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Abstract. The current passed by the stator coil of the permanent magnet synchronous motor (PMSM) provides rotating magnetic field, and the
number of turns will directly affect the performance of PMSM. In order to analyze its influence on the PMSM performance, a 3 kW, 1500 1/
min PMSM is taken as an example, and the 2D transient electromagnetic field model is established. The correctness of the model is verified
by comparing the experimental data and calculated data. Firstly, the finite element method (FEM) is used to calculate the electromagnetic
field of the PMSM. The performance parameters of the PMSM are obtained. On this basis, the influence of the number of turns on PMSM
performance is quantitatively analyzed, including current, no-load back electromotive force (EMF), overload capacity and torque. In addition,
the influence of the number of turns on eddy current loss is further studied, and its variation rule is obtained, and the variation mechanism
of eddy current loss is revealed. Finally, the temperature field of the PMSM is analyzed by the coupling method of electromagnetic field and
temperature field, and the temperature rise law of PMSM is obtained. The analysis of this paper provides reference and practical value for the

optimization design of PMSM.
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1. Introduction

The PMSM is widely used in electronic information, mining,
communication technology, acrospace, transportation and other
fields because of its advantages of simple structure, high effi-
ciency and high power factor [1-3]. The number of turns is an
important parameter for the design of the PMSM. The unrea-
sonable design of winding turns will cause larger current in
the stator windings. In severe cases, the windings are burnt
down. The performance of rotor permanent magnet will also
decrease at high temperature. The irreversibly demagnetization
of permanent magnet occurs. Therefore, it is of great theoret-
ical significance and practical value to study the influence of
winding turns on PMSM performance.

In recent years, many scholars have made relevant studies
on the winding turns of motor. In reference [4], it proposes
a method for reducing the maximum current of switched
reluctance motor by increasing the number of turns. In refer-
ence [5], it can be seen that a significant reduction of unbal-
anced magnetic force is possibly achieved by employing
uneven number of turns per coil. In reference [6], it pres-
ents a method for selecting the optimum number of turns per
phase winding of the switched reluctance motor with a given
magnetic configuration and specified operating conditions in
terms of the output power and speed. However, in the process
of studying the number of turns of the motor, many schol-
ars have not fully studied the influence of the number of
turns on PMSM performance, and the influence mechanism
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of the number of turns on PMSM performance has not been
revealed. In addition, based on the electromagnetic field-tem-
perature field coupling method, the sensitivity of temperature
field to motor turns is also studied in our manuscript. The
range of the number of turns of PMSM to achieve the best
performance is determined.

A3 kW, 1500 r/min PMSM is taken as an example in this
paper, based on the two-dimensional FEM, the influences of
the number of turns on the magnetic density, torque ripple,
output capacity and loss are calculated, and the variation law is
obtained. Under the rated operating condition, the eddy current
density distribution is studied to reveal the mechanism of eddy
current loss. At the same time, the method of electromagnetic
field-temperature field coupling is adopted to find the tempera-
ture rise law of each part of the PMSM. Based on the above
analysis, some useful conclusions will be obtained to improve
the performance of PMSM.

2. Motor parameters and models

2.1. Parameters and models. A 3 kW, 1500 r/min PMSM is
taken as an example in this paper, as this paper focuses on the
influence of the number of turns on the performance of PMSM.
The rated speed of the prototype is relatively low and the sheath
is not designed to reduce the eddy current loss of the PMSM.
According to the structure and parameters of the prototype,
the finite element model is established. Table 1 is the basic
parameters of PMSM. Figure 1 shows the finite element model
of the prototype. The magnetic field lines and magnetic density
are also shown in Fig. 1 under no-load operating condition. In
the finite element model, the total number of meshes is 10500,
which can meet the accuracy of solving.
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Fig. 1. Finite element model of prototype
Table 1
Prototype parameters
Parameters Value
Rated power 3 (kW)
Rated speed 1500 (r/min)
Pole number 8
Axial length 72 (mm)
Rotor magnetic circuit structure Surface-mounted type
Stator outer diameter 168 (mm)
Stator inner diameter 107 (mm)
Slot number 36
Number of parallel branches 1
Winding connection type Y
Number of turns 26

In order to simplify the analysis of electromagnetic field,
the following assumptions are made [7]:

o In the two-dimensional analysis of the PMSM, the end-wind-
ing leakage inductance of the PMSM is ignored.

e [gnoring the influence of PMSM displacement current,
the parallel plane field perpendicular to the motor shaft is
adopted to analyze the electromagnetic field of the PMSM.

e The influences of PMSM temperature on material conduc-
tivity and magnetic conductivity are ignored.

The calculation formula of two-dimensional electromag-
netic field is shown in (1) [8]:

o (1 0A 0 (1 0A dA
Q—|——|+—|——=|=-J.+to— (1)
Ox \u Ox oy \u oy dt

where Q is the calculation region, A, and J, are magnetic vector
potential and the source current density in the Z-axial compo-
nent, respectively, o is conductivity, u is permeability, and ¢
is time.
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The stator slot area is constant. When the number of turns
is changed, the wire diameter should be changed so as to keep
the copper filling factor constant. There is research premise to
the article.

2.2. Experimental test and data comparison. In order to
verify the accuracy of the model, the prototype is tested by
experimental platform. The experimental platform includes
Magtrol dynamometer machine, HIOKI PW6001 power ana-
lyzer, industrial condensing unit, DSP data acquisition system
and other experimental equipment. The experimental platform
of the prototype is shown in Fig. 2. Under different operating
conditions, the experimental data of torque, no-load back EMF
and current are obtained. The experimental data is compared
with the calculated data, as shown in Table 2.

Table 2
Comparison between experimental data and calculated data
Power 2 kW 3 kW 3.5kW
Average 12.6 19.2 22.1
torque (Nem) (Nem) (Nem)
Calculated | Armature
results current 59 (A) 8.9 (A) 10.1 (A)
No-load
back EMF I51.(V)
Average 12.7 19.1 223
torque (Nem) (Nem) (Nem)
Armature
Test data current 5.8(A) 8.7 (A) 10.09 (A)
No-load
back EMF 150(V)
Average 1.7% 2.3% 0.1%
torque
Change Armature 0.8% 0.5% 0.9%
rate current
No-load
back EMF 0.7%

Industrial
condensing unit

Magtrol
I | dynamometer

machine

3| P

HIOKI
5 PW6001
power
analyzer

DSP data
acquisition
system

Fig. 2. Prototype test platform
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It can be seen from Table 2 that the errors are within 5%.
The calculated results are in good agreement with the experi-
mental data under different power. The accuracy of the model
is verified.

3. The theoretical analysis

2N,L
Ry = pss—— &Y
Aja

m(N,Kyp)? T

m
Xm= 4fﬂo; lef5—f 3)

where R, is phase resistance of stator, p,s is the resistivity of
copper at 75°C, N, is the number turns, L, is the average length
of half turns, A, is conductor cross-section, a; is number of
parallel branch, X, is the end leakage reactance of stator, K4,
is winding factor, f is frequency, p, is permeability of vacuum,
p is the number of pole-pairs, 6, is effective air gap length, /,,
is armature calculation length, t is polar distance.

When the number of turns is different, the resistance and
reactance of the stator winding are also different. It can be seen
from the resistance calculation equation (2) that the resistance
of the stator winding is proportional to the number of turns.
It can be seen from the reactance calculation equation (3) that
when other parameters are unchanged, the reactance of the
stator winding is proportional to the square of the number of
turns.

The resistance and end leakage reactance of stator winding
should be calculated when the number of turns is different.
Based on different resistances and end leakage reactance of
stator winding, the influence of the number of turns on PMSM
performance is quantitatively analyzed.

3.1. The influence of the number of turns on the perfor-
mance. The no-load back EMF is one of the important param-
eters, and it can judge the performance of the PMSM [9, 10].
The no-load back EMF need to be accurately calculated. In the
design of PMSM, when the number of turns is unreasonable,
the stator windings will be damaged by the excessive current.
In addition, it will cause larger torque ripple, which will cause
greater vibration and noise in the process of PMSM operation.
Therefore, this section focuses on the influence of the number
of turns on overload capacity, output capacity, armature current
and no-load back EMF.

In this paper, the torque ripple formula (4) is used to mea-
sure the torque ripple [11]:

T,

max ~ ' min

2XT,,

T,

ripple —

x 100% &)

T4 1s the maximum torque in a cycle. 7,,;, is the minimum

torque in a cycle and 7, is the output capacity in a cycle.
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When the number of turns is 20, 22, 24, 26, 28, 30 and 32
respectively, the performance parameters of PMSM are shown
in Fig. 3. From Fig. 3, it can be seen that the output capacity
increases by 24.6%, when the number of turns is reduced by 2.
When the number of turns increases by 2, the overload capacity
increased by 8%.

‘\\Q):4N.1n

7] Torque ripple/N.m Ml Winding current/ A Bl Averange torque /N.m
I Overload capacity /N.m [l No-load back EMF /N.m

Fig. 3. The influence of the number of turns on PMSM performance

With the increase of winding turns, the torque ripple obvi-
ously increases. In addition, with the increase of winding turns,
the output capacity and the overload capacity decrease sharply.
With the increase of the winding turns, the armature current
shows a V shape curve, and the current is the lowest at 26 turns.
The no-load back EMF shows an exponentially increasing trend
with the increase of the number of turns.

Figure 4 shows the variation curve of the number of turns
with the power factor at different power angles. From Fig. 4, it
can be seen that increasing the number of turns can improve the
power factor, and combined loss analysis, the efficiency shows
a V-shaped variation, which is the highest at 26 turns. Combin-
ing with Fig. 3, excessive turns will also bring the adverse influ-
ence on the PMSM, such as excessive current and the reduction
of overload capacity.

It can be known from the above analysis that when the num-
ber of turns of PMSM is different, there is a huge difference
in the torque ripple, winding current, output capability, no-load
back EMF and overload capacity of the motor. Therefore, in
the design of the PMSM, it is necessary to synthesize various
performance parameters and choose the best winding turns.
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Fig. 4. The curves of power factor

4. The influence of the number of turns
on the loss of PMSM

Loss is the main index to measure the efficiency of PMSM.
The variation of winding turns can cause great changes of cur-
rent and magnetic field, which causes the variation of PMSM
loss. Therefore, it is very valuable to study the influence of the
number of turns on PMSM loss. According to the mechanism
of core loss, the core loss of PMSM can be divided into the
hysteresis loss and the eddy current loss. The eddy current loss
can be divided into classical eddy current loss and abnormal
eddy current loss. The calculation formula of core loss is the
formula (5) [12]:

Pr=Pyt Bt P =

= 190x fB*+ 0.822x f*B* ©
where Pr, is the core loss, P, is the hysteresis loss, P, is the
classical eddy current loss, P, is the excessive loss, f is the
frequency, and B is the flux density.

It is obtained from the formula (5) that the core loss of the
PMSM is related to the frequency and the magnetic density.
Based on the FEM, the influences of the number of turns on the
stator core loss and eddy current loss of the PMSM are studied,
and the variation law of the winding turns on the PMSM loss
is obtained.

4.1. The analysis of stator core loss. Because the stator core
is made of silicon steel sheet with high resistivity and good
magnetic conductivity, the eddy current losses in the stator core
are greatly reduced. The main component of the stator core
loss is the hysteresis loss. Because the magnetic field strength
is closely related to the hysteresis loss [13], the magnetic field
strength is affected by the winding turns, and the hysteresis
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loss can also change. The magnetic field distributions under
different winding turns are shown in Fig. 5.

It can be seen from the Fig. 5 that when the number of
turns is different, the distribution of magnetic flux lines is obvi-
ously different. When the number of turns of the PMSM is
26, the magnetic induction is 1.65 Wb/m, and the distribution
of magnetic field is symmetric. When the number of turns is
20 and 32, its magnetic induction intensity is 1.77 Wb/m and
1.60 Wb/m respectively. The magnetic induction decreases with
the increase of winding turns.

(a) (b) (©

1072 Wh/m 1072 Wh/m 1072 Wh/m
1.65 1.60

: : 144 : 139
- - 122 - 1.18
1.01 097

0.79 0.77

= m 058 w056
m - 0.36 = 0.35
- - 0.15 - 0.14
0.00 0.00

: 4 : 028 : -028
- -0.50 -0.49
: - : -0.71 : -0.69
- -0.93 -0.90
- -l -l
- - -136 - -1.32

-1.57 -1.53

Fig. 5. The magnetic force line distribution

In order to observe the saturation of the PMSM magnetic
field more clearly, the variation of the magnetic field distribu-
tion with different winding turns is shown in Fig. 6.

ARRRRN

26 turns

Fig. 6. The motor magnetic field distribution under different turns

When the number of turns is 26, the maximum magnetic
density is 1.57 T, and the magnetic field distribution is suit-
able. The magnetic field is damaged when the number of turns
is reduced, and the magnetic saturation is serious. The mag-
netic density in local region is even more than 2 T. Because
the hysteresis loss is affected by the magnetic field intensity,
the hysteresis loss gradually increases with the decrease of the
number of turns. Table 3 shows the stator core loss at the dif-
ferent number of turns.

The number of turns of the prototype is 26, and the stator
core loss is 40.6 W. With the reduction of the number of turns,
the stator core loss increases gradually. The stator core loss is

Bull. Pol. Ac.: Tech. 68(3) 2020
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Table 3
The stator core loss under different winding turns
Turns Core loss (W)  Change rate (%)

20 64.2 58

22 54.2 335
24 46.5 14.5
28 36.0 -11.3
30 323 -20.4
32 29.3 -27.8

64.2 W when the number of turns is 20. The stator core loss
increased by 58% compared with that the stator core loss of
the prototype.

4.2. Eddy current loss. The induced EMF and the eddy current
in the conductors are induced by the alternating magnetic flux,
and then the eddy current loss is formed [14]. The eddy current
loss is mainly formed in the permanent magnet and the sleeve.
The increase of eddy current loss will cause the increase of
the temperature of permanent magnets, and the performance of
permanent magnets will decrease. In very severe cases, the per-
manent magnet will have irreversible loss of excitation, which
will cause great harm to the normal operation of the PMSM.
Therefore, this section focuses on the influence of changing the
number of turns on the eddy current loss. The rotor eddy cur-
rent density distributions under different conditions are shown
in Fig. 7.

J(10° A/m?)
- 141
o111

0.82
= 0.54
- 0.25
. -0.11
= 033
= 061
- o119

(5

\_J

32turns

26turns

20turns

Fig. 7. The rotor eddy current density distribution

During the calculation, the rotor eddy current losses in the
rotor surface are calculated by the “(6)” in a cycle [15]:

k
P = %J' > J2A0 ,dt (6)

671‘[:1

where Pe is the rotor eddy current losses (in W), J, is the cur-
rent density in each element (in A/m?), A, is the element area
(in mz), [, is the rotor axial length (in meters), o, is the con-
ductivity of the eddy current zone (in S/m), 7, is the time vary
period of eddy current density in each element.

When the number of turns is 26, the rotor eddy current den-
sity distributes suitably in the circumferential direction, and the
maximum value is 6.9x 10° A/m?. With the increase or decrease

Bull. Pol. Ac.: Tech. 68(3) 2020

of the number of turns, the eddy current density and the eddy
current loss both are increased. The change of the rotor eddy
current loss with the change of the turns is shown in Fig. 8.

6 +—1——¥¥+———F+——71——1—+—7— 100
mm Eddy current density 95
mm Eddy current loss
- - Trend of change

o
N
1
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P
1

24 26 28
Number of turns

Fig. 8. Eddy current loss and eddy current density

When the number of turns is 26, the rotor eddy current loss
is 4 W. Combined with Fig. 3, it can be seen that with the deep-
ening of the winding turns increasing or decreasing, the influ-
ence of winding turns on the current is obvious. Because of the
influence of the pulse magnetic field generated by the current
on the eddy current density, the eddy current density changes
obviously under winding turns increasing or decreasing.

The eddy current loss and the eddy current density shows
V shape, and show the lowest value at 26 turns. When the
number of turns is increased or reduced, the distribution of
eddy current density is obviously different. When the number
of turns is 20, the peak value of the rotor eddy current density
is 1.4x10° A/m? and increases by 2.03 times compared with
when the number of turns is 26. The rotor eddy current loss
increases to 8 W, and increases by 2 times compared with that
the number of turns is 26.

5. The temperature field distributions

The motor stator windings are separated by the insulating mate-
rial. The insulation level under different working conditions
and environments is different. When the operating temperature
exceeds the maximum tolerance temperature of the permanent
magnet, the demagnetization phenomenon of the permanent
magnet will occur. Changing of the number of turns has great
influence on the motor temperature distribution. The tempera-
ture rise is a major factor that threatens the magnetic property of
the permanent magnet, the winding insulation, stable operation
and the service life of the PMSM.

The loss of motor is the heat source of motor temperature.
In order to study the influence of the number of turns on the
temperature field of the PMSM, the main loss of the motor can
be obtained by the finite element electromagnetic field calcu-
lation, as shown in Table 4.
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Table 4
The main loss of the motor under different winding turns
Turns Core loss Eddy current loss Copper loss

W) (W) (W)
20 64.2 7.7 419.5
22 54.2 5.8 158.0
24 46.5 4.7 96.5
26 40.6 4.0 115.3
28 36.0 4.5 177.8
30 32.3 5.7 266.6
32 29.3 7.5 359.8

It can be seen from Table 4 that with the increase of the
number of turns, the core loss gradually decreases, and the
eddy current loss and the copper loss shows V shape. The eddy
current loss shows the lowest value at 26 turns and the cop-
per loss shows the lowest value at 24 turns. In addition, the
copper loss and core loss are the main heat sources for motor
temperature.

Based on the analysis results of the PMSM loss in the previ-
ous section, the temperature field-electromagnetic field coupling
method is used to analyze the temperature field distribution of
the PMSM under the different number of turns. The variation
law of temperature of each part of the PMSM is obtained.

5.1. Temperature field model. In order to simplify the analysis
and calculation of the temperature field, the following assump-
tions are proposed [16].

e The heat exchange between the stator and rotor only through
the air gap.

e The PMSM is continuous along axial direction, and the axial
temperature gradient is zero.

e The influence of the temperature generated by the PMSM
during operation on the thermal conductivity is ignored.

e The temperature gradient of the core in the axial direction
is zero, and there is no heat transfer in the axial direction of
the motor and only the radial heat transfer is considered. The
3D temperature field model is simplified to 2D temperature
field model for analysis.

Based on above assumptions, the 2-D model could be estab-
lished adopting the FEM, as shown in Fig. 9. Heat transfer
equation can be expressed as the equation (7) [17].

0 oT 0 oT
P
Ox Ox oy \ Y oy

or
Ao T = a(T —Tp)

()

where T is the body temperature (in °C), | is thermal conductiv-
ity coefficient [in W/(m*°C)], ¢y is the heat generation density
(in W/mz), the stator outer surface is air natural convection
heat dissipation, the third boundary condition is given as G (the
stator outer circle boundary), # is unit normal vector on the shell
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Fig. 9. The motor temperature field model

surface, a is heat transfer coefficient, 7, is temperature of the
circumstance (in °C).

5.2. The temperature field analysis results. In order to ana-
lyze the influence of the number of turns on the PMSM tem-
perature field, the temperature distribution of each component
is analyzed based on the FEM. The environmental temperature
of PMSM running is 25°C. The temperature distributions under
different conditions are shown in Fig. 10.

When the number of turns is 26, the temperature distribution
characteristics are as follows:

e The windings temperature is the highest, and the value is
130.4°C. The temperatures of the inner windings and outer
windings are different, and the maximum temperature dif-
ference appears in the dense distribution of the cooling rib.

e The rotor eddy current loss is only 4 W. Because the thermal
conductivity of the air gap is poor, the heat generated in the
rotor could not be dissipated in time. The permanent magnet
temperature is 120.7°C and the shell temperature is 118.7°C.
The overall temperature of the PMSM distribution increases

significantly, when the number of turns is difference. When
the number of turns is 20, the maximum temperature of the

Difference 1.3°C

. 130
w128

127

126
w124
o123
122

Difference 3.5°C

26 turns

20 turns 32 turns

Fig. 10. The temperature field distributions under different turns
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winging is 355.5°C, which increases 3 times compared with that
the number of turns is 26. The maximum temperature of the
permanent magnet increases by 2.7 times, and it is obviously
affected by the winding temperature rise. When the number of
turns is 32, the maximum temperature of the winging is 290°C,
which increases by 2.2 times compared with that the number
of turns is 26. The maximum temperature of the permanent
magnet increases 2 times.

When the number of turns of the motor is different, the core
loss and copper loss of the motor change greatly. They are the
main losses in the motor. Therefore, they are also the main heat
source of the motor.

The important factors affecting the variation degree of the
number of turns are the maximum operating temperature of the
permanent magnet and the winding insulation level. When the
motor increases the overload capacity by reducing the number
of turns, the above two factors should be fully considered. This
will ensure the safe and stable operation of the motor.

With the deepening of the number of turns increases or
decreases, the PMSM loss of each part increases gradually,
so does the temperature. The maximum insulation class of the
PMSM can withstand temperatures of 180°C. The winding
insulation and the permanent magnet magnetic property will
be severely affected, and the PMSM will eventually burn out.

6. Conclusions

In this paper, the following conclusions are obtained by study-
ing the influence of the number of turns on the PMSM per-
formance:

e With the decrease of the number of turns, the magnetic
density shows non-linear growth trend, which leads to
significant increase of magnetic density in each part. The
magnetic density in the local region is even more than 2 T.
With the decrease of the number of turns, the stator core
loss of the PMSM increases exponentially. When the num-
ber of turns is reduced by 23%, the core loss increases
by 58%.

e With the increase or decrease of the number of turns, the
variation trend of eddy current density and eddy current
loss is synchronized, and shows a V shape curve. When
the number of turns of PMSM is varied, the eddy current
density and eddy current loss change significantly. When the
number of turns is 26, the eddy current loss is the smallest,
reaching 4 W. When the number of turns is reduced by 23%,
the eddy current loss increases by 2 times.

e When the number of turns is slightly increased or
decreased, the temperature of each part of the PMSM
changes sharply. When the number of turns is reduced by
23%, the maximum temperature of the winding increases
to 355°C, increasing by nearly 3 times, and the maximum
temperature of the permanent magnets to 327°C, increasing
by nearly 2.6 times. With the deepening of changing the
number of turns, the PMSM loss increases gradually, and
the temperature of each part increases gradually, and the
PMSM will eventually burn out.

Bull. Pol. Ac.: Tech. 68(3) 2020

e With the increase of the number of turns, torque ripple
and no-load back EMF obviously increase, and the out-
put capacity and maximum torque decrease sharply. The
armature current presents V shape with the increase of the
number of turns, and the current is the smallest at 26 turns,
which is consistent with the variation law of the eddy cur-
rent loss.
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