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parameters to minimize the motor's temperature rise. This finding has significant
implications for designing and developing high-power density Permanent motor for EV
uses.
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I. INTRODUCTION

The popularity and quick growth of electric vehicles (EVs) has led to substantial research into high-performance, reliable, and
lightweight traction motors. The permanent magnet synchronous machine (PMSM) has great efficiency, power density, and power factor
across various working circumstances. Permanent magnet motors are increasingly being used in electric vehicles (EVs) due to frequent
start-stop and load changes in modern traffic. Excessive time harmonics from frequency converters in EV compartments can cause
temperature rises, reduced magnetic density and coercivity, limited torque capacity, winding insulation damage, and irreversible PM
demagnetization. Efforts to improve the power density of PM traction motors have been hindered by inefficient cooling systems [1].
External liquid cooling structures effectively cool machines and prevent leaks and erosion by avoiding direct contact between fluid flow
and internal components (e.g. windings, cores, PMs) in EVs and HEVs. Cooling performance of a HEV four-quadrant transducer and
found that changing the flow section profile increased heat dissipation. We investigated the impact of cooling medium and ratio on the
temperature distribution of an EV traction motor using numerical calculations and actual measurements. We also tested the cooling
performance of external liquid cooling frames outside the motor casing.

External cooling structures are commonly used in electric drive systems because to liquids' superior heat transfer capacity compared
to gases. primarily due to high thermal resistance between the motor's end-windings, permanently magnets (PMs), and casings, which are
in contact with the cooling frames [2]. In order to improve the heat dissipation, a new internal cooling system was developed by replacing
the space in the motor where the cooling fluid would have to flow with fluid plates installed adjacent to the stator cores. The new internal
cooling design enabled the stator core and windings to be directly cooled, with the internal cooling structure also having water tubes
within the windings with direct water-cooling tubes on the stator core. The concept was tested on various PMSM high-power density
prototypes. While the external cooling liquid extends in the motor cavity resulting in more cooling power, the cost of the prototype is
significant. This research provides a 3D fluid structure interaction model for a new interior high-power density PM motor in electric
vehicles (EVs). Numerical calculations based on FSI are used to calculate the flow state of the cooling medium and the distribution of
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temperature rise in the motor. Calculations are confirmed by comparing them to experimental data. To increase heat dissipation for end-
cap components, the liquid cooling design outside the motor case is optimized based on temperature rise distribution. The Taguchi
approach is used to improvised cooling structure parameters, followed by numerical calculations and actual trials to determine temperature
rise and optimal size [2,3].

Il. MODEL AND SPECIFICATIONS

e Structure and parameter
a) The 20 kw, 4500 rpm PM motor has 4 pairs of permanent motor (PMs) and 48 slots. The circumference water frame is screw

mounted on the outside of the motor casing to remove heat from the machine. The inside layout for the 20 kW 4500 rpm PM for
EVs is shown in Fig. 1, where key specifications are shown in Table 1.[4]
b) Assumptions and calculation

To simplify the model and minimize calculation errors, the following assumptions are made for all motor parts involved in heat
transmission.
Consider the model of motor's symmetry, Using the surrounding 1/8 model.

Table 1: High speed PMSM some parameters.

Quantity Value
Max. speed 4500 rpm
Max. power 20kw
No. of pair of poles 4
Slots 48
Outer diameter Rotor core 125.6 mm
Outer diameter Stator core 194 mm
Air gap 0.7 mm
Axial length 75 mm
PM brand N40UH
Soft iron sheet brand 35DW470
Liquid frame height 7.5 mm
Liquid frame width 20 mm

Source: Authors, (2025).

e The k- mathematical framework employed to account for the high the ratio of inertial to viscous forces within a fluid of both
the air confined in the end-caps and the liquid flowing in the liquid

e surround, caused by the rotor's air movement and the spiral channels' rapid water flow.

e  Copper conductors are constructed from polymerized copper wires formed by wrapping them in insulating sheets. Furthermore,
the conductors are made of wrapping insulation. Additionally, the insulation thickness is consistent across the copper conductor
segment [5,6].

o  Gaps are actually left unattended between the core of stator and the housing, and the rotor core and the permanent magnets.

e At the time of computations, they are represented as contact thermal resistances.

e Frictional loss is calculated taking into account internal air flow.

external frame | D D, Wak™way |
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(b)
Figure 1: structure of permanent magnet motor a) basic model b) original model
Source: Authors, (2025).

The 3D Floor Space Index calculation model for the motor is created using basic assumptions and model simplifications, as seen in
Figure 2. The model's outlet and inlet channels are lengthened to allow for turbulence before fluid enters spiral passages. The air's cross-
section profiles are adjusted to periodic bounds to allow for passage through them [7].

I11. THERMAL SOURCES

To get accurate distribution of the heat, it is tested for a complete load operation and then separated into losses in various
components with all possible loss fraction is illustrated in Figure 3. The different loss components for the stator, rotor, and PMs have
been calculated using finite element measurement while the frictional loss was found with the help of an empirical model [8].

Figure 2: The structure of the PMSM with water barriers.
Source: Authors, (2025).

p (1) br =0.772 5 x 103G, Dy n 1)

Gr (kg) = weight of rotor, Dsh (m) = shaft diameter, and n = rotational speed (rpm)Table 2 shows the heat production and losses rates.
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Source: Authors, (2025).
e Thermal analysis and consent
The linked fluidic-heat areas are estimated using the calculation, frontier conditions, and motor thermal source dispensation. The central
point of the PMs had the biggest temperature spike, measuring 134.7 K. Figure 4a displays the

Dispensation of temperature hike across the entire motor. Figure 4b displays the temperature hike of windings, with a peak value

of 103.0 K. The figure shows that the end-windings experience a bigger temperature rise than the slots of windings due to the stronger
heat transfer capacity of core of the stator compared to the convective air in the motor chamber [9]. Figure 4c displays the temperature
rise distribution of permanent magnets, with a maximum value at 134.7 K. The heat from the rotor elements is partially dwindled by
turbulent heat, corresponding to air in the gap traveling to the stator core in which conduction occurs to the water frames. Additionally,
the shaft's conductive heat transfer capacity can serve as a heat dissipation conduit for rotor components. Heat transmission properties
indicate that the middle region of PMs experiences a larger temperature rise compared to the end faces [10,11].

Table 2: Heat and losses measurement of machine.

Part Loss inwatt | Heat generation rate (x10° watt/m®)
Rotor 99.50 0.267
Winding 758.50 3.523
Stator yoke 272 0.870
Stator teeth 339.60 0.785
Permanent magnets 89.06 1.507
Bearing 16.23 0.472

Source: Authors, (2025).

The experimental objectives are fixed to validate motor temperature rises. Wireless thermo sensors implanted in windings and
affixed to the centre of the PMs measure heat rises in both. An infrared thermometer measures the temperature leap up of end-caps with
the bearings [12]. Table 3 demonstrates how the mathematical findings are validated by comparing them to the experimental ones.

@)
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Figure 4: Temperature hike dissemination of PMSM with cooling structure a) motor b) winding c) permanent magnet.
Source: Authors, (2025).

IV. STRUCTURE OF COOLING MITIGATION

e Structure of Cooling mitigation

The computed temperature rises distributions indicate that the water-cooling frame's heat dissipation capacity on end-windings and
PMs is restricted because of the high heating resistance between heating elements and liquid channels. To promote heat dissipation and
reduce thermal resistance, an internal water channel structure is suggested (Figure 5) [13,14]

Table 3: temperature rise calculation of motor for water frame model.

Page 209

Region Calculation per 10° | Testing per 10 | Error %
winding 103.10 111.3 7.44 %
Permanent magnets 134.7 149.4 9.82 %
bearings 32.20 33.72 4.82
Source: Authors, (2025).
L Lt L1 ] L]
water channel shell
Stator core
Winding
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Figure 5: Improved fluid-cooled model of motor a) motor b) new model.
Source: Authors, (2025).

e Structural Modification and Thermal Analysis of Motor

Mathematical analysis is taken place on the liquid flow and temperature increase dissemination of a modified motor cooling structure.
The largest temperature hike occurs in the canter region of the PMs at 128.3 K. The heat hike dissemination of the motor, as shown in
Fig. 6, is comparable to that of the original construction (Fig. 4) [15,16,17]. The windings reached a maximum temperature of 97.3 K,
which is 5.8 K less than the motor's main structure. The PMs have a maximum temperature rise of 128.3 K, which is 6.5 K much smaller
the motor's main cooling arrangement. The redesigned water-cooling structure reduces winding temperature rise and indirectly improves
rotor cooling capacity by reducing air temperature rise in end- caps [17, 18].
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Figure 6: Temperature hike dissemination of PMSM with new cooling model a) motor b) winding ¢) permanent magnet.
Source: Authors, (2025).

V. ENHANCING THE REVISED COOLING

The Taguchi approach optimizes parameter combinations within a specific range with minimal experimental or computational
effort. It is commonly employed in circumstances with high costs. Calculations for FSI problems can be time-consuming due to the
fluidic-thermal coupled models' high level of nonlinearity [19,20]. The Taguchi approach is excellent for optimizing cooling structures.
This work utilizes the Taguchi approach to the goal is to improved structural characteristics and increase heat dissipation capacity of a
redesigned liquid frame cooling system. The parameters' sensitivity to heat dissipation performance is determined through analyses. The
optimization processes consider the following factors: The circumferential channels are identified by their number (A), breadth (B), height
(C), and fin width (D) [21, 22].

Table 4: Levels and factors.

Level A B C D
1 5 17.6 5.00 3.4
2 6 19.99 7.40 3.9
3 7 224 9.99 4.4

Source: Authors, (2025).

Table 5: L9(3%) rectilinear and temperature rise.
Exp. No B | C | D | Temperature rise per 10°
128.2
1254
129.8
127.2
130.3
128.4
130.6
128.5
3112 124.6
Source: Authors, (2025).
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Table 6. Average of each factor at various levels.

Factor | Level | Temperature rise per 10% | Factor Level | Temperature rise per 10°
A 1 128.6 C 1 125.7

2 127.8 2 128.4

3 127.9 3 130.2
B 1 128.1 D 1 128.1

2 128.6 2 127.7

3 127.6 3 128.5

Source: Authors, (2025).

Table 4 shows the components and their related levels. Table 5 shows the use of the L9(34) orthogonal table due to the selection
of four variables with three levels each. The cooling water flow rate (17.78 L/min) is maintained based on the factors table. Table 5 shows
the maximal temperature rise of the PMs, which is likewise numerically determined [22,23,24]. Table 5 shows the temperature rise for
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each group. Table 6 displays the general effect of each factor and level. The average temperature rise across 9 orthogonal experiments is
calculated as:
9

2T
T ElT ~128.2(K)

avg

O]

Table 7: difference of every element with temperature hike.
Factor A B C D
S 0.12 0.16 3.41 0.10
Source: Authors, (2025).

Ti in (10°) represents the temperature rise calculated. The error for every parameter can be calculated as follows:

Z (T[3x(j “+k] Tave ) i

k=1
%= 3
®)

Sj represents the square error of the jth factor. Table 7 shows square errors. Tables 6 and 7 indicate that:

w

e issue C (channel height) has a greater impact on temperature rise than other components, making it the primary issue to consider.

e By maintaining a stable cooling flow rate during optimization, reduced channel heights bring the cooling water to core, resulting
in a greater cooling impact. Selecting level, | for factor C results in the lowest averaged temperature hike for the machine [25,26].

e Factor B (channel width) is second highest influence on heat hike. It is set to level Il (22.5 mm) to greatly limit increase of
temperature rise.

The effect of the variables A (no. of channel) and D (width) is minimal on motor temperature increment. Factor A is relevant to both
the costs of manufacturing the cooling system as well as the output pressure of the pump. In order to lowest manufacturing, maintenance
costs and operating for the cooling system factor A was set to level | (5 cycles). Factor D was set to Il (4 mm) to result in the lowest
average temperature hike [27,28,29].

The analysis finds the optimal parameters as A-l, b-111, C-I, and D-Il. Temperature rise distributions of the motor using the
optimal parameters are shown in Figure 7. The optimization process has reduced the temperature increase of the motor by 2.2 K, which
indicates reliable operation of the PMSM for long term (see figures). To verify the results and ensure the enhance structure is efficient, a
PMSM prototype was built based on the optimal structural parameters (Fig. 8) and tested for temperature rises. Table 8 compares
temperatures rise calculated to those from testing [30].

Temperature rise
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Figure 7: Temperature rise distribution of the motor with improvised cooling structure.
Source: Authors, (2025).
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Figure 8: PM motor with improvised water-cooling structure.
Source: Authors, (2025).

Table 8: Calculation of Temperature hike and testing of the machine with new water model.

Parts Calculation value per 1000 | New value per 1000 | Error
End winding 93.98 102.2 8.10 %
Permanent magnet | 126.10 137.0 7.94 %
End cap (bearing) | 29.7 30.6 2.92 %

Source: Authors, (2025).

VI. CONCLUSIONS

This study looks at the cooling efficacy of external water frames for a 20 kW 4500 rpm PM motor with high power density. Water
channels are positioned on the inside surface of the motor housing to promote heat transfer. Numerical calculations support this approach.
The Taguchi approach is used to optimize the formational characteristics of the enhanced cooling structure, thereby improving cooling
performance. The study presented in this paper leads to the following findings:

e The three-dimensional thermal coupled approach is utilized to determine the temperature hike dispensation of the motor. The
techniques' efficiency is demonstrated by the low calculation errors (< 10%) when compared to experimental results.

e Changing water channels from the external to interior exterior of the motor reduces the temperature rise by 6.5 K. Improving the
cooling structure can improve heat dissipation in the cooling system.

e  Optimization using the Taguchi approach improves cooling capacity and reduces temperature hike by 2.2 K.
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