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ABSTRACT: Currently, excessive AC loss in the rectangular winding motor used for electric vehicles poses a significant challenge, neces-
sitating effective measures to suppress the losses. This paper focuses on the Prius IV motor, employing a finite element two-dimensional
model established using JMAG software. The influence of conductor material and the number of rectangular winding layers on motor
AC loss under various operating conditions is thoroughly analyzed. Maintaining a constant number of rectangular winding layers, alu-
minum (Al) conductors replace copper (Cu) conductors in 2-layer, 4-layer, 6-layer, and 8-layer configurations, respectively. AC losses
are compared among motors with 4-layer, 6-layer, 8-layer, and 10-layer Cu rectangular windings, all having identical slot dimensions.
Subsequently, the 10-layer Al conductor scheme is chosen to optimize motor design. The results demonstrate an average reduction in
AC loss up to 59.24% after motor optimization, further reducing motor manufacturing costs.

1. INTRODUCTION

Electric vehicles offer several advantages, including energy
savings, environmental protection, cost-effectiveness, high
efficiency, and low noise [1]. These benefits present signifi-
cant development opportunities, especially in the context of the
current energy shortage. As the core component of electric ve-
hicles, electric drive system plays a crucial role in determining
the vehicle’s power, economy, safety, comfort, and longevity.
Within the electric drive system, the motor stands out as the cen-
tral element, with its performance largely dictating the overall
performance of the vehicle. The characteristics of motors for
electric vehicles are extensively studied by scholars [2, 3].

In the 14th Five-Year Plan [4], China proposed to deeply
implement the strategy of becoming a manufacturing power-
house, focusing on breakthroughs in key technologies for high-
efficiency drive motors for electric vehicles. This plan aims to
promote the high-quality development of the automobile man-
ufacturing industry. In recent years, rectangular winding mo-
tors have gained widespread use in electric vehicle drive motors
due to their significant advantages, such as reduced material
usage and improved thermal conductivity [5]. Currently, the
maximum speed of Tesla’s 2023 Model S Plaid motor reaches
20,000 rpm. China’s Huawei has developed the new-generation
Drive ONE 800V intelligent electric drive platform, which can
reach a maximum speed of 22,000 rpm. Additionally, Xiaomi’s
self-researched and mass-produced Hyper Engine V8s motor
achieves speeds as high as 27,200 rpm. The increasing peak
speeds contribute to the drive motor’s advancement towards
lightweight design.

However, due to the skin effect and proximity effect, the is-
sue of AC losses in rectangular windings becomes increasingly
severe when the motor operates at high speeds. The increase
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in AC loss results in a higher temperature rise of the motor, in-
creasing the risk of demagnetization of permanent magnets at
high temperatures and thus threatening the operational safety
of the motor. Consequently, extensive research has been con-
ducted to address the problem of AC losses in rectangular wind-
ing motors.

Mellor et al. proposed an analytical approach to accurately
model winding AC loss and its temperature dependence [6].
The influence of saturation in AC loss was considered by Mo-
ros et al. [7]. AC losses were calculated from the perspective
of energy flow by Wang et al. using Poincarétin vectors [8, 9].
The end loss of rectangular winding was analyzed by Aoyama
and Deng using 3D finite element simulation [10]. The results
showed that the loss in the slot winding is greater than the end
winding.

In [11], a 72-slot, 12-pole permanent magnet synchronous
motor with a peak speed of 15,000 r/min and a peak torque of
190N - m was examined. A design of rectangular winding with
unequal heights was proposed, resulting in a more uniform dis-
tribution of losses in the conductor, significantly reducing AC
losses, improving motor efficiency, and increasing peak contin-
uous output power. Preci et al. compared the AC losses of ran-
dom windings, hairpin windings, and segmented hairpin wind-
ings under three different operating conditions [12]. The results
showed that segmented hairpin windings can reduce AC losses
by 10-20%.

The difference between AC losses in same-phase and
different-phase slots of rectangular winding was investigated
by Wang et al. [13]. It was found that a reasonable allocation of
conductors belonging to different phases in the same slot can
effectively reduce AC losses. Liang et al., through analytical
calculations and three-dimensional finite element analysis,
demonstrated that AC losses of the motor were reduced by
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44.55% by using formed transposition windings instead of
hairpin windings [14].

In summary, a series of research studies has been conducted
on the AC loss of rectangular winding motors, focusing on var-
ious measures to suppress AC loss. In this paper, based on
previous research, a Prius IV motor is used as the research ob-
ject. A two-dimensional model of the motor is established using
JMAG finite element analysis software. The influence of con-
ductor material and rectangular winding layer on the AC loss of
the motor is studied. To minimize the AC loss, a scheme using
10-layer aluminum rectangular windings is employed.

2. CALCULATION OF LOSSES IN RECTANGULAR
WINDING

The DC loss, which occurs due to the current flowing through
the winding resistance, can be calculated using the following
formula:
Ppc = mI} Rpc )
In (1), m represents the number of phases of the motor. Typi-
cally, the motor under consideration is a three-phase motor, so
m = 3. I denotes the root mean square (RMS) value of the
phase current. Rpc is the resistance of a single-phase winding.
The AC loss, which accounts for losses due to alternating
current flowing through the winding and factors such as skin
effect and proximity effect, can be calculated using the follow-
ing formula:
Pac = mKglI} Roc (2)
In (2), K is the AC resistance factor introduced due to the skin
effect.
AC resistance factor can be calculated from (3) [15]:

;—0.2 cbe
Kp =142k}, (Ff“;;" > (3)

In (3), z; is the number of conductors in the stator slot; hc is
the height of each conductor in the slot; b, is the width of each
conductor in the slot; b is the stator slot width; f is the frequency
of alternating current; p is the vacuum permeability; o, is the
conductivity of conductor material.

From (3), it is evident that the AC resistance factor K, is in-
tricately linked to various factors such as conductor dimensions,
material properties, slot geometry, and current frequency. Ad-
ditionally, it can be influenced by temperature variations, slot
leakage flux, and other practical factors, making precise ana-
lytical determination challenging.

The total winding loss can be obtained by adding (1) and (2),
as shown in (4).

Proal = Pac + Poc “4)

3. FINITE ELEMENT SIMULATION OF MOTOR

In this section, the Prius IV motor is analyzed as the research
object, with the main parameters presented in Table 1. To save
computational time, a 1/8 model is used for the simulation, as
shown in Fig. 1.

Since the quality of mesh dissections directly determines
the accuracy of finite element calculations, fine dissections of

TABLE 1. Prius IV main parameters.

Parameter Value
Slot/pole 48/8
Stator outer diameter/mm 215
Stator inner diameter/mm 141.8
Airgap length/mm 0.7
Rotor inner diameter /mm 473
Slot depth/mm 18.42
Slot width/mm 4.15
Conductor width/mm 34
Conductor height/mm 2.05
Number of conductors per slot 8

FIGURE 1. Prius IV 1/8 model.

the windings are required to accurately calculate the winding
losses. Considering the influence of the skin effect, the skin
depth mesh is refined using IMAG software. A schematic dia-
gram of the conductor mesh dissection is shown in Fig. 2.

Finite element simulation calculations are performed on the
motor to obtain the winding current density cloud and loss den-
sity cloud as shown in Fig. 3 and Fig. 4.

FIGURE 2. Conductor mesh dissection.
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FIGURE 3. Winding current density cloud.
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FIGURE 4. Winding current density cloud.

Figures 3 and 4 illustrate that the current density and loss
density in the winding gradually decrease from the slot open-
ing conductor to the bottom conductor. This phenomenon is
primarily due to the significantly larger leakage flux at the slot
opening than the bottom of the slot. The leakage flux induces
eddy currents in the conductor, resulting in additional losses.
Therefore, the width of the slot opening has a certain impact on
the winding loss.

Table 2 and Fig. 5 show the distribution of DC losses, AC
losses, and total losses at different speeds, obtained by vary-
ing the current frequency of the motor under a 100 A current
excitation.

TABLE 2. Winding loss distribution at different speeds.

Speed/rpm | Total loss/W | DC loss/W | AC loss/W

1000 574.59 562.81 11.78

3000 671.42 562.81 108.62
5000 855.07 562.81 292.26
7000 1118.04 562.81 555.23
10000 1648.31 562.81 1085.50
12000 2085.23 562.81 1522.42
15000 2855.14 562.81 2292.33

From Table 2 and Fig. 5, it is evident that under low-
speed (1000 rpm—3000 rpm) and medium-speed (5000 rpm—
7000 rpm) conditions, the DC loss is greater than the AC loss.
However, at high speeds (10,000 rpm and above), the AC loss
gradually exceeds the DC loss. At 15,000 rpm, the AC loss is
approximately three times the DC loss, becoming the primary
source of winding loss.

—a&— Total loss
a000o | DC loss
1800 4 [—*— AC loss
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FIGURE 5. Winding loss at different speeds.

4. ANALYSIS OF AC LOSS SUPPRESSION IN RECT-
ANGULAR WINDING MOTORS

From the above analysis, it is clear that the AC loss generated
by the rectangular winding motor operating under high-speed
and high-frequency conditions is significantly larger than the
DC loss, seriously affecting the motor’s efficiency. Therefore,
using the Prius IV motor as a basis, this section focuses on op-
timizing the design by adjusting the conductor material and the
number of winding layers, thereby reducing the motor’s AC
loss.

4.1. Optimization Design Based on Conductor Material

As shown in (3), the AC resistance factor K  increases with ris-
ing current frequency. Consequently, the AC loss can be sup-
pressed by increasing the resistance of the conductor material,
which is achieved by reducing the material’s conductivity o..

Based on the consideration of conductivity and cost of dif-
ferent materials, an Al conductor is selected to replace the Cu
conductor in the study.

The conductivity of Cu conductor at room temperature is
ocu = 59.77 x 10% S/m, and the conductivity of Al conductor
is oA1 = 37.66 x 10°S/m. As depicted in Fig. 6, the schemes
are outlined as follows:

Scheme 1: Utilizes 8 Cu conductors;

1r 1 10 1 1r

Scheme 1 Scheme 2 Scheme 3 Scheme 4  Scheme 5

FIGURE 6. Different conductor material schemes.
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Scheme 2: Replaces 2 Cu conductors near the slot opening TABLE 6. Scheme 5 winding loss distribution.
with Al,
Scheme 3: Comprises half Cu conductors and half Al; Speed/rpm | Total loss/W | DC loss/W | AC loss/W
Scheme 4: Replaces 2 Cu conductors near the bottom of the 1000 899.7 892.264 7.436
slot with Al 3000 961.923 892.264 69.659
Scheme 5: Utilizes 8 Al conductors. 5000 1081.86 892.264 189.596
Similarly, under the condition of a given 100 A current exci- 7000 1255.87 892 264 363.606
Fatls)n, tlhf l(;)ss .dlStIf'vlbl'lttlorll for e?ch slche.:meTth dlfferlft:nt speeds 10000 161188 892264 719616
is simulated using finite element analysis. The results are pre-
sented in Tables 3 to 6, while the loss distribution for Scheme 1 12000 1908.86 892264 1016.596
is provided in Table 2. 15000 2438.31 892.264 1546.046
TABLE 3. Scheme 2 winding loss distribution.
—=— Scheme 1
—e— Sch
Speed/rpm | Total loss/'W | DC loss/W | AC loss/W 4000 4 |—a— :thEx
1000 654.114 645.03 9.084 3600 ] —7— Scheme 4
3400 J Scheme 5
3000 729.64 645.03 84.61 3200
5000 874.504 645.03 229.474 22601
7000 1083.65 645.03 438.62 - 2400 ]
10000 1508.8 645.03 863.77 25000
12000 186137 645.03 1216.34 2 1600 ]
15000 2486.31 645.03 1841.28 1200 ]
1000 o
8004 ¥ X X X X X X
6004 & 2 2, ——————f—————%
TABLE 4. Scheme 3 winding loss distribution. o
0

Speed/rpm | Total loss/W | DC loss/W | AC loss/W
1000 735.407 727.401 8.006
3000 802.172 727.401 74.771
5000 930.447 727.401 203.046
7000 1115.89 727.401 388.489
10000 1493.58 727.401 766.179
12000 1807.38 727.401 1079.979

15000 2364.83 727.401 1637.429

TABLE 5. Scheme 4 winding loss distribution.

Speed/rpm | Total loss/W | DC loss/W | AC loss/W
1000 817.399 809.824 7.575
3000 880.694 809.824 70.87
5000 1002.48 809.824 192.656
7000 1178.81 809.824 368.986
10000 1538.74 809.824 728.916
12000 1838.89 809.824 1029.066
15000 2371.71 809.824 1561.886

Figures 7, 8, and 9 illustrate the distributions of DC loss, AC
loss, and total loss with speed for the different schemes. The
data indicates that as the number of layers of Al conductors in-
creases, the DC loss of the motor increases while the AC loss
decreases. At low speeds, increasing the number of Al conduc-
tor layers results in a higher total loss of the motor. However,
when the speed reaches 10,000 rpm and above, the AC loss is
effectively suppressed, leading to a reduction in the total loss.
Thus, increasing the number of layers of Al conductors can ef-
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FIGURE 7. DC loss distribution under different schemes.
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FIGURE 8. AC loss distribution under different schemes.

fectively suppress AC loss and reduce total loss at high speeds,
despite the increase in DC loss at low speeds.

4.2. Optimization Design Based on Different Conductor Layers

In (3), the height of each conductor in the slot hy affects the
variation of the AC resistance factor K g, so the AC loss can
be suppressed by changing the height of each conductor in the
slot.
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FIGURE 9. Total loss distribution under different schemes.

As shown in Fig. 10, while maintaining a constant conductor
width, the heights of the conductors are modified to 4.01 mm,
2.80 mm, 2.05 mm, and 1.60 mm, corresponding to 4, 6, 8, and
10 layers, respectively.

1r

4-layer

10

6-layer

1r

8-layer

10

10-layer

FIGURE 10. Distribution of Cu conductor layers.
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FIGURE 11. AC loss distribution under different layers of Cu rectan-
gular winding.

For 4-layer, 6-layer, 8-layer, and 10-layer schemes, the cur-
rent through each conductor is set to 25 A, 16.67 A, 12.5 A, and
10 A, respectively, to ensure uniformity in the number of slot
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ampere-turns. Based on this premise, the loss distribution under
different conductor layers is calculated by finite element simu-
lation, as shown in Tables 7, 8, and 9. The loss distribution of
8-layer rectangular winding is consistent with Table 2.

TABLE 7. Winding loss distribution of 4-layer.

Speed/rpm | Total loss/W | DC loss/W | AC loss/W
1000 602.91 564.49 38.42
3000 901.58 564.49 337.09
5000 1436.33 564.49 871.84
7000 2155.90 564.49 1591.41
10000 3477.80 564.49 2913.31
12000 4457.74 564.49 3893.25
15000 5987.10 564.49 5422.61

TABLE 8. Winding loss distribution of 6-layer.

Speed/rpm | Total loss/'W | DC loss/W | AC loss/W
1000 569.86 549.95 19.90
3000 731.48 549.95 181.53
5000 1033.86 549.95 483.91
7000 1460.68 549.95 910.73
10000 2305.64 549.95 1755.69
12000 2987.95 549.95 2438.00
15000 4161.16 549.95 3611.21

TABLE 9. Winding loss distribution of 10-layer.

Speed/rpm | Total loss/W | DC loss/W | AC loss/W
1000 583.81 576.51 7.31
3000 643.81 576.51 67.30
5000 758.07 576.51 181.56
7000 923.07 576.51 346.56
10000 1259.50 576.51 682.99
12000 1539.47 576.51 962.96
15000 2037.66 576.51 1461.15

As shown in Figs. 11-12, under low-speed conditions, the
difference in loss across different conductor layers is minimal.
However, as the speed exceeds 10,000 rpm, the suppression of
AC loss becomes more pronounced with an increasing num-
ber of winding layers. At a speed of 15,000 rpm, the AC loss
for a 10-layer Cu rectangular winding is 73.05%, 59.54%, and
36.26% lower than that of 4-layer, 6-layer, and 8-layer Cu rect-
angular windings, respectively.

Therefore, it is feasible to suppress AC loss by reducing the
conductor height, that is, increasing the number of layers of
rectangular winding.

5. COMPARATIVE ANALYSIS OF MOTOR OPTIMIZA-
TION SCHEMES

From the above analysis, it is evident that using Al conduc-
tors instead of Cu conductors, along with increasing the num-
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FIGURE 12. Total loss distribution under different layers of Cu rectan-

gular winding.
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FIGURE 14. AC loss distribution of 4 schemes.

FIGURE 13. Comparison of 4 schemes.

—a— 8 -layer Cu
—o— § -layer Al

3000 9 —&—10-layer Cu
2800 4 —w—10-layer Al
2600
2400
2200 4
2000 - S
% 1800 medium speed
£ 16007 low speed
= 1400 5
&£ 1200 o
1000 '_____4,..-;/
800 1 L
600 | a—T
400 4
200 4
n T T T T T T T
1000___3000] | 5000 7000 10000 12000 15000

Speed/rpm

FIGURE 15. Total loss distribution of 4 schemes.

TABLE 10. AC loss distribution of 4 schemes.

Speed/rpm | 8-layer Cu/W | 8-layer AUW | 10-layer Cu/W | 10-layer A/W
1000 11.78 7.436 7.307 4.64
3000 101.76 69.659 67.302 43.36
5000 272.86 189.596 181.564 117.97
7000 518.51 363.606 346.563 226.55
10000 1015.34 719.616 682.993 450.13
12000 1425.81 1016.596 962.963 637.94
15000 2150.89 1546.046 1461.153 975.11

ber of layers of rectangular windings, can effectively suppress
AC losses. Therefore, this section compares and analyzes the
losses of four schemes: 8-layer Cu rectangular winding, 8-layer
Al rectangular winding, 10-layer Cu rectangular winding, and
10-layer Al rectangular winding, as shown in Fig. 13.
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Finite element simulations of the motor were carried out at
different speeds, ensuring that the number of slot ampere turns
remained constant for the four schemes. The AC loss and total
loss distributions for each scheme are presented in Table 10 and
Table 11.
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TABLE 11. Total loss distribution of 4 schemes.

Speed/rpm | 8-layer Cw/W | 8-layer A/W | 10-layer Cu/W | 10-layer A/W
1000 574.59 899.7 583.81 918.976
3000 671.42 961.923 643.81 957.7
5000 855.07 1081.86 758.07 1032.31
7000 1118.04 1255.87 923.07 1140.89
10000 1648.31 1611.88 1259.50 1364.47
12000 2085.23 1908.86 1539.47 1552.28
15000 2855.14 2438.31 2037.66 1889.45

As shown in Fig. 14, with the increase in speed, the AC
losses of the 8-layer Cu rectangular winding, 8-layer Al rectan-
gular winding, 10-layer Cu rectangular winding, and 10-layer
Al rectangular winding decrease sequentially. Compared to the
8-layer Cu rectangular winding scheme, the average AC loss of
the 10-layer Al rectangular winding scheme at different speeds
is reduced by 56.67%.

As depicted in Fig. 15, at low speeds, the total loss of the Cu
rectangular winding is about 63% of that of the Al rectangular
winding. At medium speeds, the total loss of the Cu rectan-
gular winding increases more than that of the Al rectangular
winding. At 7,000 rpm, the total loss of the 8-layer Cu rect-
angular winding is only 22.85 W less than that of the 10-layer
Al rectangular winding. Under high-speed conditions, the to-
tal loss of the 8-layer Cu rectangular winding exceeds that of
the other schemes. At 15,000 rpm, the total loss of the 10-layer
Al rectangular winding is about 66% of that of the 8-layer Cu
rectangular winding.

Therefore, a 10-layer Al rectangular winding can be used in-
stead of an 8-layer Cu rectangular winding to effectively sup-
press AC loss and total loss at high speeds.

6. CONCLUSION

In this paper, a Prius IV motor serves as the research subject,
and an in-depth study is conducted on the influence of conduc-
tor material and the number of layers in rectangular winding on
the AC losses of the motor. The research findings are summa-
rized as follows:

At high speeds, increasing the number of layers of Al rect-
angular windings can significantly reduce the AC loss of the
motor. When the motor operates at 10,000 rpm, 12,000 rpm,
and 15,000 rpm, the AC loss with 8-layers Al rectangular wind-
ings is reduced by 33.71%, 33.22%, and 32.56%, respectively,
compared to 8-layers Cu rectangular winding. The total loss is
reduced by 2.21%, 8.46%, and 14.60%, respectively.

Reducing the conductor height, i.e., increasing the number
of layers of rectangular windings, can suppress the AC losses
and total losses of the motor. When the motor operates at
15,000 rpm, the AC losses of the 10-layer Cu rectangular wind-
ings are reduced by 73.05%, 59.54%, and 36.26% compared to
the 4-layer, 6-layer, and 8-layer Cu rectangular windings, re-
spectively. Correspondingly, the total losses are reduced by
65.97%, 51.03%, and 28.63%, respectively.
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With the optimized solution of replacing the 8-layer Cu con-
ductor with a 10-layer Al conductor, the AC losses of the mo-
tor have been significantly suppressed, achieving an average
reduction of 56.67%. Meanwhile, the total loss is reduced ac-
cordingly, amounting to 66.18% of the pre-optimization loss.
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