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Abstract: In this paper, the cooling performance of oil-cooling PMSM with hairpin winding under
various oil parameters is analyzed via a simulation and an experiment. The effects of oil jet positions,
oil temperatures, and oil flow rates on the cooling performance are analyzed. It is found that
increasing the oil temperature in the range of 20 °C to 60 °C, increasing the flow rate of oil jets
whose position angle is from 15° to 45°, and increasing the flow rate in the range of 1 L/min to
2 L/min will significantly improve the cooling performance. The apertures of the oil spray ring are
optimized using the Taguchi algorithm. The cooling performance is the best when the flow ratio is
m(0°):m(15°):m(30°):m(45°):m(60°):m(75°) = 4%:19%:10%:10%:4%:4%. This study provides a guide for
the design of the oil-cooling system for the hairpin winding of the PMSM.

Keywords: hairpin winding; oil-cooling PMSM; CFD; convective thermal resistance

1. Introduction

With the gradual strengthening of people’s environmental awareness, electric vehicles
will become the primary development trend in the future. Electric vehicle motors tend to
have high power density and high integration. Because hairpin winding motors have a
high slot fill factor, they are gradually replacing motors with round winding in electric
vehicles. The main losses of the motor include copper loss, iron loss, eddy current loss of
permanent magnet, mechanical loss, and stray loss [1-3]. The copper loss is the main part
of the motor loss [4-6]. However, due to the higher copper loss of hairpin winding, the
heat dissipation issue of motors with hairpin winding should be addressed. Compared to
water, oil can come into direct contact with the winding and remove the heat generated by
the winding. Therefore, to meet the heat dissipation requirements of the winding, hairpin
winding motors are typically oil-cooling [7,8].

At present, many studies focus on water-cooling structures and water-cooling charac-
teristics [9,10], and the research on oil-cooling motors is insufficient. The oil-cooling research
mainly focuses on fewer-layer hairpin winding [11-13]. Chuan Liu et al. [11] developed a
method for predicting HTCs of the motor with two-layer hairpin winding. Taewook Ha
et al. [12] studied the oil injection method to maximize the cooling performance of a motor
with six-layer hairpin winding. Chuan Liu et al. [13] investigated the cooling ability of differ-
ent spray cooling setups on the two-layer end winding. However, compared to the fewer-layer
winding, when the number of layers of winding exceeds six, the heat dissipation issue of the
multi-layer winding is more serious. Moreover, gaps between the multi-layer winding and
oil-cooling characteristics are different from the fewer-layer winding. Therefore, it is necessary
to analyze the cooling performance of oil-cooling multi-layer winding.

The analysis methods of motor cooling systems are divided into two methods: the
experimental method and the numerical simulation method [14-16]. Whether the motor
cooling system is water-cooled, air-cooled or oil-cooled, the convective heat transfer area
(CHTA), the average convective heat transfer coefficient (CHTC) and the convective thermal
resistance (CTR) are the main standards for cooling performance [17-20]. Xintong Zhang
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et al. [17] proposed the coupling method of computational fluid dynamics (CFD) and
lumped parameter thermal network (LTPN) to calculate the CHTC of an air-cooling motor.
Peixin Liang et al. [18] determined the cooling performance of the circumferential water
jacket and axial water jacket by comparing the CHTC. Yaohui Gai et al. [19] calculated
the CHTC in the hollow shaft cooling system of the rotor with various speeds. F. Zhang
et al. [20] established the LPTN of the oil-cooling end winding, in which the CHTC and
CTR are important parameters related to temperature rise. Therefore, the CHTA, CHTC
and CTR should be calculated to analyze the cooling performance of oil cooling windings.

The studies on oil-cooling motors mainly compare the type of oil jets, oil flow rate
and oil temperature [8,21], and determine a better combination of oil spray parameters.
Taewook Ha et al. [8] investigated the characteristics of oil behavior in the oil-cooling of
motors. They found that the optimal oil temperature, flow rate, and oil level are at 60 °C,
0.140 kg/s, and 85 mm, respectively. In addition, Nyeon Gu Han et al. [21] studied the effect
of the churning phenomenon on the cooling performance of motors. They analyzed the
effect of oil temperature, oil flow rate, and motor rotation speed on the cooling performance.
However, the oil jet position also has a great influence on the cooling performance, and little
research has been conducted on the effect of o0il jet position on the cooling performance.

There are many kinds of optimized algorithms for the motor structure, for example,
the genetic algorithm [22], the simulated annealing algorithm [23,24], the particle swarm
optimization algorithm [25]. But the objective function of these global optimization algo-
rithms is complex and the solution time is long. The Taguchi method [26,27] is adopted
in this paper, which is a local optimized method with a short solution time and is capable
of optimizing multi-objective design. The optimal parameters can be determined in the
lowest number of experiments using the Taguchi method.

In order to analyze the cooling performance of the oil-cooling multi-layer hairpin
winding, the CFD model is established in this paper. The correctness of the flow field
simulation is verified through experiments. The cooling performance under various oil jet
positions, oil temperatures, oil flow rates are analyzed. The apertures of the oil spray ring
are optimized using the Taguchi method and the cooling performances of the initial model
and the optimized model are compared.

2. Experiments and CFD Settings
2.1. PMSM Parameters

Figure 1 shows the oil-cooled PMSM with the 8-layer hairpin winding used in the
experiment, and the main parameters are listed in Table 1. The rated speed of the motor is
4700 rpm, and the rated power is 225 kW. The end winding on the left side of the motor is
called the welded part, and the other side is called the crown part.

Stator core

Welded part Crown part

Figure 1. Oil-cooled PMSM with the 8-layer hairpin winding.
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Table 1. Main parameters of motor.

Parameters Value Parameters Value
Slot/pole 48/8 Outer diameter 256 mm
Rated power 225 kW Axial length 200 mm
Rated speed 4700 r/min Air gap 0.7 mm

2.2. Experimental Setup

In this study, as a visual experiment of oil flow, the motor is not heated, and only the
oil is heated to a suitable temperature. And the flow field and direction are analyzed to
verify the correctness of the simulation. But before carrying out the fluid visual experiment
in the hairpin winding, we referenced the relevant literature [12,13]. When analyzing the
fluid distribution of the oil-cooling motor, the effect of the rotor was ignored, and a separate
stator was used for the experiment in [12,13]. Since the rotor that sprays oil to cool windings
is not involved in this paper, it is reasonable to conduct experiments with the stator. The
experimental device and schematic diagram used in this study are shown in Figure 2. The
oil temperature is usually 60 °C in an electric vehicle (EV) motor. Therefore, in order to
ensure the accuracy of the experiment, oil needs to be heated to 60 °C. An oil heater (500 W
oil heater with an oil temperature sensor, XinFuTong, Taizhou, China) is used to regulate
the temperature of the oil in the tank. An oil pump (DC50B-12100A, DC Pump, Zhongke
Century, Shenzhen, China) is used to circulate oil in the system. And a flow meter (K24
flow meter, WenGang, Wenzhou, China) is connected to the pump to control the oil velocity.
The heater oil is transported to the visual test chamber. The visual test chamber consists
of the stator, the spray ring, the oil groove and the transparent Aggreko shell. In order to
study the effects of oil jet positions on cooling performance, a new spray ring is designed
in this paper, as shown in Figure 3. By changing the hollow bolts with different apertures,
the oil spray ring achieves the adjustment of the aperture of the oil jets, which speeds up
the experiment process and saves time. In addition, to acquire its unique shape, the oil
spray ring is manufactured using 3D printing technology. And the spray ring is made of a
high-temperature-resistant resin that can tolerate the fluid temperature without becoming
deformed or soft.

4_(ZZ) Flow
4

meter

TFlow meter

Filter <

Oil tank Filter Pump

Figure 2. Experimental device and schematic diagram.
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nozzles Solid bolt
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Figure 3. A new oil spray ring.

According to the actual condition, the vertical distance between the oil spray jet and
the winding is 10 mm. As shown in Figure 3, the interval of jets is 15°, and the number of
jets is 11. In order to determine the fluid field at various jet positions, the oil jets are placed
there with a hollow bolt, the aperture of which is 1.5 mm, while the other oil jets are placed
with solid bolts. The oil used in this experiment is ATF D971. The oil parameters at 20 °C,
60 °C and 100 °C are shown in Table 2. The oil flow rate at the crown part is 2 L/min at the
rated power. The fluid field on the end winding is tested when the oil jet positions are 0°,
15°,30°, 45°, 60° and 75°, and the flow rate at each oil spray jet is 0.18 L /min.

Table 2. Parameters of oil at various temperatures.

Parameters 20°C 60 °C 100 °C

Dynamic viscosity (mPa-s) 32.4 7.80 3.15
Specific heat capacity (J/(kg-K)) 1933.8 2083 2233.2
Thermal conductivity (W/(m-K)) 0.142 0.139 0.136
Density (kg/ m?) 817.9 792.5 766.7

2.3. CFD Setting

In the traditional cooling calculation of the motor with hairpin winding, the end
winding is usually equivalent to a ring to save calculation time. However, this method
cannot calculate the oil distribution on the multi-layer winding accurately. Therefore, this
paper established a CFD model based on the real structure of the hairpin winding, as shown
in Figure 4. The calculation result based on this model is closer to the real oil flow on the
winding, and the accuracy is improved. Due to the symmetry of the winding, a complete
180° semi-circular fluid field model is established and shown in Figure 4. The CFD model
is divided into four parts: the oil channel in the spray ring, the region from the oil jet to the
end winding surface, gaps between windings, and the cavity of the motor. The inlet flow
is the mass flow, and the pressure outlet is located at the bottom. Because the oil flow is
laminar, the standard k-e¢ method and the volume of fluid (VOF) model are used in this
paper, and the equation of standard k-¢ is expressed as follows [19]:

WO 4V (pku) = V- [+ 1) V] + Gy — pe

&
W) - (pue) = V- [ (i + &) Ve| + G1o£Gy — Goup &

where k is the turbulence kinetic energy, ¢ is the dissipation rate, oy, 0, G1¢, Gy, are constants,
and Gy is turbulence kinetic term associated with the mean velocity gradient.
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Figure 4. (a) CFD model. (b) LPTN of oil-cooling winding. Ty is the oil temperature. Ry is the convec-
tive thermal resistance. R, is the thermal resistance of end winding. Ty is winding temperature. Pey
is winding heat source. (c) Experiment [28] and CFD results at fluid temperature 50 °C at various
inlet velocity values (jet on center, T = 90 °C).

The sum of the oil volume fraction and air volume fraction is 1 in each volume cell in
the VOF method. It can be expressed as follows. For the phase of g, the continuity equation
of the VOF is as shown in Formulas (2) and (3).

%0 L (aypyvy) = 0 @)
ot q099q) =

Qoil + Kair = 1 ®)

where p; is the density, v, is the velocity, and &, is the volume fraction of the phase of g.
X is the volume fraction of the phase of oil. a,;, is the volume fraction of the phase of air.

The fluid is assumed to be an incompressible Newtonian fluid. According to the
requirements of the wall function, the y+ needs to meet 11.5 < y+ < 200. The y+ is the
dimensionless wall distance [19], and it can be expressed as in Formula (4). After detailed
meshing, the y+ at the surface of the end winding in this paper is 13, which meets the mesh
requirements and the number of grids is 620,000. And in order to verify the experimental
results, the flow rate and the oil temperature are the same as the experiment. The fluid field
at each oil jet position is calculated as follows:

+_ Yy T/p
y' = (4)
H
where y is the height of the first layer grid on the wall, T, is the wall shear stress, p is the
fluid density, and y is the fluid dynamic viscosity.

According to the convective thermal resistance calculation using Formula (5) and
the LPTN of oil-cooling winding, the CHTA and CHTC determine the CTR. The thermal
resistance determines the temperature of the winding, which indicates the oil-cooling
performance. Therefore, this paper compares the CHTA, CHTC and CTR to calculate the

cooling performance.
1

Ry = WA ®)
where Rf is the convective thermal resistance, / is the convective heat transfer coefficient,
and A is the convective heat transfer area.

In [28], the CHTC of oil-cooling on end winding was determined via an experiment.
Due to the similar cooling process, it can be used as a reference to verify the correctness
of the established model in this paper. Based on the experiment settings and boundary
conditions shown in [28], we established a model and finished the simulation. The results
show that the CFD results are in good agreement with the experimental results, as shown in
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Figure 4c. Therefore, the numerical solution method in this paper can accurately calculate
the CHTC.

3. Effect of Oil Parameters on Cooling Performance
3.1. Effect of Oil Jet Positions on Cooling Performance

The oil temperature is 60 °C and the total flow rate at the end winding is 2 L/min.
The flow rate of a single oil jet in the corresponding experiment is 0.18 L /min. Due to the
symmetry of the CFD model, the flow rate of the 0° oil jet is 0.09 L/min and the flow rate
of other oil jet positions is 0.18 L/min in the CFD calculation. And in order to compare
the cooling performance at the same flow rate of each oil jet, the CHTA of the 0° oil jet
is multiplied by 2. Experiments and CFD simulations are carried out when the oil jet
position angle is 0°, 15°, 30°, 45°, 60° and 75°, respectively. Because the color of the oil
and the winding are similar, these are difficult to discern in the figure. Cases with and
without oil coverage are shown in Figure 5. Figure 6 shows the experiment results, and
yellow arrows in the figures indicate the oil flow direction observed during the experiment.
Figure 7 shows the oil distribution at various positions calculated in simulations. The
transparent region is the end winding, and the colored area is the CHTA. The depth of the
color indicates the oil velocity. The oil distribution and flow direction of the experiment
and CFD are the same, confirming the accuracy of the CFD.

Oil-free winding
Oil © Oil-covered winding

Figure 5. Oil-covered winding and oil-free winding.

Figure 6. Oil distribution at various oil jet positions in the experiment. (a) 0°. (b) 15°. (c) 30°. (d) 45°.
(e) 60°. (f) 75°.
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Figure 7. Oil distribution on the winding at various oil jet positions in CFD. (a) 0°. (b) 15°. (c) 30°. (d)
45°. (e) 60°. (f) 75°.
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It can be seen from Figure 7 that the CHTA varies significantly at various oil jet
positions. As shown in Figure 8, the end winding is divided into six parts. The inner-layer
windings are the four layers closed to the motor inner cavity, while the outer-layer windings
are the other four layers. The convective heat transfer region of the winding is shown in
Table 3. When the oil jet position is 0°, the force of gravity is the largest, and the majority of
the oil falls vertically. Therefore, the oil flowing from the 0° oil jet is mainly distributed in
region I, and covers the outer and inner layers of the winding.

Outer-layer/
winding/ y
B

I lav
Inner-layer
winding

Figure 8. The end winding is divided into six parts, and they are numbered from I to VI.

Table 3. The oil distribution region on the winding.

Oil Jet ] L
Position Region of Winding
I I I v v VI
0° VAN
150 \/ A \/ # \/ # \/ * \/ * \/
30° \/ AN \/ # \/ # \/ *
450 \/ A \/ # \/ # \/ %
60° \/ * \/ % \/ %
75° VA V*

Outer-layer winding: *; inner-layer winding: #; all-layer winding: A; oil-covered winding: /.

When the oil jet position is from 15° to 45°, gravity is used for it to flow along the
winding and the CHTA is larger than other positions. Therefore, the oil flowing from the
15° oil jet covers the full windings of six regions. Because oil flows down along windings,
it only cools the inner-layer windings in regions II and IIL. The oil flowing from the 30° and
45° oil jets covers regions II, III, IV and V. However, when the oil jet position is between
60° and 75°, the gravity on the oil is small, and the oil cannot flow too far on the winding.
It only covers the outer-layer winding in regions IIL, IV and V. By increasing the flow rate
of 15°—45° oil jets, the cooling performance significantly improves. And by increasing the
flow rate of 60° and 75° oil jets, the cooling performance of the outer winding is better.
This indicates that a reasonable flow rate for each jet is important to improve the cooling
performance of the motor.
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3.2. Effect of the Oil Temperature on Cooling Performance

As shown in Figure 9, oil temperature has a great influence on the oil’s physical properties.
Especially important, the dynamic viscosity and thermal conductivity significantly affect the
oil distribution. According to the following formulas [19], the CHTC is related to the oil
physical properties. When the temperature rises, the dynamic viscosity decreases, resulting
in increased fluidity and oil velocity, and the oil distribution on the winding is influenced.
Moreover, oil velocity is directly related to the CHTC. At the same time, the increase in specific
heat capacity and the decrease in thermal conductivity also affect the oil cooling performance.
As a result, the effect of oil temperature on cooling performance is analyzed.

Nu =hD/A (6)
Re = pvD/u (7)
Pr = pcy/A (8)

where Nu is Nusselt number, D is hydraulic diameter, / is convective heat transfer co-
efficient, Re is Reynolds number, A is the heat conductivity coefficient, Pr is the Prandtl
number, p is the density, y is dynamic viscosity, and c, is the specific heat capacity.

100 3.0 '
—=— Dynamic viscosity —=— Specific Heat
E o
£ 220t
£ 60 2
A§ S15f
> 40 o
2 =10
E 20 K05k
0 L 2 00 1 1 1 1 1 1
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Temperature(°C) Temperature(°C)
(a) (b)
1000 —0.20 —
—s=— Density 0 —=— Thermal conductivity
- E0.16
L et IR -
E z
= 600 F = 0.12
< -]
s g
2 400 | 2 0.08 |
8 3
200 g 0.04 |
2
=
0 L L L L L L 0.00 1 1 I 1 1 1
0 20 40 T 60 82C 100 120 140 0 20 40 60 80 100 120 140
emperature(°C) Temperature(°C)
(c) (d)

Figure 9. The trend of the oil’s physical properties with temperature. (a) Dynamic viscosity. (b) Specific
heat. (c) Density. (d) Thermal conductivity.

In this study, the flow rate is the same as that in the previous section with a change in
the oil temperature from 20 °C to 100 °C. Figures 10 and 11 show the CHTA distribution
and the oil velocity at various oil jet positions. In general, as the temperature rises, the
oil viscosity gradually decreases and the oil velocity increases, resulting in a decrease in
the oil-covered area on the winding. The CHTA at 20 °C, 60 °C, and 100 °C is shown
in Figure 12a. § is the angle of the oil jet position. When the temperature decreases, the
viscosity of the oil rises, and the oil flow on the winding surface slows, resulting in a higher
CHTA of the oil at 20 °C than at other temperatures. At each temperature, the sum of the
CHTA at 15°, 30° and 45° is about twice that of the sum of the CHTA at 0°, 60°, and 75°.
Therefore, increasing the flow rate in the range of 15-45° can significantly increase the
cooling performance. All positions have a larger CHTA at 20 °C than the CHTA at other
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Figure 10. Oil distribution and oil velocity at 20 °C. (a) 0°. (b) 15°. (c) 30°. (d) 45°. (e) 60°. (f) 75°.
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Figure 11. Oil distribution and oil velocity at 100 °C. (a) 0°. (b) 15°. (c) 30°. (d) 45°. (e) 60°. (f) 75°.
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Figure 12. Cooling performance at various temperatures. (a) CHTA. (b) CHTC. (c) CTR.

Figure 12b shows the CHTC at various oil temperatures. According to the fluid field,
as the oil temperature rises, the oil velocity gradually increases, resulting in an increase in
the CHTC at all oil jet positions. The CHTC at 100 °C is three times that at 20 °C. The CHTC
is highest at 100 °C, with a value of 160 W/m? K. Therefore, the change in temperature
will significantly affect the CHTC. Figure 12c shows the convective thermal resistance at
various temperatures. The CTR difference between 20 °C and 60 °C is significant, while
the difference between 60 °C and 100 °C is insignificant. The maximum CTR difference
between 20 °C and 60 °C is 0.144 K/W, while the difference between 60 °C and 100 °C at
the same oil jet position is only 0.07 K/W.

As a result, increasing the oil temperature can reduce the convective thermal resistance.
However, when the oil temperature exceeds 60 °C, the drop in convective thermal resistance
is not noticeable and the excessive oil temperature is not beneficial for cooling. Therefore,
the excessive oil temperature is unnecessary, which will result in increased power for the
oil pump and increased motor loss and the loss of the EV system. The convective thermal
resistance of 15° to 45° is smaller than that at other positions at the same temperature.
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3.3. Effect of the Oil Flow Rate on Cooling Performance

When the motor is running in different working conditions, the loss of the motor will
change in different conditions. The motor temperature is monitored by the control system
of the oil pump, and the oil flow setting is achieved in different conditions. Therefore, it is
necessary to analyze the oil distribution at different flow rates. The effect of the oil flow rate
and the oil jet position on the cooling performance is analyzed. The oil temperature is 60 °C
with a change in total oil flow rate from 1 L/min to 3 L/min at the end winding. And the
flow rate changes from 0.09 L/min to 0.27 L/min for the single oil jet. Figures 13 and 14 show
the oil distribution and the oil velocity at various oil jet positions. In general, as the flow rate
rises, the CHTA increases. As shown in Figure 15a, the CHTA increases multiply when the
flow rate increases from 1 L/min to 3 L/min. This indicates that the flow rate has a significant
effect on the CHTA. However, the CHTA of 15-45° is still larger than the CHTA of the other
three positions.
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Figure 13. Oil distribution and oil velocity at 1 L/min. (a) 0°. (b) 15°. (c) 30°. (d) 45°. (e) 60°. (f) 75°.
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Figure 14. Oil distribution and oil velocity at 3 L/min. (a) 0°. (b) 15°. (c) 30°. (d) 45°. (e) 60°. (f) 75°.
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Figure 15. Cooling performance at various flow rates. (a) CHTA. (b) CHTC. (c) CTR.

Figure 15b shows the CHTC under various flow rates. The CHTC is higher when
the flow rate is 3 L/min, indicating that the higher the flow rate, the greater the CHTC.
However, compared to the effect of oil temperature on the CHTC, the change in flow rates
is quite small. It can be seen that the average CHTC is almost the same for each flow rate,
which indicates that the average CHTC is mainly affected by oil temperature. Figure 15¢
shows the CTR at various oil flow rates. The thermal resistance difference between 1 L/min
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and 2 L/min is large, which indicates that increasing the flow rate in this interval can
significantly reduce the winding temperature. However, the thermal resistance difference
between 2 L/min and 3 L/min is small. Furthermore, regardless of the flow rate increase
in this interval, the thermal resistance remains unchanged, and the winding temperature
is not greatly reduced. Therefore, the flow rate affects convective thermal resistance by
affecting the CHTA, while oil temperature affects convective thermal resistance by affecting
the CHTC.

4. Structure Optimized and Cooling Performance Analysis

Based on the analysis above, it is necessary to optimize the diameter of the oil jet to
meet the purpose of increasing the CHTA and CHTC, and reducing the CTR. Therefore,
this paper uses the CHTA and CHTC as optimized objectives. The diameters of the oil jets
at each position are taken as optimized factors. The Taguchi method is used to optimize the
diameters of the oil jets. In order to reduce the number of simulations and save calculation
time, dy, d3 and d4 have a great influence on the oil distribution, as shown in Figure 16.
Therefore, they are optimized as three independent variables. It is assumed that the oil jet
positions of 0°, 60° and 75° have the same diameter d;. The levels of the optimized factors
are shown in Table 4. In this paper, an orthogonal matrix with four levels and four factors
is established. Sixteen simulation calculations are carried out, greatly reducing the number
of calculations. The simulation results obtained via CFD are shown in Table 5.

v Inlet

VL

Figure 16. Fluid field in the oil spray ring. dy, dy, d3, d4 are diameters of oil jets at various positions.

Table 4. Levels of the optimized factors.

Level 1 Level 2 Level 3 Level 4
di (mm) 1 15 2 2.5
dr (mm) 1 1.5 2 2.5
dz (mm) 1 15 2 2.5
dy (mm) 1 15 2 2.5

In order to determine the proportion of all optimized factors affecting each optimized
objective, the average and variance are analyzed. The formula for calculating the average
value of each optimized objective is as follows:

1 n
m=—35 ©)
iz
where m is the average of the simulation of the optimized targets. n is the number of
experiments. S; is the optimized target for the simulation 7.
Then, the average of the optimized target under different levels is analyzed. For
example, when dj is at level 1, the formula of the CHTA average is as follows:

my(A) = $(AQ) + AQ) +AB) + A4)) (10)
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where m,;,(A) is the average of the CHTA with optimized factor d; at level 1. A(1), A(2),
A(3), and A(4), respectively, represent the simulation values of the CHTA in the 1st, 2nd,
3rd and 4th test.

According to the above method, the average of the CHTA and CHTC at various levels
is shown in Figure 17. When the CHTA is at its maximum, the combination of parameters is
d1(2), d2(2), d3(2), d4(4). When the CHTC is at its maximum, the combination of parameters
is dq(1), dy(1), d3(4), da(3).

Table 5. An orthogonal matrix and simulation results.
Number dq dy ds dy A (m?) h (W/m?2-K)
1 1 1 1 1 0.102 92.170
2 1 2 2 2 0.123 97.040
3 1 3 3 3 0.113 99.000
4 1 4 4 4 0.094 106.000
5 2 1 2 3 0.122 94.730
6 2 2 1 4 0.132 87.540
7 2 3 4 1 0.123 95.750
8 2 4 3 2 0.123 89.300
9 3 1 3 4 0.124 88.780
10 3 2 4 3 0.123 87.470
11 3 3 1 2 0.109 88.170
12 3 4 2 1 0.136 72.140
13 4 1 4 2 0.097 88.410
14 4 2 3 1 0.098 85.570
15 4 3 2 4 0.116 77.860
16 4 4 1 3 0.085 87.520
0.14 100 0.14 100
- —A— /4 —A— /4
—=— 5 —=— 5
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0.07 80 0.07 80

Level

()

Level

(d)

Figure 17. The average of each optimized objective under each optimized factor. (a) d. (b) d. (c) d3.

(d) dy.
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According to the average of the optimized objectives, the variance can be obtained
using the following formula. The variance proportion is calculated as shown in Table 6.

55 = 13" (my($) - m(s)? a
i=1

where X represents each optimization factor. S represents the optimized objective. m(S)
represents the average of the optimized objective. m,;(S) represents the average value of an
optimized objective under the optimized factor X at the level i. SS represents the variance
under the optimized factor X. n represents the level value of each optimization factor.

Table 6. The influence of each optimization factor on different optimization objectives.

Optimized Factor CHTA CHTC
dy 65% 69%
dy 8% 1%
d3 24% 21%
d4 3% 9%
Total 100% 100%

It can be seen that d; and dy have a greater influence on CHTC, and d; and d3 have
a greater influence on CHTA. Therefore, the levels of d1 and d4 should be selected when
the CHTC is maximum. The levels of d; and d3 should be selected when the CHTA is
maximum. The combination of optimized parameters is shown in Table 7. It can be seen
that the optimized CHTA is increased by 47%. It is noted that the CHTC is not improved
compared with the initial model. Based on the above analysis, this is because the CHTC is
mainly related to oil temperature. But the CTR is reduced by 24.9%, which shows that the
optimization is effective. The oil distribution of initial model and optimized model is as
shown in Figure 18. It can be seen that the optimized model has a larger oil distribution
area on the winding. The flow ratio of the initial model and optimized model of each oil jet
(from 75° to 0° in clockwise direction is the oil jet number from 1 to 6) is shown in Figure 19,
and the flow ratio is m(0°):m(15°):m(30°):m(45°):m(60°): m(75°) = 4%:19%:10%:10%:4%:4%.

Table 7. Optimized parameter combination.

Optimized Factors Optimized Objective
dq (mm) dy (mm) ds (mm) dy4 (mm) A (m?) h (W/m?-K) Ry (K/W)
Initial model 1.5 15 1.5 15 0.094 97.370 0.109
Optimized model 1 15 1.5 2 0.139 88.110 0.082

Velocity (m/ s)

! 1.00

-0.75

Figure 18. Oil distribution at 60 °C, 1 L/min. (a) Initial model. (b) Optimized model.
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Figure 19. Flow ratio of initial model and optimized model.

5. Conclusions

In this paper, the effect of the oil jets” position, the oil temperature, and the flow rate
on the cooling performance of PMSM with hairpin winding is quantitatively analyzed. The
CHTA varies greatly when the oil jet position is different. By increasing the flow rate of
15°-45° oil jets, the cooling performance significantly improves. And by increasing the flow
rate of 60° and 75° oil jets, the cooling performance of the outer winding is better. With the
oil temperature increases, the CHTA decreases and the CHTC increases. But when the oil
temperature exceeds 60 °C, the decrease in the convective thermal resistance is not obvious.
With the flow rate increases, the CHTA and CHTC increase. The flow rate affects convective
the thermal resistance by affecting the CHTA, while oil temperature affects the CTR by
affecting the CHTC. And when the flow rate is greater than 2 L/min, the winding temperature
will not be significantly reduced by increasing the flow rate. The structure of the oil spray ring
is optimized using the Taguchi algorithm. The cooling performance is the best when the flow
ratio is m(0°):m(15°):m(30°):m(45°):m(60°):m(75°) = 4%:19%:10%:10%:4%:4%.
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