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This paper constructs a heat dissipation model that couples the motor structure
with the characteristics of heat pipes. Combining experiments and simulations,
this paper analyzes the impact of heat pipe lay-out on heat dissipation efficiency
and quantitatively evaluates the energy efficiency optimization effect. A 150 kW
permanent magnet synchronous motor and a 120 kW asynchronous induction mo-
tor were tested under different loads. After installing the heat pipes, the maximum
temperature at 100% rated load dropped from 142.3-108.5 °C for the permanent
magnet synchronous motor, and from 138.7-105.2 °C for the asynchronous mo-
tor, both reductions exceeded 30 °C. Regarding energy consumption, the hourly
power consumption at rated load dropped from 14.8-13.4 kWh for the permanent
magnet synchronous motor, a 9.4% reduction, and from 15.2-13.9 kWh for the
asynchronous motor, an 8.5% reduction. The simulation was conducted using AN-
SYS Workbench 2023 R2. The temperature field distribution shows that the high
temperature zone has been reduced by over 60%, and the temperature gradient has
dropped from 25 °C per cm to 12 °C per cm, with a deviation of less than 5% from
experimental data. This research provides theoretical support for improving motor
reliability and reducing vehicle energy consumption.
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Introduction

As the core power source of new energy vehicles, motors generate significant heat
during operation due to electromagnetic losses, mechanical friction, and other factors. Data
shows that for every 10 °C increase in motor temperature, insulation life is shortened by 50%.
Sustained high temperatures can also cause magnet demagnetization, winding burnout, and
even vehicle spontaneous combustion. Among the current mainstream cooling methods, air
cooling has a simple structure but limited heat dissipation capacity, making it prone to heat
dissipation bottlenecks under high load conditions [1]. Liquid cooling, while more efficient,
requires auxiliary systems such as pumps and piping, increasing energy consumption and the
risk of leakage. Natural cooling is only suitable for low power motors and cannot meet the
requirements of high performance vehicles [2]. These methods generally suffer from insuffi-
cient heat transfer efficiency or excessive system complexity. Heat pipe technology, leveraging
a phase-change heat transfer mechanism, boasts a thermal conductivity over 100 times that
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of pure Cu. It has achieved efficient heat dissipation in devices such as laptop CPU and PV
inverters. Requiring no external power, heat transfer is accomplished through a working fluid
evaporation-condensation cycle. Its advantages include compact size, light weight, and strong
adaptability [3]. Its application motor cooling promises to overcome the limitations of tradi-
tional methods.

This paper proposes a solution based on heat pipe technology to address the heat
dissipation challenges faced by new energy vehicle motors [4]. By constructing a heat dissi-
pation model that couples the motor structure with heat pipe characteristics, experimental and
simulation analyses are conducted to analyze the impact of heat pipe lay-out on heat dissipation
efficiency, and the resulting energy efficiency optimization is quantitatively evaluated. The re-
search findings provide theoretical support for improving motor reliability and reducing vehicle
energy consumption. They are of great practical significance for promoting the upgrading of
key technologies in new energy vehicles.

Construction of a heat dissipation model for
new energy vehicle motors based on heat pipe technology

Analysis of motor heating mechanisms

When a new energy vehicle motor is operating, heat is primarily generated by three
main losses: Cu loss in the stator winding, iron loss in the core, and mechanical friction loss [5].
The Cu losses are caused by current passing through the winding resistance and are proportion-
al to the square of the load current. Their magnitude is closely related to the winding resistance,
which varies with temperature. The temperature-corrected resistance is denoted as Ry, and the
winding resistance at 25 °C is denoted as R,s. Iron losses are caused by core hysteresis and eddy
current effects and increase with speed, n [rpm]. Mechanical losses arise from bearing friction
and windage [6]. This heat forms high temperature zones in the stator slots and rotor ends. If
accumulated, exceeding the material tolerance, it will accelerate insulation aging and degrade
electromagnetic performance. The total heat generated by the motor can be calculated:

Orotal = IZReKt +kaf’%lfV+kmn (1)

where / [A] is the winding current, K, — the skin effect coefficient, k,— the iron loss coefficient,
B,, [T] — is the magnetic flux density, /' [Hz] — the frequency, V' [m?] — the core volume, and
k,, — the mechanical loss coefficient.

Heat pipe technology principle and selection

Heat pipes achieve efficient heat transfer through phase change of the working fluid:
the evaporation section absorbs heat, vaporizing the working fluid. The vapor flows to the
condensation section under the influence of a pressure differential, releasing heat and liquefy-
ing [7]. The liquid then returns due to capillary forces, completing the cycle. The heat transfer
capacity of a heat pipe is subject to various limitations. Its maximum heat transfer capacity is
determined by the capillary limit, the sonic limit, and the carrying capacity limit:

Qmax = min (Qcap ’ Qsonic ’ Qentrain ) (2)

where Q.,, [W] is the capillary limit, Qs [W]— the sonic limit, and Qeyrain [W] — the entrain-
ment limit, representing the maximum heat transfer, under different operating conditions.

The 3-5 mm grooved pipes fit stator slots and flat pipes increased contact resistance
by 20%. Ethanol-water (30:70) optimizes phase change for —40-120 °C. The 10000 cycle tests
showed <5% capacity loss, meeting automotive standards.
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Design principles of the heat dissipation model

A multi-point embedding-full coverage lay-out is adopted: six axial heat pipes are
embedded in the stator teeth, and two annular heat pipes are placed at the ends to form a 3-D
heat dissipation network. The evaporation section of the heat pipe is in direct contact with the
motor’s heat zone, while the condensation section extends to the external heat sink fins of the
casing. Silicone gaskets are used to reduce contact thermal resistance. The formula for calculat-
ing contact thermal resistance:

0 N 1 3
contact
koA oo A ®

conv

R

where ¢ [m] is the contact gap and k,,, [Wm™K™'] — the thermal conductivity of the filler ma-
terial, 6 = 0.003 m was calibrated via 50 trials, 0.005 m increased resistance by 40%. Thermal
grease outperformed graphite pads (3.2 W/mK) by 30% in contact tests, justifying selection.
Two pipes per 100 cm? reduced temp by 33.8 °C vs. One pipe (28.5 °C) but added 15% cost.
The 1.5 pipes per 100 cm? balanced performance and cost, recommended for mass production.
The A [m?] is contact area and /., [Wm=K"'] — the surface-to-surface heat transfer coefficient .

The model takes into account motor sealing requirements, using an O-ring seal at the
heat pipe penetration point to ensure IPOK9K protection. The heat dissipation efficiency of the
heat dissipation model can be evaluated:

_ 7:t)ase — I;:ooled %x100% (4)

Ti)ase — Lambient

where Th.s. [°C] is the motor temperature without heat dissipation, T.oo.q [°C] — the temperature
after heat dissipation by the heat pipe, and 7,ppien [°C] — the ambient temperature .

Determination of key parameters in the model

Key parameters influencing heat dissipation efficiency include: heat pipe density (rec-
ommended 1-2 per 100 cm? of heating surface), contact thermal resistance (controlled within
0.002-0.005 °Cm*W), and fin heat dissipation area (5-8 times the area of the heat pipe condens-
er section). The optimal combination was determined through orthogonal experiments: a heat
pipe spacing of 50 mm and a contact pressure of 0.3 MPa achieves maximum heat flux while
maintaining structural strength [8]. The impact of this heat dissipation model on motor energy
consumption can be expressed through the correlation equation:

ap=pf1-—1 |- o (5)
100% Rys

where AP [W] is the energy consumption reduction and P, [W] — the original cooling system
power consumption. In addition, the 3-D temperature field distribution of the motor can be
described by the control equation:

pcp%:V(kVT)+qv (6)

where p [kgm™] is the material density, ¢, [JTkg 'K'] — the specific heat capacity £ [Wm 'K '] —
the thermal conductivity, ¢, [Wm™=] — the volumetric heat source intensity and ¢ [s] — the time.
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Experimental and simulation design
Experimental design
Experimental sample selection

The experiment selected two typical new energy vehicle drive motors for research: a
150 kW permanent magnet synchronous motor with a peak torque of 310 Nm, and a 120 kW
asynchronous induction motor with a peak torque of 280 Nm. These two motors were selected
because they both currently account for over 70% of the new energy vehicle market and exhibit
significant differences in their heat generation characteristics [9]. Specifically, permanent mag-
net synchronous motors have a higher proportion of core losses, while asynchronous motors
rely primarily on copper losses as the primary heat source.

Experimental equipment and instrumentation

The core equipment required for the experiment includes six @4 mm grooved cop-
per-water heat pipes with an operating temperature range of —20-120 °C and a thermal resis-
tance no greater than 0.05 °C/W. The 12 T-type thermocouples with a measurement accuracy
of £0.5 °C and a response time of less than 0.5 seconds, a HIOKI 3390 power analyzer with a
measurement accuracy of 0.1 °C and a sampling rate of 10 kHz, and a customized motor drive
test bench capable of speed regulation from 0-16000 rpm. Thermocouples were placed at key
locations on the stator windings, core, and housing. A 0.1mm thick layer of thermal grease with
a thermal conductivity of 4.8 W/mK was applied to the contact areas between the heat pipes and
the motor to reduce contact thermal resistance.

Experimental environment control

The experiments were conducted in a constant-temperature environmental chamber,
with control parameters set at (25 0.5 °C), (50 +5%), and a wind speed of less than 0.2 m/s.
The chamber’s hull was insulated with a 50 mm-thick polyurethane layer. A built-in heat flux
meter with a +2% measurement accuracy monitored ambient thermal interference to ensure that
the external heat flux density was less than 5 W/m?, minimizing the impact of environmental
factors on temperature measurement accuracy.

Simulation analysis and design

This study used ANSYS Workbench 2023 R2 as the simulation software. The Tran-
sient Thermal module in this software supports phase change heat transfer simulation and en-
ables transient analysis with a temperature difference resolution of 0.1 °C. A 1:1 motor model
was constructed in DesignModeler, encompassing components such as the stator, rotor, wind-
ings, and housing. A 3-D heat pipe model was also built, with groove structure parameters of
0.3 mm width, 0.2 mm depth, and 12 grooves. The motor core was meshed using a tetrahedral
grid with a minimum grid size of 1 mm. The grid in the heat pipe area was refined to a grid
size of 0.5 mm, with an overall grid quality greater than 0.85. The windings were set as volu-
metric heat sources, with heat source data determined based on experimentally measured loss
data [10]. The convective heat transfer coefficient of the housing’s outer surface was set to
15 W/m?K. A contact thermal resistance of 0.003 °Cm?*W was set at the interface between the
heat pipe’s evaporator section and the motor. The stator core uses 35W250 silicon steel sheets
with a thermal conductivity of 40 W/mK. The windings use copper with a thermal conductivity
of 398 W/mK. The heat pipe housing uses oxygen-free copper with a thermal conductivity of
401 W/mK, and the working fluid is a water-ethanol mixture with a phase change latent heat of
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2450 kJ/kg. The 0.5 mm mesh reduced temp error by 1.2 °C vs. 1 mm. A one hour simulation
captured thermal stability (reached at 45 minutes), validated by experiments. Grid indepen-
dence tests with 0.4 mm mesh showed <1% change. The simulation time was set to one hour,
with a time step of 10 seconds. The load conditions were consistent with the experiments: 20%,
50%, and 100% of the rated power, respectively.

Analysis of experimental and simulation results
Analysis of improved heat dissipation efficiency
Comparison of motor temperature change data in the experiment

The temperature data of the permanent magnet synchronous motor and asynchronous
motor selected for the experiment under different loads are shown in tab. 1. Stator windings
(142.3 °C) have 2.3x higher heat flux than the core (121.5 °C). Heat pipes (0.05 °C/W resistance)
transferred 60% of winding heat, explaining the larger temperature reduction. After installing the
heat pipes, the maximum temperatures of both motors dropped to 108.5 °C and 105.2 °C, respec-
tively, a decrease of over 30 °C. Under low load conditions (20% load), the temperature drop
was relatively small, but remained within the 12-15°C range, demonstrating that the heat pipes
can consistently dissipate heat under varying loads [11]. Peak load tests (30 seconds) showed
temperatures limited to 115 °C (PMSM) vs. 152 °C without pipes, confirming performance un-
der acceleration. The temperature drop was most significant in the windings, as the heat pipe’s
evaporator section directly contacts the winding end, shortening the heat transfer path.

Table 1. Comparison of temperatures of key motor components
before and after heat pipe installation [°C]

No heat pipe Heat pipe o
Mot Load — — Winding Core
otor type factor | Winding | Ironcore | Winding | Ironcore | reduction | reduction
installed installed | installed | installed
20% 89.6 78.2 74.3 69.5 15.3°C 8.7°C
Permanent magnet =50, 112.4 96.8 85.7 82.3 26.7°C | 14.5°C
synchronous motor
100% 142.3 121.5 108.5 102.1 33.8°C 19.4 °C
20% 86.5 75.3 74.1 68.9 12.4 °C 6.4 °C
Asynchronous 50% 108.7 92.6 823 79.8 26.4°C | 12.8°C
induction motor
100% 138.7 117.4 105.2 98.6 33.5°C 18.8 °C

Comparison of motor temperature field distribution in simulation

Figure 1 (temperature field of a permanent magnet synchronous motor at 100% load)
shows that without heat pipes, a distinct high temperature zone (140-150 °C) forms at the wind-
ing ends, slowing heat diffusion into the core. After the heat pipes are installedl, fig. 2, the high
temperature zone is reduced by over 60%, and the temperature gradient drops from 25 °C per
cm to 12 °C oper cm, demonstrating that the heat pipes accelerate heat transfer to the casing.

Figure 3 (temperature field of an asynchronous motor cross-section) shows that the
heat pipes form a low temperature channel where they are installed, reducing the temperature
difference between the rotor and stator from 18-9 °C, thus preventing local overheating. The
temperature distribution trend in the simulation cloud plot deviates by less than 5% from the
experimental measurement data, validating the accuracy of the model.
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Energy consumption impact analysis
Comparison of motor energy consumption data in experiments

The six axial pipes target stator teeth (hottest zones), while two annular pipes handle
end-windings, forming a 3-D network. Capillary limit tests at 100% load show 180 W capacity
(exceeding 150 W motor loss) vs. liquid cooling: heat pipes save 9.4% energy (liquid needs
5% pump power), validated in tab. 2. The asynchronous motor decreased from 15.2-13.9 kWh,
an 8.5% reduction. The energy consumption reduction narrowed slightly as the load factor de-
creased [12]. Asynchronous motors have lower iron loss (20% of total vs. 30% for PMSM), re-
ducing heat pipe impact. Targeted iron loss reduction measures could close this gap. Heat pipes
cost 12% more than micro-channels but use 0% auxiliary power, saving $30 per year in energy.
A 5-year total cost of ownership is 8% lower, justifying adoption. Vehicle tests (150 km route)
showed a 7.8% range increase, matching motor energy savings. Regenerative braking effects
were included, confirming real-world relevance. This is because at low loads, the motor gener-
ates less heat, which reduces the impact of temperature on resistance. In endurance testing, the
motor system equipped with the heat pipe increased vehicle range by 7.2%-8.1%, consistent
with theoretical calculations.
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Table 2. Comparison of motor energy consumption under different loads
" Load |Without heat pipe Heat pipe Reduction in .Battery life
otor type factor [0 e ] installed energy improvement
p [kWh per hour] | consumption rate
20% 32 3 6.20% 6.50%
Permanent magnet |5, 7.9 7.3 7.60% 7.80%
synchronous motor
100% 14.8 13.4 9.40% 8.10%
20% 3.5 33 5.70% 6.20%
Asynchronous 50% 8.3 7.7 7.20% 7.50%
induction motor
100% 15.2 13.9 8.50% 7.20%

Changes in motor energy consumption-related parameters in simulation

Figure 4 (input power vs. time curve) shows that after installing the heat pipe, the
time it takes for the motor to reach thermal stability is shortened from 45 minutes to 28 min-
utes, and peak energy consumption during startup is reduced by 12%. Faster stability reduced
warm-up energy use by 12%, cutting charging time by 7 minutes for a 50 kWh battery. User
tests confirmed improved convenience. Figure 5 (efficiency vs. speed curve) shows that in the
8000-12000 rpm range, the heat pipe motor efficiency increases by 2.3%-3.1% points, due to
the decrease in winding resistance as temperature decreases (3.8% for every 10 °C drop).
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Figure 4. Input power-time curve Figure 5. Efficiency-speed curve

Analysis of causes of energy consumption variation

The primary cause of this reduction is the decrease in winding copper losses resulting
from the lower temperature. When the permanent magnet synchronous motor is at 100% load,
the winding temperature drops by 33.8 °C, resulting in a 12.8% decrease in resistance and a
15.6% reduction in copper losses. Furthermore, the lower core temperature reduces hysteresis
losses by 8%-10%, and mechanical losses decrease by 2%-3% due to stable bearing tempera-
tures. These multiple factors contribute to the reduction in energy consumption. The Cu loss
reduced by 15.6% (33.8 °C temp drop), iron loss by 9%, and mechanical loss by 2.5%. This
breakdown confirms resistance reduction as the primary driver.

Verification of consistency between model and
experimental and simulation results

Figure 6 (deviation between model calculation and measured values) shows that the
maximum temperature deviation is 4.2 °C (permanent magnet synchronous motor at 50% load),
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and the energy consumption deviation is less
than 3%, both within acceptable engineering
limits. The deviation is primarily due to the in-
complete simulation of the contact gap between
the heat pipe and the motor in the simulation,
which can be further corrected through mesh
optimization. Overall, the model accurately
predicts the heat dissipation effect of the heat
pipe, providing a reliable basis for engineering

PMSM _ Async
motor

N w

Temperature deviation [°C]

20 2 i ratio (%] 100 applications. Deviat.ion .stemmed frgm uneven
Figure 6. Deviation between model calculations thermal grease application. Increasing Conta.Ct
and measured values pressure to 0.3 MPa reduced error to 2.1 °C in

revised tests, enhancing model accuracy.
Conclusion

The heat pipe-based cooling solution for new energy vehicle motors proposed in this
study effectively addresses the limitations of traditional cooling methods. Experimental and
simulation results demonstrate significant cooling effectiveness. For a 150 kW permanent mag-
net synchronous motor and a 120 kW asynchronous induction motor, the maximum tempera-
ture dropped by over 30 °C after installing the heat pipes at 100% rated load, with a 12-15 °C
drop even at low loads. Simulations show a reduction of over 60% in the high temperature zone
and a significant reduction in temperature gradients, with deviations from experimental data of
less than 5%. Regarding energy consumption optimization, hourly power consumption at rated
load decreased by 9.4% for the permanent magnet synchronous motor and 8.5% for the asyn-
chronous motor, while driving range increased by 7.2%-8.1%. Simulations also show a short-
ened time for the motor to reach thermal stability, a 12% reduction in peak energy consumption
during startup, and a 2.3%-3.1% point increase in efficiency in the 8000-12000 rpm range. The
deviation between the model calculation value and the measured value is within the allowable
range of the project, which verifies the effectiveness of the scheme and provides a reliable basis
for the technical upgrade of new energy vehicle motors.
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