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Abstract: Aiming at the problem of large AC copper loss caused by skin effects and proximity effects, and low
efficiency at high speed of the hairpin-winding permanent magnet synchronous motor (PMSM) for electric vehicles
(EVs) , this paper firstly established the electromagnetic analytical model of the hairpin winding to calculate AC
resistance. And the finite element model (FEM) of the hairpin-winding driving motor is established to calculate the
AC characteristic of the hairpin winding at different speeds and temperatures. Then, combining modified particle
swarm optimization (MPSO) and FEM, a 60 kW hairpin-winding PMSM is optimized under driving cycle
conditions, and the electromagnetic performance and heat dissipation performance are compared with that of the
traditional strand-winding motor. Finally, a prototype is made and an experimental platform is built to test the
efficiency Map and temperature rise of the hairpin-winding motor over the whole speed range and verify the accuracy
of the proposed optimization design method. The results show that the hairpin-winding PMSM not only has higher
slot filling rate, high-efficiency range and power density, but also has better heat dissipation performance, which is
suitable for application in the field of electric vehicles.
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0 Introduction

In the new global economy, the electric vehi-
cles(EVs) play an important role in addressing the
issue of increasingly environmental pollution. As the
key parts of electric vehicles, the electromagnetic
and heat dissipation performance of the driving mo-
tor directly affect the operating quality and cruising
ability of electric vehicles. Therefore, the improve-
ment of the driving motor’ s power density and effi-
ciency has received considerable critical attention""™.

Recently, hairpin windings, also known as
form-wound windings have attracted the attention of
motor researchers because of its high slot filling rate
and better heat dissipation performance**’. Ref.[7]
compared the efficiency and continuous power-

speed trajectory of the traditional strand-winding

*Corresponding author, E-mail address: hjliu@bjtu.edu.cn.

and the hairpin-winding induction motors used for
EVs in the full speed range, and found that the hair-
pin-winding induction motor has a higher efficiency
range than the strand-winding motor, due to the
higher slot filling rate. Ref.[8] used the hairpin-
windings motor in the new generation bolt EVs to
improve system efficiency, and found that increas-
ing the number of layers of hairpin windings in each
slot can effectively reduce its AC eddy current loss.
Aiming at the problem of AC eddy loss of hairpin
windings, Ref.[9] proposed an asymmetric struc-
ture to reduce the AC loss of the hairpin winding at
high speed and make the winding current evenly dis-
tributed, thereby reducing the hotspot temperature
and increasing continuous output capability. But

when the motor is at low speed and the DC resis-
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tance of each layer of the winding is different, the
performance of the motor will be reduced.

Ref.[10] studied the influence of the arrange-
ment mode of hairpin windings in the slots on the
current circulation problem. It found that if the con-
ductors in each parallel branch are placed unevenly
on each layer, it will lead to uneven distribution of
current in two or more branches, causing circulation
to increase AC loss and decrease the motor efficien-
cy. To determine the effects of the number of paral-
lel turns and the size of the hairpin winding on the
AC loss of the motor at high speed, Ref.[11]con-
ducted numerical analysis on the winding of a sec-
tion hairpin-winding stator motor. Ref.[12] studied
the heat dissipation performance of an oil-cooled
hairpin-winding motor, and found that the use of oil
injection cooling instead of water jacket cooling can
greatly increase the power density and output torque
of the hairpin-winding motor.

However, affected by the skin effect and prox-

imity effect''”

, the AC resistance of the hairpin
winding will increase sharply at high speed, thereby
affecting the output capacity and the motor efficien-
cy in the high-speed range. Therefore, the low DC
copper loss at low speed and the high AC copper
loss at high speed will complicate the optimization
design process of the hairpin-winding motor. How
to optimize the comprehensive loss of the hairpin-
winding motor under the driving cycle to improve
the endurance mileage of EVs has become particu-
larly important.

In view of the above problems, this paper sys-
tematically analyzes the AC loss characteristics of
hairpin winding, aiming to propose an optimal de-
sign method of hairpin-winding motor under certain
drive cycle. Firstly, the AC resistance analytical ex-
pressions of the hairpin windings at different speeds
are deduced and an FEM model is established to cal-
culate the AC resistance characteristics of the hair-
pin windings. Then, combining the modified parti-
cle swarm optimization (MPSO) algorithm with the
FEM model, the optimization design method of the
hairpin-winding PMSM under the driving cycle is
proposed, and a 60 kW hairpin-winding drive motor

is optimized. Meanwhile, the electromagnetic and

the heat dissipation performance of optimized hair-
pin-winding motor is compared with the traditional
strand-winding motor. Finally, a hairpin-winding
prototype is manufactured and an experimental plat-
form is built to test the electromagnetic and heat dis-
sipation performance of the hairpin-winding motor,
so as to verify the feasibility and accuracy of the opti-

mized design method.

1 Structure and Theoretical Analy-

S1S

1.1 Hairpin-winding structure

The structures of traditional strand winding and
hairpin winding are shown in Fig.1. Because of the
reduction of air gap area and insulation area between
conductors in the slots, the hairpin windings can ef-
fectively improve the slot filling rate and reduce the
DC resistance and DC copper loss of stator wind-
ings. However, as the area of each layer of winding
conductor increases, the eddy current loss of hairpin
windings will increase greatly at high speed due to

skin effect and proximity effect.

(b) Hairpin winding

Fig.1 Conventional strand winding and hairpin winding

(a) Strand winding

1.2 Analytical expression of AC resistance

Fig.2 shows the equivalent magnetic structure
of hairpin windings. The width and height of stator
slots are b, and A, respectively. There are z layers
of hairpin conductors in each slot of the stator, and
the width and height of each conductor are 4, and 4.,
respectively.

The DC resistance Ry of the 4th layer hairpin
conductor is
L
yb.h
where y is the winding’ s conductivity. According to
Ref.[14], the AC resistance R, of the kth layer

Ry = (1)
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Fig.2 Equivalent structure diagram of hairpin

winding

hairpin conductor 1s

Ryc = Ky Ry (2)
where Ky, is the increasing coefficient of AC resis-
tance influenced by skin effect and proximity effect,

and its calculation expression is""*’

Rc
Kn= g =¢(&)F k= p()  ©)
. sh(2&)+ sin(2¢)
P =S h(28) cos(26)
. shé —siné (4)
l//(éf)izéfckf—‘—cosg
§ = Pphe

where £ is the relative height of each conductor,
(&) the AC resistance coefficient caused by skin ef-
fect, and y (&) the AC resistance coefficient caused
by proximity effect. 3 is the reciprocal of the equiva-

lent penetration depth and its expression is

B=\/nfuyb./ b, (5)

where f'is the electrical frequency of the winding cur-
rent and ¢ the winding permeability.

Since there are a total of z layers hairpin con-
ductors in each slot, it is assumed that all conduc-
tors in each slot belong to the same phase, then the
average resistance coefficient Ky, of hairpin winding
is
=1

3

1 =
Kmi;ZKPkisa(f)—’— w(§) (6)

Similarly, if the conductors in each slot belong
to two phases respectively, the average resistance
coefficient Ky, of the lower winding is'**

m*—1

Kpn =o@(§)+ |:3j|'//($) (7)

The average resistance coefficient Kpyy of the

upper winding is"'*
m*— 1
Kpyp = </7(§)+ |:3 -

where m=z/2, 6==+60°.

m?(1— cos@)}//(éf) (8)

Based on the above expression, the AC resis-
tance of the hairpin winding can be calculated theo-

retically at different speeds or electrical frequencies.

2 AC Characteristics of Hairpin
Winding

In order to accurately analyze the AC character-
istics of the hairpin winding, a 2-D FEM of a 60 kW
hairpin-winding PMSM used for EVs is estab-
lished, as shown in Fig.3. The main performance re-
quirements and parameters of motor are shown in
Table 1.

o |
(a) FEM model (b) Mesh

Fig.3 2D-FEM model of hairpin-winding motor

Table 1 Main requirements and parameters of 60 kW

PMSM
Parameter Value Parameter Value
DC voltage / V 336 AC voltage / V 220
Max current /A <400 |Max speed/(rsmin) =10 000
Rated torque/
=95 | Rated power/ kW =60
(N*m)
Peak torque/
=320 || Peak power/ kW =140
(N*m)
Stator outer Active length/
250 <130
parameter/mm mm
Pole pair 5 Air gap / mm 0.6
Comprehensive . . .
I Minimum| Torque density Maximum
08s

2.1 Influence of electrical frequency on AC re-

sistance

Different from the strand winding, the AC re-
sistance of the hairpin winding will change greatly
with speed. Fig. 4 presents the intercorrelations
(Ric/Rye) between AC/DC resistance ratio and fre-
quency of hairpin windings at 20 ‘C and 120 C.
Fig. 4 shows that the AC resistance of the hairpin
winding increases with the increase of motor speed

and frequency due to the skin effect and proximity
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effect. The AC resistance of the winding under the
highest speed and 120 °C is about 4 times of the DC

resistance.

—0—20 C-Theoretical
—8-20 'C-FEM

6 —v—120 ‘C-Theoretical
—¥—120 ‘C-FEM

0 200 400 600 800 1000
f/Hz

Fig.4d AC/DC resistance ratio vs frequency of hairpin

winding

Moreover, because the winding resistivity is
greatly affected by temperature, the higher the tem-
perature, the lower resistivity. And according to
Eq.(5), it can be seen that the lower the resistivity,
the greater the skin depth. Therefore, the growth
rate of the AC/DC resistance ratio with the speed at
120 °C is slower than that at 20 C.

Meanwhile, the theoretical results have a cer-
tain deviation from FEM, which is mainly caused
by the fact that the theoretical analysis does not con-
sider the core saturation.

Another interesting phenomenon can be found
through Eq.(4), that is, each layer of conductor in
each slot is affected differently by proximity effect.
Fig.5(a) shows the electrical density J distribution
diagram of each layer conductor of the hairpin wind-
ing at different frequencies by FEM. It can be seen
that as the frequency increases, each conductor of
the hairpin winding has obvious eddy current effects.
And the eddy current effect of the conductor close to
the air gap is the most obvious. That 1s, the eddy
loss of the conductor close to the air gap is large,
and the current distribution is the most uneven.

Figs.5 (b,c) show the change trend of the AC/
DC resistance ratio of each layer of hairpin conduc-
tor with frequency and the proportion of AC copper
loss of each layer of conductor at different frequen-
cies. Similar to the above conclusions, it can be
found that the AC resistance of the conductor close
to the air gap has the fastest growth, and the AC

copper loss accounts for the highest proportion, ac-

counting for about 58% of the total AC copper loss
at the highest speed. The AC resistance of the con-
ductor near the stator yoke increases slowly, and on-
ly accounts for about 9% of the total AC copper
loss at the highest speed.

This layered characteristic of the hairpin wind-
ing makes the AC copper loss distribution of each
layer of conductor extremely uneven. It is not condu-
cive to the uniform heat dissipation of the stator
windings, which is prone to hot spots, and at the
same time increases the risk of excessive tempera-

ture rise of air gap.

J/ (A +m?)
1.0X10° pr—
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(c) AC copper loss proportion with frequency at different layers

Fig.5 Layered characteristics of hairpin winding

2.2 Influence of winding temperature on AC

resistance

Fig.6 shows the change trend of the AC resis-
tance of the hairpin winding with frequency at differ-
ent winding temperatures. What stands out in Fig.6

1s that the DC resistance and the AC resistance at
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low frequencies of the hairpin winding increase with
the increase of temperature. But as the frequency in-
creases, the tendency of AC resistance to increase
with the increasing temperature slows down. The
most surprising aspect of the data is in the high fre-
quency (>600 Hz) , the AC resistance of the hair-
pin winding decreases with the increase of winding
temperature, which is completely contrary to the
change trend of DC resistance.

This result may be explained by the fact that
the skin depth of the hairpin windings increases with
the increase of temperature and the decrease of elec-
trical conductivity. This phenomenon is beneficial to
improving the heat dissipation performance of hair-

pin-winding motor at high speed and high tempera-

ture.
Vet e<e LS
60p—0—¢ 800 Hz
% 600 Hz
Fv VvV VvV VvV VvVVvYVY
= 40 400 Hz
o 200 Hz
20
DC

020 40 60 80 100 120 140 160
Temperature / 'C

Fig.6 Temperature characteristic of hairpin winding

2.3 Influence of winding size on AC resistance

Obviously, the DC resistance and AC resis-
tance of the hairpin winding will be affected by the
conductor sizes (height, width). Among them, the
larger the cross-sectional area of the winding, the
lower the DC resistance. However, AC resistance
is not only affected by the winding size, but also by
the electric frequency. Fig.7(a) shows the changing
trend of AC resistance of the hairpin winding with
the conductor width 4. and the width 4. at 6 000 r/
min and 12 000 r/min (120 °C). The change trend
of AC resistance is different at different speeds. At
6 000 r/min, the AC resistance decreases first and
then increases with the increase of the conductor
width 6. and the height A.. But at the high speed of
12 000 r/min, the minimum value of AC resistance
appears when the conductor width 4. and the height

h. are the smallest, which is completely opposite to

the change trend of the winding DC resistance.

In addition, the change of the winding size will
inevitably cause the change of the stator slot size,
which will change the torque of the motor. Fig.7(b)
shows the change of the output torque of the hairpin-
winding motor with the conductor width 4. and the
height 4. The trend shows that the smaller the con-
ductor width 6. and the height /4., the higher the mo-
tor output torque.

Then, how to choose the optimal hairpin wind-
ing size has become a complicated problem for multi-
ple working conditions. It is not only necessary to
consider the selection of DC resistance in the low-
speed range, but also the change in AC resistance in
the high-speed range to maximize the overall effi-

ciency of the drive motor.

N
=)
S

300

Torque / (N * m)

(b) Torque vs winding size at different frequencies

Fig.7 AC loss and torque vs size of hairpin winding

2.4 AC resistance of the end-winding

Since there is no magnetic circuit constraint
around the end winding, the AC resistance of the
end winding changing with the frequency is different
from the effective winding. A 3D FEM of the hair-
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pin-winding PMSM is established to calculate the
AC resistance of the end winding with different fre-
quencies, as shown in Fig.8. From the graph we
can see that because the end winding is less affected
by the proximity effect, its AC resistance increases
slowly, which 1s much lower than the effective
winding. As a result, the growth trend of the entire

winding’s AC resistance decreases.

100r g Active winding
—@—End winding
80 Entire winding
2 6o}
o 40t
20

% 200 400 600 800 1000
f/Hz

Fig.8 AC resistance of end winding vs frequency

3 Optimization Design of Hairpin -
Winding PMSM

3.1 Number of winding layers

Before optimizing the hairpin-winding PMSM,
the number of conductor layers per slot of the hair-
pin winding must be selected. Fig.9 presents the
structure, slot filling rate and AC resistance of hair-
pin winding when the motor takes different conduc-
tor layers N,. It can be seen from Fig.9 that as the
number of conductor layers increases, the conductor
insulation area in the slot increases, resulting in a
decrease in the slot filling rate and a corresponding
increase in the DC resistance. But at the same time,
the structure of each conductor tends to be flatter,
so its AC resistance decreases with the increase of
the number of conductor layers at high speed. In or-
der to reduce the DC resistance of the motor and re-
duce the manufacturing cost, the number of conduc-
tor layers of the hairpin-winding motor is selected as
four layers in this paper.

3.2 Optimization process

Table 1 shows the constraints and design objec-
tives of the PMSM designed in this paper. It has
been previously observed that the main objectives of

this optimization are to minimize the comprehensive

L[]
]
[

I
I
I
I

71% 64% 59% 52% 46%
(a) Structure and slot filling rate with different
conductor layers

1207 gy

100 @ N=4
N=6
80 —¥ N=8
% —- N=10
-~ 60
P
RS

0 200 400 600 800 1000
f/Hz

(b) AC resistance vs frequencies with different
conductor layers

Fig.9 Characteristics of hairpin with different conduc-

tor layers

loss of the motor under certain driving cycle, and to
maximize the power density or torque density.

The working condition scatter distribution of
the driving motor designed in this paper under the
Urban Dynamometer Driving Schedule (UDDS)
driving cycle is shown in Fig.10. From the scatter,
it is apparent that the motor mainly works in low-
speed (climbing, starting) overload peak operating
conditions, long-term medium-speed stable rated
operating conditions (5 000 r/min @ 60 kW) and
short-term high-speed operating conditions. There-
fore, it is necessary to comprehensively consider the
losses in these operating conditions in the motor de-

sign process to improve cruising range of EV's.

Torque / (N * m)

| | |
W =
o o 9O
S O O

0 2000 4000 6000 8000 10000 12 000
Speed / (r * min™)

Fig.10 Working scatter of motor by UDDS cycle condi-

tion

However, in the actual optimization design pro-
cess, it is unrealistic to calculate the loss of all cycle

operating points to obtain the comprehensive loss of
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the motor. For the purpose of rapid optimization,
the center points of the three operating conditions
are defined as the rated operating point, the peak op-
erating point and the highest speed operating point,
and the equivalent comprehensive loss of the motor
under UDDS is defined as

Equivalent Loss = w, P + W, Ppeac T Wi Prign (9)
where Pq, P and Py, are the total losses of the
drive motor at rated operating point, peak operating
point and maximum speed point, respectively, in-
cluding iron loss, AC copper loss, mechanical loss
and additional loss. w,, w,, and w, are the weight
proportions of the motor under the rated condition,
peak condition and maximum speed condition with
the UDDS driving cycle, respectively. w,, w,, and
w), are obtained by accumulating the power of all op-
erating points in the three regions in Fig.10 and by
calculating the proportions.

Fig. 11 shows the flow chart of the optimized
design method for the hairpin-winding motor pro-
posed in this paper, which mainly includes three
steps:

Step 1

magnetic theoretical design of hairpin-winding mo-

Carrying out the preliminary electro-

tor.

First, analyze the desige requirements and de-
sign objectives, use the theoretical formulas and de-
sign experience to calculate the initial size of the mo-
tor, and then use sensitivity analysis to define the
optimization variables. The optimization objectives
in this paper is to increase the output torque of the
motor and reduce the comprehensive loss of the mo-
tor. The optimization variables are the inner diame-
ter of the motor stator, the width and the height of
the hairpin-winding conductor.

Step 2

sive loss of the motor.

Optimizing the torque and comprehen-

At this step, MPSO"" is used to initialize and
update the particle swarm population parameters. In
the iterative process, the FEM is used to calculate
the iron loss, AC copper loss and peak output
torque under different parameters, the weight coeffi-
cient is used to calculate the comprehensive loss of

the motor under the three working conditions and

different size parameters, and MPSO is used for it-

erative optimization until the design scheme con-

verges.
Step 3

structural strength.

Verification of temperature rise and

When the electromagnetic performance of the
optimized motor meets the requirements and reach-
es the optimum, the temperature rise and structural

strength of the designed motor are verified.

Start

Step 1

Performance analysis
Calculate preliminary size
L]
Sensitivity analysis
Define optimization objectives and variables

Step 2

—»| Use MPSO to initialize/update population parameters

[

v
CzlrféllAath zzr;l;:r’ ll(r) Zgé;ss Loss | Calculate comprehensive
FEM loss by Eq.(9)
Torque Comprehensive
loss

I Collect and analyze results |

N Does it converge

Y

Step 3

Temperature rise of motor is verified by
fluid temperature field
¥
The structural strength of rotor is verified by
structural field
T

End

Fig.11 Optimization flow chat

3.3 Optimization results and comparison

Through the method, the performance of the
hairpin-windings motor is optimized for multiple iter-
ations. Its comprehensive loss and output torque are
optimized, as shown in Fig.12.

It is obvious from Fig.12 that as the optimiza-
tion progresses, the population gradually approach-
es to the direction of high torque output and low
comprehensive loss, and finally converges to a cer-
tain position in space, forming the optimal solution
set of the Pareto front.

Table 2 shows the parameter comparison of the

hairpin-winding motor before and after optimization.
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Fig.12 Pareto front and optimal solutions of optimiza-

tion

Table 2 Parameter comparison of hairpin-winding mo-

tor before and after optimization

Parameter Before After

Stator ID/mm 177.6 189.7

Conductor width 4./mm 4.74 4.01

Conductor height 4.,/mm 3.61 2.81
Conductor area/mm” 17.12 11.28

Conductor DC resistance/mQ 16.8 25.5
Comprehensive loss / W 5699.7 4 .879.6
Peak torque/(Nem) 286.87 321.85

It can be seen that although the winding DC resis-
tance of the hairpin-winding motor increases after
optimization, its comprehensive loss decreases from
5699.7 W to 4 879.6 W and the peak torque is also
improved from 286.87 N+m to 321.85 N-m, which
verifies the effectiveness of the proposed optimiza-

tion design method.

4 Comparison of Hairpin-Winding
Motor with Strand-Winding Mo-

tor

In order to verify the superiority of the perfor-
mance of the hairpin-winding motor in the field of
EVs, this paper also optimizes a strand-winding
PMSM under the same restrictive conditions accord-
ing to the performance requirements of Table 1.
The FEM models of the two winding type motors
are shown in Fig.13.

Here, the number of conductors per slot of the
motor is determined by the current limit, the re-
quired output torque and the number of stator slots.
Therefore, the number of conductors per slot of the

two winding types of motors is the same. The differ-

ence is that the hairpin winding has only one conduc-
tor per turn. However, when the number of conduc-
tors is determined for the strand-winding motor, the
appropriate wire diameter needs to be selected, and
each turn of the coil is composed of multiple strand

wires.

(a) Hairpin-windriﬁémét'or (b) Strand—wiﬁdiﬁé ﬁlotor
Fig.13 Models of hairpin-winding and strand-winding

motors

4.1 Electromagnetic performance comparison

Table 3 shows the comparison of the specific
performance parameters of the two winding types of
motors, and Fig.14 shows the comparison curves of
the AC resistance, and the torque and power exter-
nal trajectory of the two winding types of motors.

It is apparent from Table 3 that under the same
restriction conditions, the hairpin-winding motor
has a higher slot full rate and a lower DC resistance
value than the strand-winding motor. Therefore,
the AC resistance of the hairpin-winding motor in
the low speed range ( <6 000 r/min) is smaller.
However, when the speed exceeds 6 000 r/min,
the AC resistance of the hairpin-winding motor will
exceed the strand-winding motor.

In addition, due to the decrease of the core sat-
uration of the stator teeth, the output torque of the
hairpin-winding motor increases and the active
length decreases. The reduction of the axial length
reduces the no-load back EMF value. Therefore,
the flux weakening current of the hairpin-winding
motor 1s small and the peak power is high in the
high-speed range. The peak power of the strand-
winding motor i1s 139.2 kW, while the peak power
of the hairpin-winding motor is 148.4 kW, which is
an increase of 6.6%. In addition, the active length
of the hairpin-winding motor is reduced by 10.6%,

so the effective power density of the hairpin-winding
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Table 3 Comparison of electromagnetic and heat dissi-

pation
Performance Hairpin-win Strand-wind Rate of
parameter ding motor  ing motor change / %
Slot filling rate / % 64.7 43.2 A21.5
DC resistance / mQ 25.5 35.3 v 27.7
Active length / mm 110 123 v 10.6
Peak power / kW 148.4 139.2 A6.6
>85% efficiency
92.8 90.1 2.7
area rate / %
=>90% efficiency
85.4 80.7 A7
area rate / %
Temperature rise at
64 80 v 20
the same loss / C
Copper loss at same
kP ) 1384 932 A48
temperature rise / W
80
—m—Strand winding
—e—Hairpin winding

0 2000 4000 6000 8000 1000012000
Speed / (r * min™')
(a) AC resistance under different speeds

400 200
E 300 150
z g
= =
3 200 100 %
g —m—Hairpin-Toque A~
& 100 —e—Strand-Toque 50

—O—Hairpin-Power
—O—Strand-Power
0 1 1

. . P
0 2000 4000 6000 8000 10000
Speed / (r * min™")
(b) Torque and power external trajectory

Fig.14 Comparison of electromagnetic performance

motor is increased by about 19.2% compared with
the strand motor.

Fig.15 shows the efficiency map of the two
winding types of motors. We can see that efficiency
of hairpin-winding motor at low and medium speed
range is superior to the traditional strand-winding
motor due to the low copper loss and iron loss.
However, the efficiency of the hairpin-winding mo-
tor is lower than that of the strand-winding motor at
high speed range due to the extremely increased AC

copper loss. Generally, the high efficiency range of

hairpin-winding motor is significantly higher than
that of traditional strand-winding motor, which can

make the driving system run more efficiently.
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Fig.15 Comparison of efficiency map at full speed

range

4.2 Thermal performance comparison

In order to verify the heat dissipation perfor-
mance of the hairpin-winding motor, this paper uses
Fluent software to establish the fluid-temperature
field simulation model and calculates the steady-
state temperature rise of the two winding types of
motors.

Table 4 presents all the material properties of
motor parts. It is worth noting that due to the com-
plex structure of the strand windings, it is difficult
to establish an accurate model of winding in the flu-
id-temperature field. Therefore, the equivalent
method given in Ref.[16] is used to make all strand
coils, air gaps and film in each slot of strand wind-
ing equivalent to a conductor, and the end of the
winding is equivalent to an end ring.

The cooling method of the motor studied in
this paper 1s housing water jacket cooling, and the
water channel is the axial Z type. Fig.16 shows the
meshing of the fluid-temperature coupling model
and the water channel structure. In the simulation,

the inlet of the water channel adopts the boundary
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Table 4 Material properties of motor parts

Density/  Thermal conductivi-

Part Material , .
(kgem ™)ty /(We(m*K) ™)
Core 35W270 7800 35/35/1.21
Shell Aluminum 2700 168
PMs N38EH 7 600 420
Shaft 45# steel 7800 460
Strand
o Copper(eq) 8954 0.13/0.13/198
winding
Hairpin
o Copper 8954 401
winding
Insulation ~ Composite 1400 0.2
Cooling
o 50% glycol 1065 0.37
liquid

Fig.16 Meshing and cooling channel structure of motor

condition of the flow inlet, the inlet flow is 10 1./
min, and the coolant temperature is 60 °C. The out-
let adopts the pressure outlet condition, as shown in
Table 5.

Table 5 Simulation boundary condition

Parameter Value
Ambient temperature / °C 60
Inlet boundary condition Flow inlet

Outlet boundary condition Pressure outlet
Coolant temperature /°C 60

Coolant inlet flow rate / (mes ') 1.2

Firstly, the two winding types of motors can
obtain the same temperature rise (80 °C) by chang-
ing the copper loss (other losses are the same) , as
shown in Fig.17. At this time, the AC copper loss of
the hairpin-winding motor is 1 384 W, while the AC
copper loss of the strand-winding motor is 932 W.
Therefore, the hairpin-winding motor can output
higher power under the same steady-state tempera-
ture rise limit, which further improves the power
density of the motor.

Similarly, the temperature rise distribution of

the two motors at the same loss is shown in Fig.18.

Temperature / C

(b) Hairpin winding

Fig.17 Same steady temperature rises under different losses

(a) Strand winding

Temperature / C Temperature / C

(b) Hairpin winding

(a) Strand winding

Fig.18 Steady temperature rises under the same losses

It can be known that under the same loss and
coolant temperature (60 °C), the steady-state high-
est temperature rises of the hairpin-winding motor
and the strand-winding motor are 124 °C and 140 C
(all appear in the windings) , respectively. There is
a significant difference between the two winding
types of motors, which verifies that the hairpin-
winding motor has better heat dissipation perfor-

mance.

5 Experiment

In order to verify the accuracy of the optimiza-
tion design method and understand the actual work-
ing performance of the hairpin-winding PMSM, a
hairpin-winding prototype is manufactured accord-
ing to the aforementioned design scheme, as shown
in Fig.19.

Fig.20 shows the simulated and measured pow-
er, torque external trajectory, efficiency and AC

copper loss comparison curves. In addition, the AC

I “e
T

(b) Prototype
Fig.19 Hairpin winding and prototype

(a) Hairpin winding
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Fig.20 Comparison of simulation and tested character-

istic curve

copper loss is calculated by testing the no-load me-
chanical loss and no-load iron loss, and then
through the inverse calculation of the input power
and efficiency under load conditions.

We can see from Fig.20 that the simulated
torque and power are basically consistent with the
measured results at low speed range. However,
when the motor is running at high speed, the mea-
sured output power is obviously lower than the sim-
ulated one, which is mainly caused by the decrease
in voltage utilization rate during high-speed testing.
The simulated efficiency and AC copper loss are
lower than the actual measured results at high
speed, which is mainly due to the fact that the high-
frequency carrier introduced by the controller is not
considered during the simulation.

Fig.21 shows the comparison of simulated and
measured steady temperature of the hairpin-winding
motor under rated conditions at different positions.
The simulation error is basically kept within 10%,

which verifies the accuracy of the temperature field

simulation in this paper.

160 [ Measured
[Z4 Simulation

—_
[\
S

Temperature / C
®©
S

o
=)

Stator yoke Acitve winding End winding

Fig.21 Comparison of temperature of steady condition

6 Conclusions

This paper firstly analyzed the AC characteris-
tics of the hairpin-winding motor through the analyti-
cal model and the FEM. Then, combining FEM
and the MPSO algorithm, a 60 kW hairpin-winding
PMSM is optimized under the UDDS driving cycle.
And the optimized results are compared with tradi-
tional strand-winding motor in electromagnetic and
heat dissipation performance. Finally, the prototype
test is used to verified the accuracy of the optimized
design method. The main conclusions are as fol-
lows:

(1) Affected by the skin effect and proximity
effect, the AC resistance of the hairpin winding in-
creases with the increase of the motor speed. And
the AC resistance of the effective part of the wind-
ing reaches 4—6 times of the DC resistance at the
highest speed. Meanwhile, the AC resistance of the
hairpin winding will decrease with the increase of
temperature at high speed.

(2) The increasing tendency of AC resistance
at the hairpin end winding with the increase of speed
is slower than that of the effective part, mainly be-
cause the end winding is less affected by the proxim-
ity effect.

(3) Due to the influence of the eddy effect, the
AC resistances of hairpin winding at low speed, me-
dium speed and high speed are completely different
with the change of the winding size, resulting in the
optimization of hairpin-winding motor becoming a
complex multi-condition problem.

(4) Compared with traditional strand-winding
motor, the high efficiency range of hairpin-winding

motors in the low and medium speed ranges is obvi-
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ously better than that of traditional strand motors,
but the efficiency at high-speed range is lower due to
the larger AC copper loss. In addition, the hairpin-
winding motor also has higher peak output power
and power density and better heat dissipation perfor-
mance compared with the strand-winding motor,

which is suitable for application in the field of EVs.
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