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Abstract - This study presents the experimental characterization 

and dynamic thermal modeling of a liquid-cooled inverter 

heatsink for electric vehicle traction applications. The proposed 

approach considers the entire inverter housing as the heatsink and 

experimentally validates its thermal behavior under realistic 

operating conditions. Specifically, the heat transfer system was 

modeled using a Cauer equivalent circuit. The characterization 

yielded a thermal resistance of 16.75 m°C/W and a thermal 

capacitance of 6444.3 J/°C. The model validation was performed 

on a dynamometer bench with the inverter operating at an input 

power of 65.86 kW. Under these conditions, the system dissipated 

2.34 kW of total power losses, resulting in average IGBT case 

temperatures of approximately 77 °C. The comparison between 

the experimental measurements and the model estimates, which 

predicted a case temperature of 80.48 °C, demonstrates the 

accuracy and reliability of the developed thermal model for this 

inverter-heatsink configuration. 
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I. INTRODUCTION 

HE growth of the electric vehicle (EV) market has been 

primarily driven by the need to replace internal 

combustion engines and mitigate greenhouse gas 

emissions [1]. Global battery electric vehicle registrations 

increased from 2.3 million units in 2019 to 17 million units in 

2024, corresponding to approximately 15% of the total 

automotive market [2]. This expansion has intensified the 

demand for propulsion systems with higher efficiency, reduced 

volume, and increased power density. In this scenario, the 

traction inverter plays a central role in overall powertrain 

performance, as its efficiency, together with the electric 

machine efficiency map, directly determines how stored 

electrical energy is converted into mechanical power [3]. 

Recent inverter developments have focused on increasing 

power density while simultaneously reducing weight and size 

[4]. However, these improvements lead to higher thermal 

stresses on semiconductor devices, whose reliability and 

lifetime are strongly dependent on junction temperature and 

thermal cycling conditions [5]. As a result, thermal 

management has become a critical design constraint in modern 

automotive traction systems. 

Liquid-cooled heatsinks are widely adopted in automotive 

inverters due to their high heat transfer capability and compact 

integration potential [6], [7]. The internal geometry, fin 

configuration, and flow distribution significantly influence heat 

dissipation performance [8]. In addition, coolant selection plays 

a fundamental role in ensuring material compatibility, corrosion 

resistance, and long-term reliability [9], [10]. In specific 

automotive applications, such as systems in which the stator of 

a permanent magnet synchronous machine (PMSM) is 

immersed in coolant and the inverter baseplate is manufactured 

from aluminum, dielectric oil becomes mandatory despite its 

lower thermal performance compared to water-based solutions 

[11]. The increasing adoption of high-power-density PMSMs, 

particularly axial-flux configurations [12], further reinforces 

the need for integrated and application-oriented thermal design. 

Significant advances in thermal modeling methodologies for 

electrified automotive systems have been reported in recent 

years. Structured approaches have been proposed to convert 

detailed three-dimensional physical models into equivalent 

thermal networks, enabling computational efficiency while 

preserving physical consistency [13]. Electro-thermal coupled 

models have been introduced to predict the junction 

temperature of SiC MOSFET modules under realistic operating 

conditions by dynamically linking electrical losses and thermal 

response [14]. Additional studies have emphasized the strong 

coupling between temperature-dependent electrical parameters 

and package-level thermal behavior in high-power automotive 

MOSFETs [15]. At the cooling system level, experimental 

thermo-fluid investigations of traction inverter cold plates have 

provided validated data to support model development and 

design optimization [16], [18]. Advanced heat spreading 

solutions for double-side-cooled modules have been evaluated 

to mitigate internal thermal gradients [17], while reliability-

oriented studies have analyzed thermo-mechanical fatigue 
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mechanisms in SiC die attachments under thermal balancing 

strategies [19]. Furthermore, the impact of coolant transient 

conditions on SiC power modules has been examined, 

highlighting the importance of dynamic boundary condition 

modeling under rapid load and flow variations [20]. The Foster 

thermal model was developed to represent the heat transfer 

behavior of a liquid-cooled heatsink [21]. However, this 

approach describes only the overall thermal response of the 

system and does not allow the determination of intermediate 

temperatures. 

Unlike previous Foster and Cauer studies, which have 

primarily focused on semiconductor-level thermal modeling or 

steady-state analyses, this work introduces a fully experimental 

methodology applied to an inverter heatsink. A distinctive 

aspect of the proposed approach is that the entire inverter 

housing functions as a heatsink, with the cooling channel 

machined directly into the aluminum casing. No dynamic 

thermal modeling studies addressing this specific configuration 

were identified in the reviewed literature. First, a controlled 

heating experiment was designed to overcome the limitations 

of segmented measurements, ensuring optimized sensor 

placement and simultaneous acquisition of all temperature data. 

Second, a refined Cauer-equivalent model was derived and 

validated, enabling accurate prediction of intermediate 

temperatures, which cannot be directly obtained from 

conventional Foster network structures. Third, the model was 

experimentally validated under severe operating conditions, 

establishing a direct correlation between heatsink thermal 

behavior and actual drive system performance, a perspective 

that remains largely unexplored in existing inverter thermal 

management research. 

The developed model enables the assessment of whether 

thermal limitations may constrain the maximum power 

processed by the inverter, thereby supporting system-level 

design decisions. The scope of this study is restricted to the 

experimental characterization and dynamic modeling of the 

heatsink integrated into the analyzed inverter. Assumptions and 

limitations are discussed and summarized in the conclusion. 

II. METHODOLOGY 

The methodological approach adopted in this work 

integrates semiconductor loss estimation, synchronized 

temperature acquisition, and dynamic thermal modeling. First, 

conduction and switching losses of the IGBTs and diodes were 

calculated using electrical characteristics obtained from the 

FF225R12ME4_B11 datasheet, combined with the inverter 

modulation signals, load current profile, and computed 

switching instants. These losses defined the target power 

dissipation for the subsequent heating experiment. 

Thermal measurements were collected simultaneously using 

four PT100 sensors mounted on the heat sink and two internal 

NTC sensors embedded within the IGBT modules. During the 

controlled heating test, the devices were biased in the linear 

region to replicate the average power dissipation expected 

during typical inverter operation, without applying full-load 

switching conditions. The recorded temperature responses 

enabled the identification of the heat sink thermal resistance and 

capacitance from both steady-state and transient behavior. 

Finally, a complete Cauer-equivalent thermal network was 

constructed, incorporating device-level thermal impedances, 

interface resistance, and the identified heat sink parameters. 

The model was simulated under the same loss conditions as the 

experiment, allowing direct comparison between predicted and 

measured junction, case, and heat sink temperatures. This 

validation confirmed the accuracy of the model and provided a 

reliable basis for subsequent thermal analyses. By integrating 

experimental characterization with dynamic modeling, the 

proposed methodology enables the assessment of liquid-cooled 

heat sinks under realistic operating conditions. 

III. INVERTER 

Fig. 1 shows a conventional three-phase, two-level inverter 

designed to power a permanent magnet synchronous motor 

(PMSM). The motor specifications are shown in Table I. This 

inverter uses three IGBT modules from Infineon (model 

FF225R12ME4_B11), which support 1200 V and 225 A, and 

employs the space vector modulation technique to control the 

semiconductors. The inverter uses field-oriented control to 

regulate the PMSM torque and speed. 

IV. SEMICONDUCTOR POWER LOSSES ANALYSIS 

The estimation of power losses in semiconductors is achieved 

through the implementation of Algorithm 1. Initially, the input 

variables are defined as follows: the nominal frequency of the 

signal generated by the inverter (f), the frequency modulation 

index (mf), the amplitude modulation index (ma), the power factor 

(PF), the maximum line current (Imax), and the total number of 

 
Fig. 1. Conventional PMSM drive system with a two-level three-phase 

inverter and field-oriented control (FOC). 

 

TABLE I 

RATED ELECTRICAL AND MECHANICAL SPECIFICATIONS 

OF THE PMSM 
Specification Value 

RMS Phase-to-Neutral Voltage (V) 212 

RMS Phase Current (A) 140 
Frequencya (Hz) 270 

Active Power (kW) 72 

Torque (Nm) 214 
Speed (RPM) 3250 
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simulation points (cp). Using these parameters, the reference 

period (T), the time vector (t), the phase angle of the load current 

(θ), and the load current itself (IL) are calculated. 

The curves describing the voltage drop in IGBT conduction 

(vce) and diode conduction (vf) were obtained from the 

FF225R12ME4_B11 module datasheet. The curves describing 

the energy dissipation in turn-on transitions (Eon), turn-off 

transitions (Eoff), and reverse recovery of the diode (Erec) were 

also obtained from the datasheet. These parameters are 

contingent upon the line load current. 

The command signals of the IGBT module of phase “a” 

(Vcmd1 and Vcmd2) are obtained by comparing the reference 

signal of phase “a” (vrefa) with a triangular waveform (vtri). The 

conduction losses in IGBTs (Pcix), and diodes (Pcdx) are 

obtained from the product of vce, |IL| and Vcmdx, where x is either 

IGBT 1 or 2. The switching losses are obtained by identifying 

every turn-on, turn-off and reverse-recovery instant during one 

reference period. The turn-on (Ponx), turn-off (Poffx) and 

reverse-recovery losses (Precx) are obtained through the average 

value of the sum of all lost energy. Finally, the total power losses 

(Ptot) are the sum of all the conduction and switching losses. 

The utilization of Algorithm 1 was instrumental in simulating 

the inverter and estimating power losses in semiconductors. The 

simulation assumed a 20% motor overload, representing the 

worst-case operating condition. The total loss obtained was 

2258.4 W, while the estimated power losses for a single IGBT 

and a diode were 258.3 W and 118.1 W, respectively. Fig. 2 

illustrates the distribution of power losses in an IGBT and a 

diode. These loss values were utilized as a reference point for 

conducting the controlled heating test of the heat transfer system. 

V. HEAT TRANSFER SYSTEM 

A. Liquid Cooling System 

The drive systems of electric and hybrid vehicles are cooled 

by electromechanical, hydraulic, and mechanical components. 

These components transfer heat from the cooling fluid to the 

environment, ensure the fluid moves at the correct pressure and 

flow rate, and store and filter the fluid to prevent contamination. 

A hydraulic pump, heat exchanger, reservoir, and filter are 

necessary for the cooling system to function properly. Fig. 3 

illustrates the connection between the cooling system elements 

and the inverter and permanent magnet synchronous motor 

(PMSM). 

The implemented cooling system consists of the following:  

a) A hydraulic gear pump suitable for operating with oil. It 

has a flow rate of 30 L/min and a pressure of 1 bar. 

b) An expansion tank that is pressurized and capable of 

storing 1.5 L at a pressure of 1 bar. 

 
Fig. 2. Power losses distribution for one IGBT and one diode. 

 

 

 
Fig. 3. Liquid cooling system architecture showing the cooling circuit and 

its connection to the inverter and PMSM. 

              

              

        

      

               

               

Algorithm 1 Power losses estimation 
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c) A radiator with a 385 mm diameter fan, an airflow rate of 

3,690 m³/h, and an IP68 degree of protection. 

d) An oil return filter installed in the line with filter elements 

of 30, 80, and 150 microns. 

e) Dielectric oil with viscosities of 9.79 cSt at 40 °C and 2.44 

cSt at 100 °C. 

f) A coil machined into the inverter housing to cool the IGBT 

modules. Fig. 4 shows the dielectric oil circulation channel for 

cooling the IGBT modules.  

The dynamic model of the cooling system represents all 

elements as a single resistance and a single capacitance. 

B. Controlled Heating Experiment  

The controlled heating test biases the IGBT in the linear 

region to match the average power dissipation of real inverter 

operation. The thermal network was modeled dynamically, with 

the IGBT junction-to-case impedance as a Cauer model, the 

thermal interface material as a series resistance, and the 

heatsink as an RC network extracted from the continuous 

heating test, terminating at ambient temperature. This 

configuration captures both transient junction and case 

temperatures as well as the quasi-steady-state response of the 

heatsink. Limitations include filtering of high-frequency 

switching losses and the assumption of unidirectional heat flow, 

neglecting lateral spreading. As a result, while average 

temperatures and slow transients are accurately predicted, 

instantaneous spatial distributions, rapid 10 kHz switching 

oscillations, and local hotspots are not fully reproduced. 

The controlled heat sink heating experiment enables the 

extraction of the dynamic model of the cooling system without 

operating the inverter at its nominal power. Due to the current 

limitation of the laboratory power supply, the test was 

conducted using only two of the inverter IGBTs. This 

adaptation does not compromise the results, since the time 

required for the system to reach thermal steady state remains 

unchanged, as the thermal dynamics are primarily governed by 

the thermal properties of the assembly (thermal capacitance and 

thermal resistance), rather than by the number of active devices. 

If the dissipated power is increased, the steady-state 

temperature will rise accordingly, however, the heating 

dynamics remain unaffected. Furthermore, because the 

temperature variation is proportional to the dissipated power, 

the observed thermal behavior remains representative of the 

complete system. 

The assembly of the system began with the installation of 

two IGBT modules in the inverter cabinet, highlighted in red on 

Fig. 4. To enable simultaneous measurements, four PT100 

temperature sensors were installed on the heat sink. Two of 

these sensors were positioned close to the modules subjected to 

controlled heating, while the other two measurements 

corresponded to the internal NTC sensors of each module, as 

illustrated in Fig. 4. A data acquisition system was responsible 

for simultaneously recording the six temperatures, four from the 

PT100 sensors and two from the NTC sensors. 

After the assembly of the system, the power supplies were 

configured. For this adjustment, the collector current curve (IC) 

as a function of the gate-emitter voltage (VGE) was utilized as a 

reference. The value of VGE = 7.4 V was defined to ensure the 

operation of the IGBT in the linear region. This voltage level 

enables the dissipation of the power estimated from the loss 

analysis, corresponding to 376.4 W per IGBT, without the 

necessity of 168 Arms conduction and 10 kHz switching. In 

these conditions, the collector-emitter voltage (VCE) was 

measured to be 14.97 V with a current of 25.95 A in module 

one and 15.11 V with a current of 26.68 A in module two. These 

measurements yielded an average dissipation of approximately 

395 W per module, as depicted in Fig. 5. 

After assembling the system, configuring the power 

supplies, and installing the data acquisition system, a controlled 

heating test was performed. Initially, the cooling system was 

activated, and then the VGE and VCE voltages were applied 

simultaneously. Temperature acquisition began with the 

application of the VCE voltage. To assess the reliability of the 

measurements obtained by the PT100 and NTC sensors, a 

thermal imaging camera was used to measure the temperature 

at the focal point. Fig. 6 shows the temperatures recorded by the 

sensors over time. The data were not filtered or subjected to any 

treatment, which explains the oscillations observed in the NTC 

sensor signals, possibly due to noise. 

To improve the scientific rigor and reliability of the 

experimental validation, a measurement uncertainty analysis 

was performed. The heatsink temperature was measured using 

a Class A PT100 sensor with an accuracy of ± (0.15 + 0.002|T|) 

°C according to IEC 60751 [22]. The intrinsic NTC sensor 

integrated into the IGBT module has a resistance tolerance of 

±5% at 100°C, corresponding to an estimated temperature 

uncertainty of approximately ±1.5°C within the operating 

temperature range [23]. Surface temperature distributions were 

obtained using a FLIR E4 thermal camera with a specified 

accuracy of ±2°C or ±2% of the reading [24]. The PT100 and 

 
Fig. 4. Heat sink assembly showing the coolant circulation channel, 

IGBT modules, and temperature sensor locations. 

 

 

 
(a) 

 
(b) 

Fig. 5. Power dissipation in semiconductors: a) IGBT 1; b) IGBT 2. 
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NTC measurements were used for quantitative validation of the 

corresponding thermal nodes of the proposed model, while the 

thermal camera was employed to verify the predicted 

temperature distribution and hot-spot locations. For the 

heatsink temperature validation, the comparison between the 

model and experimental measurements resulted in a mean 

absolute error of approximately 0.4°C and a maximum 

deviation of 1.46°C, demonstrating good agreement between 

the proposed thermal model and the experimental data. 

Fig. 7a shows the temperature measured in the IGBT 1 case, 

which had the gate drive installed in the module, while Fig. 7b 

shows the temperature of the IGBT 2 encapsulation, without a 

gate drive. There is a difference of 20 °C between the 

measurements, attributed to the distance between the gate drive 

and the module encapsulation. Therefore, the measurement 

obtained from the module without the gate drive was selected 

as the reference value, presenting a temperature of 63.2 °C, 

while the acquisition system recorded 59.49 °C and 58.42 °C, 

indicating good agreement between both measurement 

methods. 

Fig. 7(c) shows a temperature of 45.2 °C and Fig. 7(d) shows 

a temperature of 47.8 °C, both obtained using the thermal 

imaging camera. At these same positions, sensors 1 and 2 

recorded temperatures of 45.21 °C and 44.6 °C, respectively. 

Similarly, Fig. 7(e) shows a temperature of 45.6 °C and Fig. 7(f) 

shows a temperature of 48.0 °C, also measured with the thermal 

imaging camera. For these points, sensors 3 and 4 indicated 

temperatures of 46.64 °C and 47.22 °C, respectively. Together, 

these measurements confirm the reliability of the temperature 

measurements obtained from the data acquisition system. 

C. Determining the Dynamic Model 

After carrying out the controlled heating test, it is possible to 

obtain a dynamic model of the heat sink. The procedure begins 

by determining the total temperature variation (ΔT), given by  

 ∆𝑇 = 𝑇𝐻𝑆 − 𝑇𝑎 () 

where, Ta is the ambient temperature, measured before the 

heating process begins, and THS is the final heat sink temperature. 

The thermal resistance of the heat sink (RTH) is then calculated as 

 𝑅𝑇𝐻 =
∆𝑇

𝑃𝑡𝑜𝑡𝑥
 () 

where Ptotx is the power dissipated by the IGBT during the heating 

process. Finally, the thermal capacitance (CTH) is obtained from 

 𝐶𝑇𝐻 =
𝜏

𝑅𝑇𝐻
 () 

 
(a) 

 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 

Fig. 7. Temperatures: a) case IGBT 1 with gate drive; b) case IGBT 2 without IGBT2; c) sensor 1; d) sensor 2; e) sensor 3; f) sensor 4. 

 
Fig. 6. Simultaneous temperature measurements. 
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where τ is the thermal time constant of the system, corresponding 

to the time required for the heat sink temperature to reach 

approximately 63.2% of its total variation following a step 

change in the dissipated power. 

The average temperature of sensors 1, 2, 3 and 4 (Fig. 6) was 

used to obtain a dynamic model of the heat sink. The extracted 

data are as follows: ambient temperature of 32.68 °C, final heat 

sink temperature of 45.92 °C, time required to reach a 

temperature of 45.92 °C of 972 seconds, and dissipated power of 

790 W. These values result in a thermal resistance of 16.75 

m°C/W and a thermal capacitance of 6444.3 J/°C.  

The dynamic model (Fig. 8) was simulated, and its response 

was plotted alongside the reference curve (Fig. 9) for validation 

purposes. A strong agreement between the reference curve and 

the simulated results can be observed. To provide a quantitative 

assessment of the model accuracy, the Root Mean Square Error 

(RMSE) was calculated, resulting in a value of 0.84 °C. This low 

RMSE confirms the high predictive accuracy of the proposed 

thermal model.  

VI. VALIDATION OF THE HEAT TRANSFER SYSTEM  

The thermal behavior of semiconductors can be described 

using various equivalent circuits. In Foster's thermal model, 

commonly provided by semiconductor manufacturers and used 

in analytical calculations, the coefficients are easily extracted 

from measured heating/cooling curves. However, its 

intermediate nodes lack physical significance, providing access 

only to the junction temperature. Conversely, the Cauer model 

represents the physical concept of individual layers heating up 

sequentially. By directly assigning RC elements to components 

such as the chip, solder, and substrate, the Cauer network’s 

intermediate nodes possess physical significance, allowing 

access to the temperatures of internal interfaces [25]. 

The heat transfer system was evaluated using the Cauer 

equivalent circuit, obtained from a mathematical transformation 

of the Foster model. Appendix I presents the thermal resistances 

and capacitances of the IGBTs and diodes associated with the 

Foster model, as well as the parameters of the Cauer equivalent 

circuit. The complete thermal circuit is illustrated in Fig. 10 and 

includes the dynamic model of a single IGBT and a diode. The 

power losses of the second IGBT and the second diode belonging 

to the same module are considered through the current sources 

Pi2 and Pd2. The losses of module 1 are injected at the case node 

(Tc). In turn, the losses of the other semiconductors are 

represented by equivalent current sources, namely 

Pi3+Pi4+Pi5+Pi6 for IGBTs and Pd3+Pd4+Pd5+Pd6 for the diodes. 

The total sum of losses is injected into the heat sink node (THS) 

and propagated through its dynamic model. 

Fig. 11 shows the dynamic temperature response when two 

 
Fig. 8.  Simulation of the dynamical model. 

 
 

Fig. 9. Comparison of the dynamic model results and the reference curve. 

 
Fig. 10. Cauer thermal model. 
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IGBTs are subjected to losses of 395 W, a condition equivalent 

to that of the controlled heating test. After reaching steady state, 

the junction temperatures of the IGBT and diode reach 92.67 °C 

and 80.74 °C, respectively. The heat sink temperature (THS) 

stabilizes at 45.13 °C, while the module encapsulation 

temperature (TC) reaches 56.72 °C. 

Fig. 12 presents the dynamic temperature response of the 

complete inverter, comprising six IGBTs and six diodes. In this 

simulation, the junction temperatures of the IGBTs and diodes 

reach steady-state values of 130.47 °C and 118.53 °C, 

respectively. Both values remain below the critical limit of 150 

°C, ensuring an adequate thermal margin under the evaluated 

operating conditions. 

From a practical standpoint, maintaining junction 

temperatures below the maximum rated limit contributes directly 

to improved device reliability. A sufficient thermal margin 

reduces thermo-mechanical stress caused by temperature swings, 

thereby mitigating thermal-cycling effects on bond wires and 

solder layers, mechanisms commonly associated with wear-out 

failures in power semiconductor modules. Consequently, the 

predicted operating temperatures indicate a lower risk of 

accelerated aging and support an extended service lifetime of the 

inverter under real operating conditions. 

Additionally, the results show that the heat sink and 

encapsulation temperatures stabilize at 94.52 °C and 71.01 °C, 

respectively, confirming adequate heat dissipation and 

supporting stable long-term operation of the system. 

VII. EXPERIMENTAL RESULTS 

Fig. 13 shows a dynamometer bench developed to conduct 

 
Fig. 11. Transient thermal response of the system for 2 IGBTs. 

 

 
Fig. 12. Transient thermal response of the system for 6 IGBTs. 

 
Fig. 13. Dynamometer test bench used for the experimental validation of the inverter loss and temperature estimation. 
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tests intended to validate the estimation of losses and 

temperatures of the IGBT modules in the inverter cooled by the 

thermal management system that was modeled in this study. The 

test bench consists of two sets, each comprising a cooling system, 

a permanent magnet synchronous motor (PMSM), and an 

inverter. One of the sets functions under speed control, operating 

as a motor, while the other operates under torque control, 

functioning as a generator. Both inverters are supplied by a 

bidirectional power supply. The inverter output voltages and 

currents were measured using an HBM Generation 3i power 

analyzer with eDrive Testing software. The waveforms of the 

three-phase voltages and currents of the inverter are illustrated in 

Fig. 14. The temperatures of the three IGBT modules were 

obtained using TSMaster software through the inverter's CAN 

communication functionality. 

Fig. 15 presents the numerical values of the monitored 

variables during the test. The variables ΣI and ΣU represent the 

average values of the three RMS output currents and voltages of 

the inverter. The inverter’s active power output is denoted by P. 

The power factor is represented by λ, T corresponds to the motor 

torque, while Idc refers to the supply current of the monitored 

inverter. 

The numerical results of the variables of interest are 

summarized in Table II. The inverter input power was 65.86 

kW, and the output power was 63.52 kW, resulting in power 

losses of 2.34 kW. Under these conditions, the temperatures of 

the IGBT modules were 79 °C, 80 °C, and 74 °C. The estimated 

power losses were 194.83 W for each IGBT and 101.80 W for 

each diode. This resulted in an encapsulation temperature of 

80.48 °C. 

VIII. CONCLUSION 

This paper presents the thermal characterization and 

modeling of a liquid-cooled heat sink applied to a three-phase 

inverter for use in electric and hybrid vehicles. Controlled heating 

tests showed that the heat sink reached a steady-state temperature 

of 45.92 °C after 972 seconds with a dissipated power of 790 W. 

From these experimental data, the equivalent RC thermal model 

parameters were identified as RTH = 16.75 m°C/W and CTH = 

6444.3 J/°C. 

The corresponding Cauer thermal network incorporating the 

heat sink and semiconductor devices was simulated using 

estimated power losses. This resulted in maximum junction 

temperatures of 130.47 °C for the IGBTs and 118.53 °C for the 

diodes, remaining well within the 150 °C safety limit. 

Experimental validation under inverter operating conditions 

TABLE II 

EXPERIMENTAL MEASUREMENTS AND OPERATING 

CONDITIONS USED FOR MODEL VALIDATION 

Parameter Value 

Battery bank voltage (Vdc) 587.00 
Battery bank current (Adc) 112.20 

Power supplied by battery bank (kW) 65.86 

RMS phase voltage (Vrms) 218.40 
RMS phase current (Arms) 128.80 

Active power (kW) 63.52 

Inverter losses (kW) 2.34 
Torque (Nm) 178.00 

Speed (RPM) 3200 

Case temperature of the IGBT module of phase A (°C) 79 
Case temperature of the IGBT module of phase B (°C) 80 

Case temperature of the IGBT module of phase C (°C) 74 

 

 
Fig. 15. Measured inverter input and output electrical and mechanical 

variables during the experimental test. 

 
Fig. 14. Measured three-phase output voltage and current waveforms of 

the inverter during experimental testing. 
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(65.86 kW input power) showed total power losses of 2.34 kW 

and an average IGBT package temperature of 77 °C. This closely 

matches the model's prediction of 80.48 °C, confirming the 

accuracy and applicability of the proposed thermal model for 

inverter thermal analysis. 

The implications of this work allow for more accurate thermal 

management sizing, contributing to the reduction of drivetrain 

volume and mass without compromising reliability. Furthermore, 

the proposed model aids in defining safe operating limits and 

optimizing cooling system control strategies through reliable 

junction temperature prediction. Future work should focus on 

validating the model under dynamic drive cycles and varying 

operating conditions to assess transient thermal behavior in real-

world driving scenarios. Additionally, further research is 

recommended to investigate the impact of different coolant flow 

rates and to extend this modeling approach to wide-bandgap 

(WBG) devices, such as silicon carbide (SiC) MOSFETs, which 

present higher power density challenges. 

 

APPENDIX - SEMICONDUCTORS THERMAL MODEL 

The transient thermal impedances of the Foster thermal 

model are specified in Table III. The datasheet for the 

FF225R12ME4_B11 module [23] provides the thermal 

resistances (Rf) and time constants (f). The thermal 

capacitances (Cf) are obtained from Rf and f using (3). The 

subscript "i" is used to denote the IGBT, while "d" indicates the 

diode. 

The Foster model does not assign explicit physical meaning 

to its internal nodes. However, it is widely used in technical 

datasheets because its coefficients can be extracted directly 

from the measured cooling curve of the module [25]. In 

contrast, the Cauer thermal model reflects the actual physical 

structure of the semiconductor device, with thermal 

capacitances and intermediate thermal resistances representing 

individual material layers. The methodology for converting a 

Foster representation into an equivalent Cauer network is 

presented in [26]. The resulting Cauer parameters are 

summarized in Table IV. 
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