses take one half of the total power losses, and the apparent
power is high. The EEG won’t reach 1 (S < 0.5VA) by changing coil diameter, turns,
and core thickness. If the main coil is energized by DC voltage , there will be no eddy
current losses and the contactor can keep closed with a very low DC voltage. There will
be only coil loss, energy-saving of contactor can be realized.

4.2. Power Loss Analysis of AC Contactor at Closed State with DC-energized
Coil. Table 5 shows the simulation results with the variation of holding DC voltage at
65.6°C environment temperature.

TABLE 5. Simulation results of AC contactor at different DC voltage

UJN [ AT wog—ata/K | A wog—jta/K | ATung—gi/K | A wvg—vq/K | I/mA | Power /W
15.4 2.71 2.83 410 473 886 | 0.14
17.6 3.38 3.53 5.16 5.97 10.03 | 0.18
19.8 1.09 128 6.32 7.33 1129 | 0.22
22 191 5.15 7.74 9.01 1250 | 0.27
24.2 5.60 5.87 8.89 1035 | 13.67 | 0.33
26.4 6.43 6.75 10.31 12.03 | 1483 | 0.39

In the table, ATyg—at. is average temperature of moving core, ATy, ji, is average
temperature of static core, AT,,4_,4; is average temperature of skeleton, AT}, ;.4 is av-
erage temperature of coil, I means coil current. The result shows that the maximum coil
average temperature rise is 12.03K, which is far below the limit of allowed temperature
rise. The power is less than 0.5W, and the EEG keeps 1. It realizes the energy saving of
contactor.
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Table 6 shows the power losses and temperature rise with the two coil energized meth-
ods.

TABLE 6. Power loss and temperature rise with the variation of wire diameter

AC energizing DC energizing Ratio of S
Uac/V | AT ppg—ug/K | S/VA | Upc/V | ATqpg—uq/K | S/VA
154 26.43 3.20 15.4 4.73 0.14 4.38%
176 34.33 4.22 17.6 5.97 0.18 4.27%
198 43.51 5.42 19.8 7.33 0.22 4.06%
220 55.50 6.89 22.0 9.01 0.27 3.92%
242 72.08 8.81 24.2 10.35 0.33 3.75%
264 103.54 11.53 | 264 12.03 0.39 3.38%

In the table,Uxc is effective value of AC holding voltageUpe is DC holding voltage,
Ratio of S means the ratio of apparent power between DC and AC energizing methods.
The result shows that all the apparent power at closed state with DC-energized coil is
less than 5% that of AC-energized coil. And the ratio will be decreased with the increase
of voltage. Without changing the original structure of contactor, the temperature rise of
coil with DC-energized coil is far less than that of AC-energized coil. The temperature
rise of coil with low DC holding voltage is less than 20K, which is far less than 80K.

The wire diameter and coil turns, which will affect the temperature rise directly, are the
keys of energy and material saving. Setting the environment temperature as 65.6°C, wire
diameter as 0.08mm, and the DC holding voltage as 24.4V.Table 7 shows the simulation
results with the variation of coil turns from 5500 to 500.

TABLE 7. Power loss and temperature rise with the variation of wire diameter

N 5500 | 4500 | 3500 | 2500 | 1500 | 1000 | 750 200
P,,/W | 0.338 | 0.431 | 0.577 | 0.846 | 1.337 | 1.944 | 2.502 | 3.541
AT,,,/K | 10.61 | 13.55 | 18.44 | 24.50 | 44.02 | 63.89 | 81.85 |113.89
I/mA 14.0 17.8 | 23.91 | 35.15 | 55.29 | 80.34 | 103.44 | 146.41
R/w 1725.2 | 1353.1 | 1008.6 | 685.0 | 437.51 | 301.1 | 233.86 | 165.19
S/VA ] 0.339 | 0.431 | 0.579 | 0.851 | 1.338 |2.081 | 2.503 | 3.543
EEG 1 1 2 2 2 2 2 2

In the table, P,, means power dissipation of coil. The result shows that when N < 750,
the average temperature rise is close to the critical temperature rise. Therefore, when
wire diameter is 0.08mm, coil turns must be more than 750, and the thermal property
can be satisfied. When coil turns is less than 3500, the apparent power will exceed 0.5W,
and the EEG will reduce to 2. Thus there are two critical turns N,,;t;.;. One is the critical
turn according to the thermal property and another is according to the EEG from 1 to 2.
Table 8, 9 shows the two critical turns in different wire diameters.

Table 8 shows that the apparent power larger than 2W considering the critical turns
according to thermal property. Although the EEG keeps 2, the copper of coil and the
apparent power are decreased significantly. Fig.5 shows the two critical turns with the
variation of coil diameter.

Curve 1 shows the critical coil turns between EEG 1 and EGG 2. Curve 2 shows the
critical turns according to thermal property. There are three area A, B, C shown in Fig.5
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TABLE 8. Power loss and temperature rise with the variation of wire diameter

U | d | Novitiat | Pog/W | ATyoe/K | I/mA | Rjw | S/VA|EEG
242007 600 | 244 | 8L.76 |100.77 |240.08 | 2.47
242[0.08] 750 | 250 | 81.85 |103.44|233.86| 2.50
2421009 900 | 259 | 81.49 |106.87 |226.36| 2.59
24.2]0.10| 1050 | 2.67 | 80.88 |110.38|219.13| 2.67
242]0.12| 1280 | 2.96 | 80.73 |122.87|196.22| 2.97
242]0.15| 1580 | 3.34 | 80.64 |138.16|174.91 | 3.34

DN DO DN DN DN DN

TABLE 9. Power loss and temperature rise with the variation of wire diameter

Ul d | Nevitiar | Prg/W | AT, /K | I/mA | Rjw | S/VA | EEG
22[0.06 | 2050 | 0.50 | 10.71 | 227 | 967.2] 0.50
22[0.07] 2850 | 0.50 | 15.38 | 22.7 | 965.2| 0.50
22[0.08] 3400 | 050 | 1535 | 22.7 | 964.1| 0.50
22[0.09] 3950 | 0.50 | 15.06 | 22.7 | 968.2] 0.50
2210.10| 4450 | 050 | 14.17 | 22.7 | 967.3 | 0.50

—_| = = = =

4500

3500 f

0.06 0.08 0.1 0.12 0.14 0.16

d/mm
FIGURE 5. The two critical turns with the variation of coil diameter

for any state with DC-energized coil. When coil parameters stay in area A, the EEG
keeps 1 with better thermal property. When coil parameters stay in area B, the EEG of
contactor will decline to 2 with appropriate thermal property. However, the copper of
coil is decreased significantly. If coil parameters stay in area C, the thermal property is
unsatisfied.

5. Conclusion. This paper proposes an electromagnetic-thermal coupling method, which
considers eddy current loss, resistivity of coil, coefficient of heat conduction and emission.
It is suitable for the power losses analysis of AC contactor at closed state. The method is
verified by simulation and experiment. The simulation results with high accuracy provides
theoretical basis for energy and material saving of AC contactor. Meanwhile, two critical
turns curves are proposed for coil parameters optimization and realizing the requested
EEG at DC-energized case. The power losses, apparent power, EEG, temperature distri-
bution with the variations of wire diameter, coil turns and core thickness are analyzed.
The results show that in the range of allowed temperature rise, the EEG keeps 2 with
AC-energized coil. For the AC-energized case, there are eddy current losses,which take
one half of the total power losses, and EEG can’t reach 1 by only changing coil diameter,
turns, and core thickness. On the other hand, for the DC-energized case, there is no eddy
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current losses, and the contactor can keep closed by a low DC-energized voltage. The
temperature rise of DC-energized contactor decreases significantly. The EEG can reach
1 due to the very low apparent power, which takes 5% that of AC-energized case. The
DC-energized method helps energy and material saving of AC contactor.
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