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Abstract 

This study investigates the temperature rise characteristics of permanent magnet synchronous motors 

(PMSMs) for integrated pumps under high-power-density operation. Losses were calculated using 

Joule's law and the Bertotti iron loss separation model. Computational fluid dynamics (CFD) 

simulations of multiple primary-secondary channel configurations were conducted to analyse flow 

velocity, pressure, and temperature field distributions. An experimental test bench was built for 

validation. Simulation and experimental results show that the full-spiral primary channel combined 

with a radial Z-shaped secondary channel (right inlet/left outlet) yields optimal cooling. Additionally, 

under typical engineering parameters, the maximum winding temperature was reduced to 49.6 °C. 

Notably, under rated conditions, the simulated winding temperature deviates by only 0.8 % from 

measurements, with all key parameter errors below 8 %, and the cooling structure ensures stable motor 

operation under overload. This study provides a theoretical and experimental basis for designing 

efficient cooling systems for compact, high-power-density PMSMs in integrated pumps. 
(Received in December 2025, accepted in April 2026. This paper was with the authors 2 months for 2 revisions.) 
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1. INTRODUCTION 

Integrated pumps, integrating the pump and motor into a single compact unit, offer high 

power density and superior system efficiency, facilitating their widespread adoption in new 

energy vehicles and aerospace [1, 2]. A key challenge lies in the thermal management of their 

interior permanent magnet synchronous motors (PMSMs). The confined internal space, 

concentrated heat sources, and limited heat dissipation pathways create a critical thermal 

bottleneck: during sustained high-power operation, ineffective dissipation of copper and iron 

losses leads to excessive temperature rise, degrading permanent magnet properties, 

accelerating insulation aging, and compromising the reliability, efficiency, and service life of 

the entire system [3, 4]. Thus, excessive temperature rise in PMSMs critically constrains 

further improvements in power density and compactness for integrated pump technology. 

      Liquid cooling, characterized by its compact form factor and excellent heat transfer 

capability, is widely adopted for high-power-density motors [5]. Cooling channel design – 

specifically its geometry and flow path – is paramount, as it directly governs coolant 

distribution and heat exchange efficiency, which ultimately dictates the system’s cooling 

performance and pumping power. However, existing studies predominantly focus on single-

channel spiral or zigzag configurations, which are effective only in specific layouts. In 

complex multichannel networks, inadequate coordination between coolant distribution and 

pressure balance stagnates flow in secondary channels, impairing local heat transfer. 

Moreover, most simulations rely on steady-state assumptions, failing to accurately capture 

transient flow-thermal dynamics. Experimental validation is often limited to rated operating 

conditions, leaving a gap in defining safe thermal boundaries under extreme peak-power 

scenarios – a shortfall that poses unforeseen overheating risks in practical applications. 
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2. STATE OF THE ART 

Advancements in integrated pump technology demand stringent thermal management of 

PMSMs, prompting extensive research on motor cooling, especially liquid cooling system 

optimization. These efforts have yielded significant progress yet uncovered critical challenges 

warranting further investigation. 

      Motor loss modelling and calculation underpin thermal dissipation design, yet existing 

frameworks lack adaptability to PMSMs for integrated pumps. Some researchers have 

enhanced loss calculation methods and thermal prediction accuracy [5, 6], while others 

explored practical applications and theoretical foundations of loss modelling [7-9]. Yu et al. 

[7], for instance, clarified how loss distribution affects motor thermal performance, offering a 

reference for subsequent studies. However, these investigations primarily target conventional 

PMSMs under normal operating conditions, rendering them ill-suited to the inherent 

characteristics of integrated pump PMSMs – namely high-speed, high-load operation and 

concentrated heat sources. Time-varying and nonlinear loss modelling remains incomplete, 

with no coupled analysis incorporating cooling channels. Consequently, these studies fail to 

provide a reliable thermal foundation for heat dissipation design in integrated pump PMSMs. 

      Optimization of cooling channel configurations is key to enhancing thermal dissipation 

efficiency. However, existing studies focus predominantly on single-channel designs, 

overlooking the synergistic design of primary and secondary channels required for the 

confined space of integrated pumps. Previous work has optimized individual cooling circuits 

[10-14]: Jenkins et al. [10] introduced a novel liquid cooling configuration, while Xie et al. 

[11] refined oil injection tube cooling structures, advancing single-circuit design 

methodology. Nevertheless, these studies overlooked both the spatial constraints of integrated 

pumps and the need for synergistic primary–secondary channel design. Consequently, they 

failed to resolve issues such as uneven coolant distribution and flow dead zones, rendering 

them inadequate for achieving efficient and uniform thermal dissipation. 

      With advances in computer technology, fluid–structure interaction (FSI) simulation based 

on computational fluid dynamics (CFD) and the finite element method has become a core 

approach for cooling system design and performance prediction. Numerous CFD studies have 

focused on developing thermal network models [15], optimizing cooling structure simulations 

[16], refining simulation methodologies [17, 18], and expanding application scenarios 

[19, 20]. Gözüaçık and Akar [21] developed a multi-physics and electromagnetic–thermal–

fluid coupled design framework to optimize high-performance PMSMs, providing a critical 

reference for integrated pump motor simulations. However, when applied to integrated pump 

PMSMs, existing simulation studies often involve excessive model simplification – 

neglecting secondary cooling channels, adopting equivalent winding models, or evaluating 

performance only at a single design point. This lack of systematic comparison among various 

primary–secondary channel configurations across the full operating range renders such studies 

insufficient for guiding the optimal engineering design of integrated pump PMSMs. 

      Experimental testing constitutes the ultimate step for validating theoretical and simulation 

results. Zhao and Yu [22] analysed the correlation between permanent magnet demagnetization 

and motor temperature rise, providing critical supporting evidence for parameter 

determination and result interpretation in PMSMs thermal testing. Han et al. [23] conducted 

thermal tests on high-speed motors for magnetically suspended control moment gyroscopes 

and established a high-precision methodology for loss measurement and temperature rise 

characterization. However, existing experiments predominantly focus on steady-state tests 

under rated operating conditions. Consequently, sufficient experimental data and quantitative 

evaluation remain lacking regarding the transient thermal response, ultimate heat dissipation 

capacity of cooling systems, and long-term thermal cycling reliability of integrated pump 
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PMSMs under demanding operational conditions – such as peak torque, peak speed, and 

variable duty cycles – encountered in practical applications. This shortfall results in some 

cooling designs meeting standard testing requirements yet facing overheating risks under 

actual complex operating conditions. 

      Therefore, this study establishes an accurate multiphysics loss model for the motor. 

Employing CFD-based FSI simulation, it investigates the flow characteristics, pressure 

distribution, and temperature field under various primary-secondary channel configurations, 

thereby revealing the synergistic mechanism by which primary and secondary channels 

influence heat dissipation performance. Subsequently, through prototype fabrication and a 

comprehensive experimental platform, complete performance and temperature rise tests are 

conducted under multiple operating conditions ranging from rated to peak torque and peak 

speed. This forms a closed-loop design methodology encompassing mechanism analysis, 

simulation optimization, and experimental validation, aimed at overcoming existing heat 

dissipation bottlenecks and enhancing the power density and operational reliability of 

integrated pump systems. 

3. METHODOLOGY 

3.1  Motor loss modelling and computation 

To simulate motor temperature rise, it is essential to quantify internal heat sources and clarify 

heat transfer paths. In this study, calculation models are established for loss components of 

PMSMs in integrated pumps. The formulations for each loss are presented as follows: 

      Winding copper loss (Joule's Law): 

2
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where m is the number of phases, Iph is the phase current, Rph is the phase resistance. 

      Core loss (Bertotti's separation model): 
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where Ph represents the hysteresis loss per unit volume, Pe represents the eddy current loss per 

unit volume, Pa represents the excess loss per unit volume, Kh represents the hysteresis loss 

coefficient, f represents the frequency of the alternating current in the PMSMs, Bm represents 

the amplitude of the sinusoidal magnetic flux density, Ke represents the excess loss coefficient, 

and Kc represents the eddy current loss coefficient. 

      Permanent magnet eddy current loss: 
2

dem
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where Jn is the eddy current density and σ is the electrical conductivity of the permanent 

magnet. 

      Mechanical loss (empirical formula): 
2

r sfP aL D=  (4) 

where a is an empirical coefficient, L is the effective motor length, ωr is the angular velocity, 

and Ds is the outer diameter of the stator core. 

      Based on the aforementioned models, the losses of each component and volumetric heat 

generation rates of the PMSMs for integrated pumps under rated operating conditions were 

calculated, as presented in Table I. These losses were adopted as heat sources for subsequent 

CFD simulations. 
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Table I: Losses, volumes, and heat generation rates of motor components. 

Motor component Loss (W) Volume (mm3) Heat generation rate (W/m³) 

Winding copper loss 48.5 14376.27  3373615 

Stator core loss 18.6 23853.68  779753 

Rotor core loss 5.2 7380.02  704607 

Eddy current loss 0.9 1872.00  480769 

3.2  Motor cooling system modelling 

Within the motor, heat transfer is dominated by thermal conduction across the contact 

interfaces of interference-fitted components (e.g., between the shaft, stator, or rotor cores). 

The primary mode of external heat dissipation is thermal convection, which involves heat 

exchange between the components and the ambient air or circulating coolant. Fig. 1 illustrates 

the specific heat transfer pathways. 

 

Figure 1: Schematic of heat transfer modes inside and outside the motor. 

      Given the motor's complex physical model, structures with negligible impact on 

temperature rise (e.g., fillets and ribs) are neglected, and the windings are modelled as 

homogeneous copper blocks. Fig. 2 shows the resulting simplified geometry. 

 

Figure 2: Layout of the cooling channels and simplified motor structure. 

      The cooling channel system comprises a primary cooling channel and a secondary cooling 

channel. Fig. 3 shows the three configurations of the primary channel: an external spiral 

channel, an asymmetrical spiral channel, and an internal spiral channel. Fig. 4 shows the two 

configurations of the secondary channel: an axial Z-shaped channel and a radial Z-shaped 

channel. 

 

Figure 3: Three configurations of the primary cooling channel. 
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Figure 4: Two configurations of the secondary cooling channel. 

3.3  Comparative analysis and simulation of cooling channel structures 

      Comparison of configurations with identical primary channels: In this study, an 

external spiral primary channel was employed in conjunction with two distinct secondary 

channel designs: an axial Z-shaped channel and a radial Z-shaped channel. Furthermore, three 

specific configurations were analysed to investigate the effects of the inlet/outlet orientation 

of the radial Z-shaped channel on the motor's flow velocity, pressure, and temperature 

distributions. Fig. 5 illustrates the configurations, and Table Ⅱ details the volume of each flow 

channel. the total channel volumes of the three schemes are nearly identical, demonstrating a 

consistent basis for the subsequent temperature analysis. 

 

Figure 5: Schematic of the primary and secondary channel configurations. 

Table Ⅱ: Cooling channel structures and total channel volumes for different schemes. 

Scheme Primary and secondary channel structures Total channel volume (mm3) 

Scheme 1 External spiral; axial Z-shaped 10113.81 

Scheme 2 External spiral; radial Z-shaped (left inlet/right outlet) 8866.11 

Scheme 3 External spiral; radial Z-shaped (right inlet/left outlet) 8866.11 

      Comparison of flow velocity distributions: A simulation analysis was performed on the 

three aforementioned schemes. Fig. 6 shows the velocity distribution contours for the primary 

and secondary cooling channels. 

 
a) b) c) 

Figure 6: Velocity distribution contours for the channels of the three schemes. 

      The velocity distributions in the primary channels indicate that, given the identical inlet 

velocities and the shared external spiral structure, the flow distribution trends are similar 

across all three schemes. The dark blue regions represent potential flow stagnation zones 
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where recirculation can occur; the velocity here is extremely low, which indicates a decrease 

in heat transfer efficiency. As the primary channel structure is identical, these stagnation 

zones are located in the same positions. Furthermore, the maximum velocity in the primary 

channel occurs at each bend. However, the primary channel velocity in scheme 1 reached 

2.35 m/s, which is higher than those in the other two types. This finding is attributed to the 

structure of its secondary channel, which results in increased flow resistance, consequently 

reducing fluid diversion from the primary channel. 

      The velocity distribution in the secondary channels indicates that the numerous bends in 

scheme 1 dissipate fluid momentum and impede flow, leading to a decrease in the maximum 

velocity. The average velocity was only 0.4 m/s, and the channel contained several extensive 

dark blue zones, which began to diminish toward the channel's centre. By contrast, the dark 

blue zones in the corners of scheme 2 were reduced, with the channel predominantly showing 

green regions, and its average velocity reached 0.85 m/s. The average velocity in the 

secondary cooling channel of scheme 3 was 0.78 m/s. 

 
a) b) c) 

Figure 7: Pressure distribution contours for the channels of the three schemes. 

      Pressure distribution comparison: Fig. 7 shows that the locations of the inlet and outlet 

directly affect the pressure distribution within the flow channels. For all three channel 

schemes, the maximum and minimum pressures occurred at the bend near the inlet and outlet, 

respectively. The pressure was highest in the first pipe section at the inlet and decreased 

sequentially in the remaining sections. The pressure distributions within the primary channel 

were similar across all schemes because of their identical structures. In scheme 1, the 

numerous bends in its secondary channel increased the local flow resistance and impeded the 

flow, resulting in a maximum pressure of 9920.1 Pa. The maximum pressure in scheme 2 was 

reduced to 8470.63 Pa. Furthermore, after altering the inlet/outlet positions in scheme 3, the 

pressures in its primary and secondary channels decreased further, with a maximum pressure 

of 8223.61 Pa. 

 
a) b) c) 

Figure 8: Temperature distribution contours for the channels of the three schemes. 

      Temperature distribution comparison: Fig. 8 shows similar temperature distributions 

within the primary channels of the three schemes, with the temperature increasing uniformly 
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along the flow path. For the primary and secondary channels, the majority of heat was 

transferred through the coolant, whereas a relatively small portion was dissipated via 

convection from the housing surface. The maximum temperature in scheme 1 was 42.78 °C, 

which was located within its secondary channel. The different inlet/outlet configurations in 

schemes 2 and 3 altered the locations of the high-temperature regions within the primary 

channel. The maximum temperature in scheme 2 was 40.13 °C and occurred in the inner 

section of the primary channel and the uppermost layer of the secondary channel. By contrast, 

scheme 3 exhibited a maximum temperature of 39.93 °C, which was primarily distributed in 

the inner section of the primary channel and the middle section of the secondary channel. This 

difference can be explained by the coolant in the secondary channel of scheme 2 flowing from 

bottom to top, resulting in poor cooling at the topmost section. Conversely, in scheme 3, the 

bottom-to-top flow in the secondary channel, positioned adjacent to the primary channel, 

improved heat dissipation. The lower flow velocity in the secondary channel of scheme 1 than 

in scheme 2 resulted in a longer fluid residence time for heat absorption, ultimately causing its 

maximum temperature to be 2.65 °C higher than that of scheme 2. Furthermore, changing the 

channel inlet/outlet positions in scheme 3 increased the flow velocity, which contributed to 

the reduction in the maximum and average temperatures. 

 
a) b) c) 

Figure 9: Temperature distribution contours of the motor for the three schemes. 

      The temperature distribution within the motor for each scheme was analysed to evaluate 

the cooling effectiveness of the three channel schemes on the motor. Fig. 9 presents distinct 

differences in the motor's temperature distribution for scheme 1, and the temperature 

distributions for schemes 2 and 3 are more uniform. Scheme 3 demonstrated superior cooling 

performance. 

Table Ⅲ: Cooling channel structures and total channel volumes for the schemes  

with various primary channels. 

Scheme Primary and secondary channel structures Total channel volume (mm3) 

Scheme 1 External spiral; radial Z-shaped 8866.11 

Scheme 2 Full spiral; radial Z-shaped 9005.66 

Scheme 3 Internal spiral; radial Z-shaped 8849.36 

      Comparison of configurations with identical secondary channels but different 

primary channels: The radial Z-shaped secondary channel (right inlet and left outlet) was 

identified as the optimal cooling configuration on the basis of the previous analysis. After the 

secondary channel structure was fixed, the influence of different primary channel structures 

on the cooling performance was analysed. Altering the primary channel geometry requires the 

total cooling channel volumes to be approximately equal across all the designs, as significant 

volume differences substantially affect the motor's thermal dissipation. Table Ⅲ presents the 

specific schemes and their corresponding channel volumes. 

      Velocity analysis: The average velocities for the primary and secondary channels 

obtained from the velocity contours were computed (Fig. 10 and Table IV). The maximum 

velocities in the primary cooling channels of schemes 1 and 2 were nearly identical at 

2.25 m/s. The maximum velocity for scheme 3 was slightly lower at 2.12 m/s. Among the 
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secondary channels, scheme 2 achieved the highest maximum velocity of 2.02 m/s, whereas 

scheme 1 exhibited a higher secondary channel velocity than did scheme 3. Overall, the 

average velocities in both the primary and secondary channels of scheme 2 were greater than 

those of the other two schemes. 

 
a) b) c) 

Figure 10: Velocity distribution contours for the channels of the three schemes (with various primary 

channels). 

Table Ⅳ: Average flow velocities in the primary and secondary cooling channels  

for the different schemes. 

Scheme 
Average velocity (m/s) 

Primary channel Secondary channel 

Scheme 1 0.83 0.69 

Scheme 2 0.88 0.75 

Scheme 3 0.79 0.68 

      Pressure analysis: The inlet pressure was higher than the outlet pressure (Fig. 11). The 

maximum pressure values for scheme 1, scheme 3, and scheme 2 decreased sequentially. The 

maximum pressure in scheme 1 was 8223.61 Pa. Scheme 2 exhibited the lowest maximum 

pressure of 7655.58 Pa, which can be attributed to its 6 bends, whereas the other two schemes 

contained 10 bends. An increase in the number of bends elevates the flow resistance, 

consequently increasing the pressure within the channel. 

 
a) b) c) 

Figure 11: Pressure distribution contours for the channels of the three schemes (with various primary 

channels). 

      Temperature analysis: Scheme 2 presented the lowest temperature of 39.79 °C, 

indicating superior cooling performance at the channel level (Fig. 12). This trend was 

consistent for all the overall motor temperatures evaluated. Considering the differences in the 

channel pressure distribution and the resulting motor temperature field, scheme 2 achieved a 

maximum motor temperature of 55.18 °C, demonstrating the best cooling effectiveness, and 

was therefore identified as the optimal configuration. 
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a)  b) c) 

Figure 12: Temperature distribution contours for the channels of the three schemes (with various 

primary channels). 

 
a)  b) c) 

Figure 13: Temperature distribution contours of the motor for the three schemes (with various primary 

channels). 

      Comprehensive comparisons of flow velocity, pressure, and temperature distributions 

confirmed Configuration 2 (full-spiral primary + radial Z-shaped secondary channel, right 

inlet/left outlet) as the optimal cooling structure. Following typical liquid cooling design, an 

inlet flow rate of 2 L/min and cross-sectional dimensions H = 4.5 mm × L = 3.3 mm were 

selected. CFD simulations showed a maximum winding temperature of 49.6 °C under rated 

conditions, providing a theoretical basis for prototype fabrication and experimental validation. 

4. EXPERIMENTAL VALIDATION 

4.1  Motor parameter measurements 

The key parameters of the PMSM were validated by comparing experimental measurements 

with finite element simulations. The back electromotive force (back-EMF) constant was 

measured via a no-load test method (Fig. 14). The motor under test was driven by a 

servomotor to a specified rotational speed, and the winding voltage was captured via an 

oscilloscope. The calculated back-EMF constant was 6.24 V/krpm. The phase inductance, 

measured via a digital LCR meter in bridge mode, was 23.55 μH. The stator phase resistance, 

obtained via a multimeter and a bridge method, was 0.42 Ω. 

 

Figure 14: Test bench for back-EMF constant measurement of the motor. 
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      Table Ⅴ presents a detailed comparison across all the measured values and their simulated 

counterparts. The errors for resistance, inductance, and the back-EMF constant were all within 

7.7 %. Thus, the motor design is reasonable, the manufacturing process is sound, and the 

requirements for engineering applications are met. 

Table Ⅴ: Comparison of the measured and finite element analysis values for the motor parameters. 

Motor parameter Unit Measured value FEA value Error 

Phase resistance Ω 0.42 0.44 4.8 % 

Phase inductance μH 23.55 25.31 7.5 % 

No-load back-EMF constant V/krpm 6.24 6.72 7.7 % 

4.2  Motor output performance test 

A motor performance test bench was constructed to measure the output torque and power 

under rated operating conditions (Fig. 15). The experimentally measured peak torque was 

1.1 N·m, which deviated by 5.53 % from the simulated value of 1.16 N·m. The measured 

output power was 365 W, corresponding to a 4.3 % error compared with the optimization 

target of 381 W. The test results demonstrate that the performance of the optimized motor 

meets the design requirements. 

 

Figure 15: Motor performance test bench. 

4.3  Temperature rise test 

Fig. 16 shows a prototype of the optimized cooling channel. K-type thermocouples were 

embedded at key positions on the stator windings and core. A micro-self-priming pump was 

used to supply water to the channel at a controlled flow rate of 2 L/min. The motor was 

operated for specified durations under rated, peak torque, and peak speed conditions. The 

specific test procedures and results are as follows: 

      Rated operating conditions (3000 rpm, 1.0 N·m): The temperature stabilized after 

approximately 1000 s of operation. The maximum winding temperature reached 50 °C, which 

is in good agreement with the simulated value of 49.6 °C. 

      Peak torque condition (3000 rpm, 2.0 N·m): After 1200 s of operation, the maximum 

winding temperature was 65 °C. The cooling system remained effective under overload 

conditions. 

      Peak speed condition (4500 rpm, 1.0 N·m): The temperature increase rate increased 

significantly. The winding temperature increased to 88 °C after 200 s of operation. This trend 

suggests a need for enhanced heat dissipation or limited continuous operation time under 

extreme conditions. 

      The experimentally observed temperature trends, which were consistent with the 

simulation results, validated the established model and the optimization methodology. 
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Figure 16: Temperature measurement points on the motor stator. 

5. CONCLUSION AND FUTURE WORK 

This study addressed the thermal-dissipation bottleneck of PMSMs for integrated pumps by 

establishing loss models, performing FSI-based simulations for structural optimization, and 

conducting multi-condition experimental validation. The main conclusions are as follows: 

      (1) Using the loss model and the FSI simulation framework, multiple primary–secondary 

channel configurations were compared in terms of flow and heat transfer behaviour. The full-

spiral primary channel combined with a radial Z-shaped secondary channel (right inlet/left 

outlet) was optimal. It reduced the maximum winding temperature to 49.6 °C and satisfied 

thermal safety requirements for high-power-density operation. 

      (2) Multi-condition experiments confirmed the model accuracy and engineering feasibility. 

At rated conditions, the winding-temperature error between simulation and measurement was 

0.8 %, and all key parameter errors were below 8 %. At the peak-torque condition (3000 rpm, 

2.0 N·m), the maximum winding temperature reached 65 °C while maintaining safe operation. 

      Overall, the proposed closed-loop methodology – coordinated channel design, simulation-

driven optimization, and multi-condition validation – enhances heat dissipation and power 

density for integrated pump motors. For ultra-high-speed operation (e.g., 4500 rpm), further 

improvements are required. Future work will focus on enhanced cooling concepts, higher-

fidelity transient multi-physics coupling, and adaptive cooling control. 
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