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EXECUTIVE SUMMARY 
The deliverable provides a comprehensive overview of thermal management system strategies, 
modeling, and simulation within the RHODaS project. Initially, it focuses on detailing the thermal 
interface between inverters and cooling systems, exploring estimated junction temperatures, and 
analyzing the potential impacts of design choices on equivalent thermal resistance. Subsequently, 
the document delves into advanced 3D thermal and power loss modeling, employing Finite Element 
Analysis, with COMSOL Multiphysics playing a crucial role in heatsink design. Fundamental simula-
tions cover aspects like liquid-cooled heatsink design and sensitivity studies. Notable contributions 
include the introduction of the thermal equivalent circuit model, the RHODaS Thermal Management 
System Toolbox, and the strategic decision to design six heatsinks for a high-power converter. The 
document effectively communicates outcomes and methodologies, concluding by addressing ad-
vancements in temperature monitoring, proposing sensor networks, and outlining strategies for pre-
cise readings and a more effective thermal management approach.  
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INTRODUCTION 

DESCRIPTION OF THE DOCUMENT AND PURSUE 
This report describes the RHODaS project's multifaceted endeavours in thermal management, 
meticulously documenting key aspects to provide a comprehensive understanding of its progress 
and innovations. The exploration begins with a detailed exposition on the thermal interface between 
the inverter and cooling system, elucidating the intricacies of the thermal cooling system architecture. 
The subsequent sections delve into the interplay between inverters and cooling systems, revisiting, 
and applying the Key Performance Indicators (KPI) and Requirements inherent to Work Package 3 
(WP3). Additionally, the document provides insights into estimated junction temperatures, offering a 
crucial perspective on the implications of specific design choices for the equivalent thermal 
resistance—a pivotal factor informing the proposed interface design. As the narrative evolves, the 
report seamlessly transitions to highlight the achievements of Task 3.2 in WP3, concentrating on the 
3D thermal and power loss modelling aspect. Advanced methodologies such as Finite Element 
Analysis and Computational Fluid Dynamics take centre stage, emphasizing the instrumental role of 
COMSOL Multiphysics in optimizing heatsink design. The document meticulously presents 
fundamental simulations within COMSOL Multiphysics, utilizing a solid mechanic’s case study—an 
elongation problem—to exemplify the application of these methodologies. Further exploration 
encompasses analyses of air-cooled heatsink design, sensitivity studies, and the investigation of 
pin-based structures, complemented by illustrative figures for clarity. Beyond these technical aspects, 
the report extends its purview to encompass broader contributions to the RHODaS project. It sheds 
light on the introduction of the thermal equivalent circuit model for the T-type power converter, the 
development of the RHODaS Thermal Management System Toolbox, and the strategic decision to 
design six heatsinks for a high-power converter. These elements collectively contribute to the 
project's overarching objective of achieving robust and efficient thermal management solutions. In 
addition to the technical discourse, the report widens its lens to encompass the imperative of 
enhancing temperature monitoring within the project. It explores advanced temperature sensor 
networks, providing insights into the selection criteria for sensors in the low-power converter and 
addressing intricacies in sensor selection for the high-power converter. Proposals for leveraging 
temperature sensor data to estimate die temperature, adjust converter operation, and detect faults 
contribute to a forward-looking perspective, paving the way for a more effective and adaptive thermal 
management strategy within the dynamic landscape of the RHODaS project. 

WPS AND TASKS RELATED WITH THE DELIVERABLE 
This deliverable refers to Task 3.1, Task 3.2 and Task 3.3 included in WP3: Thermal Management 
System. 
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1. Thermal Cooling Management Strategies 
This section first describes the thermal interface between the inverter and cooling system and, 
secondly, the thermal cooling system architecture. 

1.1. Thermal interface 
This chapter describes aspects of the thermal interface between the inverters and the cooling 
systems for RHODaS. First, the KPI and Requirements relevant to WP3 are reiterated. Based on 
certain assumptions, the document describes the estimated junction temperatures. Then there is a 
short description of how certain design choices may increase the equivalent thermal resistance, 
which is then used to guide the proposed interface design.  

1.1.1. Key performance indicators and requirements for the thermal parts 
Technical Objectives (TO) and KPI from the Grant Agreement (GA), and Key Impacts Pathways (KIP) 
can be found in the following Tables. 

Table1.1. TO and KPI of the RHODaS project from Grant Agreement 

From GA 
and WP1 

 

TO1.4 Develop a more effective hybrid thermal management system (TMS) of the 
IMD combining liquid-cooling and air-cooling to mitigate negative effects of 
high current on health and ageing of the materials and components. 

TO2.2 Develop and fabricate highly integrated base modules for modular power 
electronics using 3D design and simulation. 

TO3.1 Design effective sensor networks able to detect changes in relevant 
parameters at material, component, and system level to develop more 
accurate models for characterisation and control. 

KPI 1: 40% reduction of thermal losses1, temperature operation up to 175ºC, truck 
driving range +10% 2. 

KPI 2: 50% reduction of size 3 , 30% reduction of weight, 15 dB reduction of EMI 
noise 4. 

 In addition to the use of novel semiconductor materials and the integration of 
optimised thermal management systems within the Integrated Motor Drives 
(IMD) with advanced control strategies based on AI will contribute to achieve 
a 20% cost reduction of powertrains, increasing the affordability and promoting 
a full-market penetration of heavy-duty EVs 

                                                 

1 “Heat loss is the intentional or unintentional movement of heat from one material to another 
(https://www.watlow.com/blog/posts/heat-loss-factors). So, less movement of heat from what to what and relative to 
what? 

2 UPC will provide an appropriate benchmark. 
3 UPC will provide an appropriate benchmark. 
4 UPC will provide an appropriate benchmark. 
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From GA 
and WP1 

 

 Exploiting the wide frequency range of the WBG materials integrated in the 
powertrains, RHODaS will develop novel control approaches improving the 
reliability while reducing the losses by 40%, apart from reducing noise and 
interferences, based on adaptive switching frequency control depending on the 
driving mode. The capabilities hybrid SiC/GaN switches reduce the complexity 
of the control, allowing new adaptive switching frequency strategies, and 
increase the temperature of operation up to 175ºC. In addition, RHODaS will 
implement a more effective hybrid thermal management system combining 
micro liquid- cooling and air-cooling systems to mitigate negative effects of high 
current on health and ageing of the materials and components. This will 
significantly improve the thermal performance of the powertrains, which allows 
to extend the truck driving range in a 10%. 

 Significant advancements in efficiency (reduction of losses by 25%) (of the 
power electronics) and thermal performance (increased maximum operational 
temperature), both parameters versus the state of the art of the targeted 
application. This allows further driving range extension, faster charging, and 
easier thermal management of the whole powertrain, as well as possible 
improvement in cabin-heating and defrosting in winter. 

 
Table1.2. Requirements for the thermal parts of the RHODaS project from WP1 

Parameter Value 

Ambient temperature range From -20 ºC to 50 ºC 

Altitude Up to 2000 m 

Maximum relative humidity 90% 

Power to be dissipated Depends on the losses from the power 
converter and depends on achieved 
efficiency and power needed. 

Cooling system Glycol + water for cooling the inverter 

Surface area needed for 150kW with no 
overload capacity at 97.5% efficiency 

Minimum needed cooling area 263cm2. 
With a converter height of 57 mm this 
gives approximately, 100kW/liter 
(assumes no spacing between power 
modules). The final implementation 
geometry should accommodate the 
cooling needs. 
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Table1.3. Requirements for the electrical parts of the RHODaS project from WP1 

Parameter  

Length 400 mm 

Width 380 mm 

Height 30 mm 

Power density5 100 kW/L 

Maximum efficiency > 97.5 % 

DC bus voltage Up to 1000 V (Overshoots limited to 1.2x) 

Rated power 150 kW (Continuous <150 kW @ 650 VDC, subject 
to change with DC voltage) 

 

1.1.2. Assumptions for estimations 
The calculations use a simple lumped-parameter equivalent circuit steady-state model of the thermal 
circuits. Based on the thermal resistance and ambient temperature, the average junction 
temperature can be estimated with a lumped-parameter steady-state model. Peak temperature may 
be higher in transients.  

𝛥𝛥𝛥𝛥�
Change of temperature across barrier

≈ 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙�
Power loss

⋅ 𝑅𝑅𝑟𝑟𝑟𝑟�
Thermal resistance

 

For the simplified case where we assume a constant case temperature, the junction temperature 
may be estimated as: 

𝛥𝛥𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑟𝑟𝑗𝑗𝑙𝑙𝑗𝑗 ≈ 𝛥𝛥𝑗𝑗𝑐𝑐𝑙𝑙𝑐𝑐 + 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ⋅ 𝑅𝑅𝑟𝑟ℎ�������
𝛥𝛥𝛥𝛥

 

Maximum losses allowed may also be calculated based on the reverse calculation: 

𝛥𝛥junction_max−𝛥𝛥𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑅𝑅𝑡𝑡ℎ

= 𝑃𝑃loss_max (See Appendix E – Ideal load calculations for more details.) 

The design target for the cooling system is to have a 𝛥𝛥𝛥𝛥 < 20𝐾𝐾 relative to the cooling liquid.  

With the following assumptions, an estimated equivalent thermal resistance can be made: 

• Flow of glycol: 𝑄𝑄𝑔𝑔𝑙𝑙𝑔𝑔𝑔𝑔𝑙𝑙𝑙𝑙 = 0.158𝐿𝐿 𝑠𝑠⁄  with a 38% glycol water mixture. This can be operated 
with the pump shown in Appendix C – Pump curves for Grundfos Magna3 25-60. 

• Heatsink fins of 5mm height 

                                                 
5 Converter power density excluding cold plate and auxiliary connections. 
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• Fin cylinders in 20% of the area with a fin efficiency of 50% 

• 60𝜇𝜇𝜇𝜇 thick thermalpaste DowCorning 340.5F6  

• One heatsink Meccal PBS500 132 at 500mm length with a forced airflow of 1600𝜇𝜇3 ℎ⁄ . 

 

 
Figure 1.1. Thermal resistance for Meccal PBS500 132 at 500mm length with a forced airflow  

 

• The resulting estimated thermal resistance for the thermal paste + heatsink + glycol 
+ cooling to ambient is estimated to be: 𝑅𝑅𝑟𝑟ℎ,𝑗𝑗𝑙𝑙𝑐𝑐𝑐𝑐𝑗𝑗𝑗𝑗𝑐𝑐𝑐𝑐 ≈ 40𝜇𝜇𝐾𝐾 𝑊𝑊⁄ = 0.040𝐾𝐾 𝑊𝑊⁄  that is 
approximately 1/3 of the thermal resistance of the powermodule.  

• The ambient temperature is assumed to be constant 50. 

1.1.3. Estimated temperatures based on assumptions 
Table1.4. Junction temperature estimation based on different switching frequency  

𝑓𝑓𝑙𝑙𝑠𝑠𝑗𝑗𝑟𝑟𝑗𝑗ℎ 𝑘𝑘𝑘𝑘𝑘𝑘⁄  𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑊𝑊⁄  avg. Junction Temp. 𝐶𝐶⁄  
70 5200 183 
50 3800 152 
35 2700 129 
20 1700 107 

 

So, for 70kHz, it is based on the assumptions impossible, but 50 kHz may be possible under good 
conditions. Design choices that increase the thermal resistance may make even 50 kHz difficult to 
achieve. 

                                                 
6   The thermal interface material dimensions and performance are highly dependent on the mechanical and electrical 

design of the converters. If isolated power modules with screw mounting are chosen, graphite thermal interface 
material may be used. If non-isolated modules are chosen, isolated thermal pads may be needed instead. The mounting 
force allowed by the PCB design determines the pressure that can be used and, thus, the de facto thickness of the 
thermal interface. 

https://www.dow.com/en-us/pdp.dowsil-340-heat-sink-compound.01015443z.html#overview
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1.1.4. Design choices that increase thermal resistance of the interface 
From Appendix A – Low power design mail on page, some design choices may increase the thermal 
resistance: 

• The thermally and mechanically simplest interface to handle is if the power transistors have 
a uniform well defined height relative to their thermal interface. If the distance is not clearly 
defined, this means that additional non-conductive flexible material (pads) between the 
heatsink and power module needs to be added → increased thermal resistance 7 . 
Furthermore, uneven height heatsink may increase surface roughness since it is more 
difficult to machine and verify a good surface smoothness on an uneven surface. 

• If the heatsink mounting force applied is not well defined, this may require additional non-
conductive flexible material between heatsink and power module needs to be added → 
increased thermal resistance. If the inverter is glued to the thermal interface, it will also 
require multiple spare inverters + multiple heatsinks since they will be difficult/impossible to 
disassemble once mounted on the cooling circuit.  

• The non-conductive flexible material (pads) must have sufficient dielectric strength (more 
than 2 times the DC-link voltage) → thicker pads → increased thermal resistance. This extra 
material is only needed if the power module does not have its own internal electrical 
insulation. 

A bigger thermal resistance also means that the amount of material needed to cool the inverter 
increases→ higher cost. Increased losses also mean the amount of material needed to cool the 
inverter increases→ higher cost. 

  

                                                 

7 See https://multimedia.3m.com/mws/media/122268O/characteristics-of-thermal-interface-materials.pdf. 
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1.1.5. Proposed interface design  
• For the low-power inverter: The thermal interface material has to be non-conductive7F8 and 

compressible8F9 → Silicone/non silicone materials. 

• For the low-power inverter: Mounting with epoxy glue and potting glue9F10 and using a vice 
to force the materials in contact. Method needs testing. 

• For the low power inverter: The thermal transfer in copper tracks on the PCB and through 
VIAs need to be simulated du the high losses. 

• For the high-power inverter: The thermal interface material can be conductive10F11  and 
compressible11F12. → Silicone/non silicone materials or graphite12F13 

• Copper may be needed for the heatsink for the high-power design and the lower-power 
design may be sufficiently cooled with an aluminium heatsink. 

• For both high and lower power inverters the heatsink will be made up of multiple parts→ 
increased volume 

• Since both high and low power inverters do not have a uniform height, thermal resistance will 
probably be increased due to lower surface smoothness. 

• The cooling system will either use a manifold design for the glycol/water circuit or separate 
glycol circuits. 

 

1.1.6. Partial conclusion for the thermal interface 
Design choices are always trade-offs, and certain design choices in the low and high-power inverters 
may lead to increased thermal resistance and thus lowered cooling. Methods to adjust for the design 
choices have been presented, as well as their possible consequences. The design should be able 
to dissipate 3kW of heat with a differential temperature less than 20C from the heatsink surface to 
the ambient. A solution is to consider different operating regions where we may have different thermal 
envelopes, e.g., higher power if ambient temperatures are low compared to the worst case with high 
ambient temperature.  The next section describes the proposed thermal architecture used for the 
project. 

 

                                                 

8 Since the transistors are not isolated 
9 To compensate for the ildefined mounting force and distances. 
10 https://www.intertronics.co.uk/product/wacker-thermally-conductive-silicone-adhesives-potting-compounds/ seen 

15/6 2023. 
11 It assumed the chosen power modules have sufficient isolation. 
12 To compensate for the ildefined distances. 
13 https://www.fischerelektronik.de/web_fischer/en_GB/heatsinks/E01.01.002/High%20thermoconducting%20graphite

%20foils/search.xhtml seen 15/6 2023. But mounting force will need to be high to deform the graphite sheets. 
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1.2. Proposed thermal architecture 

1.2.1. Hardware platform for the cooling system 
The hydraulic hardware is shown below and consists of a Thermal Control Unit (TCU), a cold plate, 
a pump, and a radiator with a fan. The cold plate absorbs the heat from the inverter and transfers 
the heat to the cooling liquid. The pump ensures the cooling liquid is passing through the radiator 
with sufficient flow. As the liquid is passed through the radiator, a fan ensures sufficient air is blown 
through the radiator too cool the liquid to the desired temperature. The TCU controls the pump for 
the cooling liquid and the fan for the radiator to ensure that sufficient flow is present, but unneeded 
excessive flow is not produced. 

 
Figure 1.2. Designed Hydraulic system  

 
The cold plate size is determined by the design of the inverter. The components chosen here are the 
preliminary components chosen, since they also may be impacted by the inverter design. The two 
temperature sensors are PT1000 sensors connected to the TCU, as shown in the figure.  
The TCU consists of an Olimexino Stm32F3 microcontroller with CAN communication chosen 
elsewhere. If long distances are needed, optical cables may be needed, such as IF-E10. 
The TCU controls the pumps and fans to keep the glycol-water coolant mixture at a relative constant 
temperature of approximately 80 °C. The TCU then sends the estimated flow/estimated differential 
pressure experienced by the pump to the IOT platform. The chosen KSB Calio 32-120 pump has an 
internal rough estimate of both differential pressure and flow rate of the pump. The preliminary 
radiator chosen is a standard low-cost car radiator (NISSENS 606514) and the preliminary fan is 
also a standard automotive fan (FEBI BILSTEIN 107256). The glycol chosen is shown in the table 
below: 
 

 

Liquid
temp.

Inverter

Cold 
plate

Pump

R
ad

ia
to

r

Fan

TCU

Ambient
temp.

To the TMS/IOT

https://www.olimex.com/Products/Duino/STM32/OLIMEXINO-STM32F3/open-source-hardware
https://www.digikey.dk/en/products/detail/industrial-fiber-optics/IF-E10/3724
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Table1.5. Glycol selection 
Manufacturer Name Concentration Minimum 

operating point 
GLYKOL & SOLE 

GmbH 
GLYKOSOL N  34% -20 C 

GLYKOL & SOLE 
GmbH 

GLYKOSOL N  44% -30 C 

 
Depending on the power module chosen, a thermal sensor/sensorless method needs to be chosen. 
This is the most critical sensor since it needs to be able to measure fast enough to detect thermal 
runaway in the power module. It would normally be included in most high-power integrated power 
modules. It still requires a thermal model of the system since the thermal resistance from the sensor 
to the power module junction may result in a significant difference between the measured 
temperature and the power module junction temperature. 
 
 

1.2.2. Software for the cooling platform and the TMS 
The thermal management system has two major tasks: ensuring sufficient cooling under normal 
conditions and reducing inverter output during abnormal conditions. The losses of the inverter are 
related to the current passing through the power module, and e.g., its equivalent on-state resistance 
may approximate the conduction losses in a MOSFET. Ignoring temperature dependency, the 
conduction losses increase with the current squared. So, half current means a quarter of the 
conduction losses. Since the current controller is orders of magnitude faster than the pumps, the 
current controller in case of abnormal situations, would normally handle the fastest temperature 
control. This may be done by limiting the current reference of the motor current controls. Under 
normal conditions, the pump and fan control performed by the TCU should be sufficient. A simple 
proportional integral controller should suffice for normal TCU operation.  
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1.2.3. Detailed hydraulic architecture 
As described elsewhere, the inverter teams have decided to have separate heights and boards for 
SiC and GaN modules. There is also significant spacing between the different modules. Since the 
losses may also be significantly different from the SIC half bridges to the T-section GaN, two parallel 
manifold structures are proposed for the RHODaS cooling system shown in Figure 1.3. 
 

 
Figure 1.3. Two parallel manifold structures proposed for the RHODaS cooling system  

 
The thermal system, excluding the inverter TMS, consists of: 

• Cooleant manifold: 
o Since the heatsinks are separated even within the same type of semiconductor and 

to keep the pumps losses low, the manifold ensures that the differential pressure 
across the three parallel cooling branches is roughly equivalent.  
 

o Thermal interface material sits between the power modules and the heatsink. If the 
thermal interface also needs to ensure electrical isolation, the thermal resistance will 
likely also increase and exclude thermally good interface materials such as graphite 
due to graphite’s conductivity.  

o The heatsinks are the interface between the thermal interface material and the cooling 
liquid. The basic task is to heat up the liquid as effectively13F 14  as possible  
  

                                                 

14  Efficiency for the heatsink is defined as low a thermal resistance as possible. Maximum thermal resistance for the 
heatsink surface to liquid is 20𝐾𝐾

3000𝑊𝑊
= 2

300
𝐾𝐾
𝑊𝑊

 for all heatsinks combined in parallel. 
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Figure 1.4. Proposed heatsink from [1], the paper focuses on comparing different cooling designs 

 
The basic cooling principle is to have the coolant going into the inlet heated up and 
exiting through the outlet.  

o The Thermal control unit (TCU) may directly control the coolant pumps and the 
radiator fan14F15. Based on the sensor input the pump flow and radiator fan speed 
may be reduced/increased to ensure sufficient cooling within the operational ambient 
envelope.  

o To ensure sufficient coolant for the heatsink, the pump speed is controlled. The TCU     
o The radiator will with radiation and convection, dissipate the heat from the coolant to 

ambient air. 
o The radiator fan controls the forced convection. 
o The inverter thermal management system (TMS) is described in a separate section. 

 
  

                                                 

15  The cooleant pump and radiator fan may also be controlled by failsafe logic such as NXP MFS2613AMDA2AD. 
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1.2.4. Inverter thermal management system (TMS) 
The thermal management system (TMS) in the inverter is responsible for sending sensor data to the 
TCU and ensuring the motor current is limited, so the inverter stays within the thermal envelope. 

1.2.4.1. The relation from output power to the motor current  
The truck output power (𝑃𝑃𝑙𝑙𝑗𝑗𝑟𝑟 is crudely approximated by:  
𝑃𝑃𝑙𝑙𝑗𝑗𝑟𝑟 ≈

𝑐𝑐
𝑐𝑐𝑟𝑟
𝑊𝑊 ≈ 𝐹𝐹𝑙𝑙𝑙𝑙𝑐𝑐𝑐𝑐 ∙ 𝑣𝑣-𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑔𝑔, (1) 

where 𝑊𝑊 is the work done by the truck, 𝐹𝐹𝑙𝑙𝑙𝑙𝑐𝑐𝑐𝑐 is the resulting force on the truck, and 𝑣𝑣-𝑟𝑟𝑟𝑟𝑗𝑗𝑗𝑗𝑔𝑔 is the 
truck velocity. The shaft power (𝑃𝑃-𝑙𝑙ℎ𝑐𝑐𝑎𝑎𝑟𝑟) is similarly proportional to: 
𝑃𝑃-𝑙𝑙ℎ𝑐𝑐𝑎𝑎𝑟𝑟 ≈ 𝜏𝜏𝑐𝑐𝑙𝑙𝑟𝑟𝑙𝑙𝑟𝑟 ∙ 𝜔𝜔 ≈ 𝑃𝑃𝑜𝑜𝑜𝑜𝑡𝑡

𝜂𝜂𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔
≈ 𝐹𝐹𝑙𝑙𝑜𝑜𝑐𝑐𝑙𝑙∙𝑣𝑣-𝑡𝑡𝑔𝑔𝑜𝑜𝑐𝑐𝑡𝑡

𝜂𝜂𝑔𝑔𝑐𝑐𝑐𝑐𝑔𝑔
,  (2) 

where 𝜏𝜏𝑐𝑐𝑙𝑙𝑟𝑟𝑙𝑙𝑟𝑟 is the shaft torque, 𝜔𝜔𝑐𝑐𝑙𝑙𝑟𝑟𝑙𝑙𝑟𝑟 is the motor radial speed, 𝜂𝜂𝑔𝑔𝑐𝑐𝑐𝑐𝑟𝑟 is the gear efficiency.  
Since the RHODaS motor is a permanent magnet synchronous motor (PMSM, the motor torque is 
proportional to the motor currents 𝑖𝑖𝑖𝑖 & 𝑖𝑖𝑞𝑞  in Clarke/Park transformed set of motor equations. 
Assuming sinusoidal back electro-motoric force/flux linkage and no stator & rotor saturation, we get:  

 
 
 (3) 
 

where 𝑝𝑝-𝑝𝑝𝑐𝑐𝑗𝑗𝑟𝑟 is the number of rotor magnet pole pairs, 𝜆𝜆𝑝𝑝𝑐𝑐 is the permanent magnet flux linkage, 
𝐿𝐿-𝑞𝑞 is the quadrature axis inductance, 𝐿𝐿-𝑐𝑐 is the direct axis inductance, 𝑖𝑖-𝑐𝑐 is the direct axis current.  
From equations (1)-(3), it is clear that the motor power will be at least linearly proportional to the 
quadrature motor current (𝑖𝑖𝑞𝑞). If we assume the power losses are proportional to the motor power, 
then the power losses will be proportional to the motor current (𝑖𝑖𝑞𝑞). So, the fastest way to limit the 
losses is to limit the motor current to stay within the thermal envelope of the motor and the inverter. 
This limit may be needed if/when unforeseen events happen, e.g., the ambient temperature is hotter 
than expected, losses are higher than expected, power module thermal interface material is not 
mounted properly, etcetera. But this also means that the TMS needs to be considered when 
designing the current control, since the current limits will be calculated based on ideally integrated 
power module temperature sensors or external sensors. The sensor can then be used to estimate 
the junction temperature of the semiconductors. An alternative would be a synchronized direct 
measurement of the on-state voltage drops over semiconductors or an estimation of the on-state 
voltage drop.  
 
So, the inverter TMS needs to be able to set a current limit to enable the inverter to stay within safe 
operational limits.  

1.2.5. Partial conclusion of thermal architecture 
A proposed thermal architecture was presented, and some details regarding the components of the 
thermal architecture were also presented.  
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2. THERMAL MODELLING AND SIMULATIONS 
This section provides a comprehensive overview of the key developments and crucial undertakings 
within T3.2 on Thermal Modelling and Simulations, within WP3 of the ROHDaS project. The primary 
goal of this task is to conduct 3D thermal and power loss modelling, encompassing both transient 
and steady-state time scales. These simulations are accomplished through the application of 
advanced methodologies, including Finite Element Analysis (FEA) and Computational Fluid 
Dynamics (CFD). The scope of this endeavour encompasses a wide range of passive and active 
components, such as WBG-based switching devices, inductors, capacitors, and the integrated 
cooling system. Advanced simulation software tools like ANSYS and COMSOL are employed. 
Furthermore, a simulation toolbox is developed by AU, which integrates suitable thermal prediction 
models to facilitate the estimation of power losses, efficiency, and thermal performance under varying 
simulation parameters and operating conditions. This document encapsulates the actions taken and 
the outcomes achieved in the T3.2 of WP3. 

2.1. 3D Thermal Modelling of Heatsink 
In this chapter, the thermal management system architecture, developed by the AU team in T3.1, 
serves as the basis for designing a 3D model for the heatsink. This architecture comprises a thermal 
control unit (TCU), a cold plate, a pump, and a radiator with a fan. The design process is guided by 
the specified operating conditions detailed in WP, which include parameters such as ambient air 
temperature and various driving conditions. furthermore, COMSOL Multiphysics is the chosen tool 
for simulating a variety of scenarios during the heat sink design process.  

2.1.1. COMSOL Multiphysics and its advantages in design of the heatsink 
In this subsection, let's delve deeper into the application of COMSOL Multiphysics and highlight its 
advantageous role in heatsink design, particularly within the realm of Multiphysics simulation. This 
versatile software platform excels in simulating and analysing complex systems by considering the 
interactions and coupling of multiple physical phenomena. In the context of heatsink design, 
COMSOL Multiphysics offers invaluable capabilities, especially in modelling heat transfer within 
solids and fluids, which are critical aspects of optimizing thermal management. 

The use of COMSOL Multiphysics allows for a comprehensive exploration of the intricate interplay 
between heat transfer in solid materials, like the heatsink itself, and heat dissipation through the 
surrounding fluid medium, including the convective cooling effects of the TMS component and the 
heat transfer within the coolant. Its Multiphysics capabilities enable the addressing of diverse thermal 
challenges encountered in real-world applications, providing a deeper understanding of the system's 
behaviour under varying conditions. 

Leveraging COMSOL Multiphysics is essential for fine-tuning heatsink design to enhance its 
efficiency and overall performance, ensuring it meets the specific requirements outlined in the 
previous tasks and adapts to different operating conditions. The next section will detail the 
methodologies of utilizing COMSOL Multiphysics in the heatsink design process. 

In the next section, we will provide an in-depth exploration of the methodologies employed to harness 
the full potential of COMSOL Multiphysics in the heatsink design process. 
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2.1.2. Fundamental simulations in the COMSOL Multiphysics software 
In this subsection, a systematic approach to address the intricate challenges of Multiphysics 
simulations is employed. It is imperative to dissect these complex problems into comprehensible 
components, and this is achieved by dividing the section into three distinct parts, each focusing on 
specific aspects of the simulation:   

2.1.2.1. COMSOL Simulation with Solid Mechanics Physics: 
The initial segment of this subsection is dedicated to simulating the solid mechanics aspect within a 
Multiphysics context. This approach is grounded in the pursuit of a foundational understanding of 
the mechanical behaviour exhibited by systems. By specifically isolating the solid mechanics 
component, we can delve into the impact of forces, deformations, and stresses on a defined structure. 
This allows for a thorough validation of the accuracy of 3D simulations by comparing results obtained 
through COMSOL simulations with those derived from mathematical calculations. This systematic 
methodology is indispensable for attaining a comprehensive comprehension of the mechanical 
responses within the system. To exemplify this, we opt for an elongation problem as a case study, 
primarily chosen for its simplicity in mathematical calculations. The initial case study involves the 
analysis of the expansion in the length of a mild steel rod following the application of a 100 kips force 
or load. The dimensions of the rod, with a diameter and length of 0.5 inches and 36 inches, 
respectively, are considered. The mathematical calculations and the results obtained through 
simulations in the COMSOL Multiphysics software consistently align, providing a mutual validation 
of the accuracy within the realm of 3D simulations. This congruence between analytical calculations 
and simulated outcomes serves as a confirmation of the reliability and precision of the simulation 
methodology employed.  

 

 
Figure 2.1. Rod elongation with its mathematical calculations 
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Figure 2.2. Rod elongation simulations in the COMSOL Multiphysics software 

2.1.2.2. COMSOL Simulation with Heat Transfer in Solids Physics: 
In the second part, our focus shifts to heat transfer within the solid components of the system. This 
step is pivotal in understanding how heat is conducted and distributed within the materials. Isolating 
heat transfer in solids helps us determine temperature gradients and thermal stresses, providing 
insights into the thermal performance of the system without the added complexity of fluid interactions. 
It is a necessary step to form a solid foundation for the subsequent stages of the simulation. In this 
stage we focused on the air cooled heatsink design and simulation in the small scale. This simulation 
helps us to understand the capability of the air cooled heatsinks and investigate if this type of cooling 
system can comply with the requirement of the project.  

Following the design of the geometry and the establishment of a defined meshing strategy for the 
proposed structure, a thorough analysis is conducted on the designed air-cooled heatsink. The 
outcomes of this analysis are succinctly summarized in Figures 2.3-2.5. These figures encapsulate 
and present the key findings and performance characteristics of the air-cooled heatsink, providing a 
visual representation of the results obtained from the simulation. This comprehensive approach 
ensures a clear and concise presentation of the pertinent information derived from the analysis of 
the heatsink design.  
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a) Air cooled heatsink geometry 

 
b) Air cooled heatsink meshing strategy 
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c) The results of temperature distribution in the designed air cooled heatsink 

Figure 3. Air cooled heatsink design and simulation in the COMSOL Multiphysics software 
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Figure 2.4. Results of temperature distribution inside two surfaces of the designed air-cooled heatsink 

In Figure 2.3(a), elongated fins have been intricately crafted and positioned at the base of the 
heatsink to regulate the airflow. Figure 2.3(b) illustrates the meshing strategy employed in the design 
of the air-cooled heatsink. Moving on to Figure 2.3(c), it presents the temperature distribution results 
within the designed air-cooled heatsink subsequent to the application of a heat flux to the heatsink 
body. To gain a more in-depth understanding of the cooling behaviour of this heatsink, Figure 2.4 
showcases the temperature distribution results within the two surfaces of the designed air-cooled 
heatsink. Furthermore, Figure 2.5 illustrates that the temperature increases progressively when 
moving from the corner to the centre of the heatsink. 

 
Figure 2.5. Results of temperature distribution over a line from a corner to the centre of the cold plate 

In the realm of heatsink design, a critical consideration revolves around comprehending the 
ramifications of hot spots on power boards. These hot spots arise from the deliberate arrangement 
of switching elements in specific zones, necessitating a thorough investigation into their impact. To 
delve deeper into this phenomenon and gauge the viability of an alternative heatsink structure 
employing pins instead of conventional long fins, a simulation was undertaken. 

The simulation protocol involved the strategic placement of a simulated hot spot at the top of the 
heatsink structure, mimicking a scenario where concentrated heat emanates from a specific source. 
To counterbalance and ameliorate potential temperature differentials, a series of pins were precisely 
simulated at the base of the hot spot region. This approach aimed to dissipate the accumulated heat 
efficiently and maintain optimal temperature distribution across the heatsink. 

The outcomes of the simulation, illustrated in Figure 2.6, offer insights into the comparative 
effectiveness of pins versus long fins in the cooling process. The results confirm that the utilization 
of pins exhibits a marked enhancement in cooling efficiency compared to traditional long fins. This 
empirical validation underscores the potential advantages of incorporating a pin-based heatsink 
design for optimizing thermal management strategies. 
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a) Air cooled heatsink geometry with various types of fins and Hot Spots 

 
b) The results of temperature distribution in the designed heatsink with various types of fins and Hot Spots 
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c) The results of temperature surface in the heatsink with various types of fins and Hot Spots 

Figure 2.6. Air cooled heatsink design and simulation with various types of fins and Hot Spots 

2.1.2.3. COMSOL Simulation with Heat Transfer in Solids and Fluids Physics  
The final part of this subsection introduces the interaction between heat transfer in both solid 
components and fluids.  
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Figure 2.7. The primary configuration of the liquid-cooled heatsink simulated in COMSOL 

 
 
This step is where the full complexity of the Multiphysics problem is addressed. By combining the 
insights gained from the previous two parts, we can now comprehensively model the system's be-
haviour. This includes the intricate interplay of heat conduction in solids and the convection of heat 
in the surrounding fluid medium. It is at this stage that we approach the problem in its entirety, ac-
counting for all relevant physical phenomena. Subsequently, a foundational model in COMSOL Mul-
tiphysics is simulated by AU to facilitate finite element analysis of the liquid-cooled heatsink system 
under various topological and boundary conditions. The primary configuration of the designed liquid-
cooled heatsink, characterized by a cylindrical inlet and outlet, a copper-based body, and multiple 
elongated fins, is shown in Figure 2.7. The assessment of meshing procedures and accuracy is of 
paramount importance in the realm of finite element analysis, particularly for liquid-cooled heatsinks. 
This rigorous examination ensures the reliability of simulation results, their proximity to real-world 
scenarios, and their applicability for decision-making and design optimization in thermal manage-
ment applications. In light of this, a comprehensive analysis was conducted to investigate the influ-
ence of the meshing scheme on computational time and the precision of outcomes. This step was 
undertaken to strike a balance between modeling accuracy and computational efficiency, a critical 
consideration in heatsink model optimization. The result of applying the meshing scheme on de-
scribed heatsink geometry is depicted in Figure 2.8. 
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Figure 2.8. The result of applying the meshing scheme the liquid-cooled heatsink 

 

2.1.2.4. Symmetry Tools and Heat Transfer Analysis 
Our simulation strategically employed symmetry tools within the framework of finite element analysis. 
The integration of symmetry tools in software platforms like COMSOL or similar FEA applications is 
instrumental in curtailing computational time and resource utilization. The application of symmetry 
enables the modeling of a fraction of the authentic geometry, leading to more streamlined models, 
faster solution times, and expeditious parametric investigations. It streamlines the setup process, 
diminishes meshing complexities, and proves invaluable for design enhancement, all while affording 
essential insights into system behavior. The outcomes of heat transfer in both the solid and fluid 
components of the simulated liquid-cooled heatsink are presented in Figures 2.9-2.11. 
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Figure 2.9. The result of temperature distribution in the liquid-cooled heatsink 

 
Figure 2.10. The result of flow pressure distribution in the liquid-cooled heatsink 
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Figure 2.11. The result of flow velocity distribution in the liquid-cooled heatsink 

 
To delve into the intricacies of heat transfer patterns and temperature distribution, an analysis of 
temperature distribution across the cold plate and the temperature difference from one corner to the 
center of the cold plate has been conducted. Figures 2.12-2.13 present a comprehensive overview 
of these findings. 
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Figure 2.12. The result of temperature distribution in the cold plate of liquid-cooled heatsink 

 
Figure 2.13. Results of temperature distribution over a line from a corner to the center of the cold plate of liquid-cooled 

heatsink 
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2.1.2.5. Parameter Sweeping Analysis 
To delve into the ramifications of design parameters on thermal and fluid flow performance, the AU 
team conducted a sweeping analysis encompassing inlet velocity and temperature. This analysis 
serves to uncover optimal values, assess parameter sensitivities, predict heatsink performance 
across varying operating conditions, and attain a balance between design objectives. The results of 
the parameter sweeping analysis, focusing on inlet voltage and temperature, are succinctly illus-
trated in Figure 2.14. This figure illustrates the temperature variation along a line extending from the 
corner of the heatsink body to its bottom center. 
 
 

 
Figure 2.14. The result of inlet velocity and temperature sweeping analysis in the liquid-cooled heatsink 

 
 
To further validate the thermal performance of the designed liquid-cooled heatsink, during the 
parameter sweeping analysis, the simulation results at an inlet velocity of 0.2 m/s and an inlet 
temperature of 293.15 K are illustrated in Figure 2.15. 
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Figure 2.14. the results at an inlet velocity of 0.2 m/s and an inlet temperature of 293.15 K for the liquid-cooled heatsink 
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2.1.2.6. Reynolds Number Analysis  
In alignment with the specified operating conditions as outlined in WP1, including parameters such 
as ambient air temperature, and driving conditions (see D1.1 and D1.2), and guided by the Thermal 
Architecture Design established in T3.1 of WP3, our team at AU executed a fundamental 3D thermal 
model of the liquid-cooled heatsink. This was accomplished using the computational capabilities of 
COMSOL Multiphysics software. 

 
Figure 2.15. Analysis of Reynolds number and fluid velocity concerning variations in pipe diameter 

 
Initially, based on the AU thermal calculations (see D1.2 and D1.4) and the required mass flow for 
the cooling system design (q=0.57/3600 m^3/s), we conducted an analysis of Reynolds number and 
fluid velocity concerning variations in pipe diameter. This analysis is crucial for understanding and 
predicting the behaviour of fluids, such as water or glycol, as they flow through surfaces or conduits. 
These calculations were based on a cylindrical pipe containing a mixture of 50% glycol (ethylene) 
and 50% water, with fluid properties represented by a density of 1010 kg/m^3 and a viscosity of 
0.00175 kg/m·s. The outcomes of this study are presented in Figures 2.15, which delineate fluid 
regimes based on Reynolds number. Reynolds numbers below 2000 indicate a laminar flow regime, 
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while the range between 2000 to 4000 signifies a transitional flow regime, and values exceeding 
4000 indicate turbulence regime. This figure illustrates that an increase in pipe size brings the fluid 
regimes closer to laminar flow, which correlates directly with fluid velocity, as depicted in Figure 2.15. 
This information is pivotal for making informed decisions regarding heatsink designs and component 
sizing. 

2.1.3. High-power, Liquid-Cooled Heatsink Design 
In this section, building upon the fundamental analysis conducted in preceding sections and 
leveraging the high-power inverter design executed by AIT for the RHODaS project, the AU team 
has designed the initial model for the high-power heatsink. During the design process, the key 
dimensions of the power boards were derived based on the detailed design by AIT, as illustrated in 
Figure 2.16. 

 

 
Figure 2.16. Dimensions of the high-power boards derived based on the detailed design by AIT 

 

In the initial design, prompted by practical constraints and following calculations by the AU team, 
three separate heatsinks were devised to accommodate two power boards each, featuring SiC and 
GaN modules. The detailed specifications of the high-power inverter designed by AIT and low-power 
inverter designed by UPC are available in Appendix G. Figure 2.17 visually represents the quarter 
part of the heatsink geometry, strategically crafted to encompass both SiC and GaN power boards. 
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Figure 2.17. The quarter part of the high-power heatsink geometry designed by AU 
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Figure 2.18. The simulation results of the high-power heatsink in the COMSOL Multiphysics software 
The simulation results of the heatsink, conducted using COMSOL Multiphysics software, are 
presented in Figure 2.18. The configuration of the fins in this design is outlined in Figure 2.19, with 
plans by the AU team to explore an alternative arrangement, depicted in Figure 2.20, during the 
optimization procedures in the forthcoming Task 3.5.  

 
Figure 2.19. The configuration of the fins in the design of the high-power heatsink 
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Figure 2.20. The possible configuration of the fins in the design of the high-power heatsink 

3. RHODaS Thermal Management System Toolbox 
In this section, AU has developed a simulation toolbox that incorporates suitable thermal prediction 
models to enable the estimation of thermal management systems under diverse simulation 
parameters and operating conditions.  

To enhance the usability of this toolbox and enable its integration into other simulations, 
encompassing electrical, thermal, and control components, a MATLAB code has been written. This 
code prompts users to input initial parameters for the thermal management system and estimates 
its most critical features. 

 

 
Figure 2.21. The block diagram of the RHODaS thermal management system toolbox 

 

Figure 2.21 illustrates the block diagram of the RHODaS thermal management system toolbox 
crafted by the AU team. It is important to note that, throughout the design process of this toolbox, 
various analyses were conducted to establish relationships between different variables. Figure 2.22, 
for instance, demonstrates the impact of different fin efficiencies on the heatsink flow rate, offering 
insights into defining distinct fluid regimes that influence the heatsink's efficiency. 
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Figure 2.22. The impact of different fin efficiencies on the heatsink flow rate 
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4. Thermal equivalent circuit of high-power converter with GaN and 
SiC 

 

The thermal equivalent circuit plays a critical role in the design and analysis of thermal management 
systems for power converters. It offers a simplified yet accurate representation of the thermal 
behaviour of power converters, allowing engineers to model and predict temperature variations in 
different components.  

This systematic breakdown of the complex thermal system makes the analysis more efficient and 
manageable. The thermal equivalent circuit aids in optimizing cooling systems, evaluating the impact 
of different cooling methods on overall thermal performance, identifying critical hotspots, and 
enabling targeted cooling strategies. It facilitates parametric studies, assessing the influence of 
various parameters on thermal performance and contributing to the exploration of design trade-offs 
and optimization. 

Integration with electrical circuit simulations provides a comprehensive understanding of coupled 
electrical and thermal behaviours, crucial for achieving a balanced and reliable power converter 
design. The thermal equivalent circuit proves to be a cost-effective tool, enabling engineers to 
evaluate different design options and cooling strategies through simulations, reducing the need for 
expensive and time-consuming physical prototypes. Additionally, it aids in early issue detection, 
allowing designers to address potential thermal challenges in the initial stages of the design process 
and minimizing the likelihood of costly redesigns later in the development cycle.  

In this subsection, the thermal equivalent circuit model for the presented T-type power converter in 
the RHODaS project has been meticulously designed by the AU team. Following the design phase, 
simulations of this thermal equivalent circuit model were conducted in MATLAB Simulink, utilizing a 
thermal library to enhance compatibility with other project components. These simulations, 
incorporating the thermal mass considerations across different parts of the thermal system, not only 
capture the transient effects but also maintain efficient computation times. 

The thermal equivalent circuit was derived for each component, encompassing device and device-
to-heatsink interactions, as well as heatsink-to-ambient relationships. It is essential to note that the 
parameters for the thermal equivalent circuit model for the T-type high-power converter were 
calculated based on the characteristics of the thermal and electrical systems defined in WP1 and 
WP3, along with the real characteristics of SiC and GaN devices. The summarized results can be 
found in Figures 23-24, with additional information from the datasheets for SiC, GaN, and thermal 
interface materials provided in Appendices H, I, and J, respectively. 
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Figure 2.23. Thermal equivalent circuit of SiC-CAB450M12XM3 from Wolfspeed Cree. 

 

 

Figure 2.24. Thermal equivalent circuit of GaN-GS66516T from GAN systems. 
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After deriving the thermal equivalent circuit model for each component of the system, guided by the 
topology of the high-power inverter, the comprehensive thermal equivalent circuit model for the 
RHODaS high-power inverter, depicted in Figure 2.25, has been meticulously designed. 

 

 

 
Figure 2.25. Thermal equivalent circuit of T-type power converter with GaN and SiC. 

 
Prior to simulating the thermal equivalent circuit model for the designed inverter, our simulation 
procedure underwent verification by re-simulating a published paper. The selected paper for 
verification is presented in Figure 2.26. Furthermore, the comparison results between the paper's 
simulation outcomes and ours are depicted in Figure 2.27.  

This comparison confirms the high accuracy of our simulation procedure. In the subsequent step, 
we simulated the thermal equivalent circuit of the T-type power converter with GaN and SiC, as 
illustrated in Figure 2.28. The simulation results are summarized in Figure 2.29. 
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Figure 26. Simulation procedure verification by re-simulating a published paper [2]. 

 
a) Simulation result of reference [2] 
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b) Simulation result of AU team simulations in MATLAB 

Figure 2.27. Simulation result of re-simulating reference [2] 

 
Figure 2.28. The simulated thermal equivalent circuit of the T-type power converter in MATLAB 
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Figure 2.29. The simulation results of thermal equivalent circuit of the T-type power converter in MATLAB 
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5. Sensitivity analysis of the GaN switches junction temperature 
Due to the limitations on the current level that GaN modules can handle, a comprehensive sensitivity 
analysis was conducted on the GaN switches' junction temperature. This analysis aimed to illustrate 
the thermal management system's boundaries and the influence of various thermal system 
parameters on the critical variable, i.e., the junction temperature of the transistors. The outcomes of 
the different sensitivity analyses are consolidated in Figures 2.30-2.33. 
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Figure 2.30. Sensitivity analysis of the GaN switches junction temperature- Variation in switching frequency 

 
a) Utilizing 60 μm Thermal Paste (RthC-HS-GaN PAD=0.021 °C/W) 
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b) Utilizing Gap Pad (RthC-HS-GaN PAD=1.8 °C/W) 

Figure 2.31. Sensitivity analysis of the GaN switches junction temperature- Utilizing various types of thermal interface 
materials 
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Figure 2.32. Sensitivity analysis of the GaN switches junction temperature- Variation in RthHS-A-GaN 
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Figure 2.33. Sensitivity analysis of the GaN switches junction temperature- Variation in TA 

 
In the final step, guided by the calculations and thermal sensitivity analysis results, the AU team has 
opted to design a set of six heatsinks for the presented high-power converter. As per the 
configuration outlined in Figure 2.34, this entails assigning a dedicated heatsink to each power board. 
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Figure 2.34. AU’s Cooling System Design 
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6. New Sensors Networks for Advanced Temperature Control and 
Monitoring 

This task aims to make significant strides in the application of advanced temperature sensor 
networks within its framework. The primary goal is to enhance the accuracy of temperature readings 
from components, particularly semiconductors, thereby directly contributing to the effectiveness of a 
more sophisticated thermal management system. The implementation of this sensor network not 
only seeks to obtain more precise measurements but also aims to enable the proactive detection of 
over-temperature situations. This proactive approach provides an essential layer of protection for 
transistors, ensuring a safe and sustainable operation of the power converter, the engine, and 
consequently, the powertrain. 

Simultaneously, the task aspires to optimize the overall performance of the converter. The precise 
temperature information gathered by the sensor network will facilitate real-time adjustments, 
maximizing operational efficiency and enhancing the overall performance of the conversion system. 
This proactive approach to thermal management is expected not only to contribute to operational 
stability but also to have positive implications in terms of energy efficiency and component lifespan. 

A distinctive aspect of this task involves incorporating intelligent soft-sensors, which extend beyond 
physical data collection. These soft sensors utilize both real-time data and models to make optimal 
estimations of core temperature and accurately predict thermal conditions in the die. This 
combination of physical and virtual technologies provides a comprehensive assessment of the 
system's thermal conditions. However, it's important to note that the development of algorithms and 
temperature estimations is still underway. 

In terms of long-term management, the task also focuses on predicting the lifespan of components. 
Continuous monitoring of thermal conditions facilitates reliable estimates of the expected durability 
of materials, enabling more effective maintenance planning and contributing to the overall longevity 
of the system. Further details on this aspect will be provided in WP4. 

In summary, the task addresses a series of interconnected objectives, ranging from improving the 
precision of temperature measurements to optimizing converter performance and predicting the 
lifespan of components. The following section provides a detailed status of the task and the progress 
achieved to date in attaining these objectives. 

6.1.1. Exploration of Advanced Temperature Sensor Networks  
The power converter will monitor the temperature of each transistor individually. This proposal 
enables us to observe the performance of each transistor and use this data to optimize the thermal 
control system, implement protective measures, or even enhance the digital twin for WP4. 

In the low-power converter, there are 2 SiC transistors and 2 GaN transistors used per phase, 
meaning GaNs are not paralleled. Moreover, all components are discrete and lack integrated NTC 
probes. Therefore, it has been decided to incorporate 4 NTC thermistors (NTCLE413E2103F520L 
model) per module, one for each transistor. The specifications of these thermistors are outlined in 
the following table. 

Table 3.1. Specifications of the NTC thermistors for the low-power converter 
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In the high-power converter, the sensors employed have slight variations. On the one hand, this 
converter uses SiC modules that come equipped with their own NTC probes. On the other hand, 
multiple GaNs are used in parallel per phase to increase the maximum current at which the converter 
can operate when functioning as a 3-level system. 

For the high-power inverter six IGI60F017A1L from Infineon will be used in parallel to achieve a total 
Rdson of 5.67 mΩ. Hence, each GaN branch connected to the midpoint consists of two transistors 
in antiparallel, and we use three branches, giving a total of six GaNs. 



D1.3 Thermal Management System Strategies, modelling and simulation 
 

Version v.7  
 

20/12/2023  Page 58/95 

 
Figure 3.1. Common source configuration showing three GaNs in parallel. 

 
The selected SiC transistors are CAB450M12XM3 from Wolfspeed Cree. Each module includes a 
4.7k NTC temperature sensor. Figure 3.2 shows the temperature sensor parameters. 
 

 
Figure 3.2.  SiC NTC parameters. 

 
To measure the temperature of the discrete GaN semiconductors, multiple temperature sensors (10k 
NTCs) will be placed close to the GaNs. The exact type of these sensors has not yet been defined.  
 
Moreover, Figure 3.3 shows the control PCB of the high-power inverter. Eight temperature sensor 
inputs are available. In addition to the semiconductor and module temperature sensors the heatsink 
and the motor temperature will also be measured. 
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Figure 3.3 Rhodas high-power inverter control PCB. 

 

6.1.2. Key Functions of the Sensors Network 
The sensor network, within the context of power converters, is a multifaceted system with a diverse 
range of applications. It plays a pivotal role in enhancing performance, ensuring safety, and prolong-
ing the lifespan of various components and materials. The utilization of temperature sensors, in par-
ticular, is instrumental in achieving these objectives, and their functions can be elucidated as follows: 
 

a) Transistor Fault Detection: Temperature sensors are strategically positioned to monitor the 
thermal behaviour of individual transistors in real time. This granular oversight allows for the 
early detection of any abnormalities in temperature. For instance, if a transistor fails to heat 
up as expected, this could be indicative of a malfunction or complete failure. Conversely, if 
one transistor exhibits significantly higher temperatures compared to others, this anomaly 
may be attributed to suboptimal switching behaviour. The data provided by these sensors 
offers crucial insights into the health and performance of each transistor. 

 
b) Protection Mechanisms: As discussed earlier, temperature sensors act as proactive senti-

nels, alerting the system to abnormal conditions in specific transistors. This early warning 
system is invaluable in enabling swift control interventions to rectify the situation. In the event 
of a fault in one of the GaN transistors, the converter can seamlessly transition to operate 
exclusively with SiC transistors, mitigating any potential loss in functionality. Similarly, if a 
fault is detected in a SiC transistor, the control system can take preventive measures such 
as halting the converter's operation or reducing its power output, thereby minimizing potential 
risks and damages. 
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c) Over-Temperature Protection: The network of temperature sensors serves as a guardian 
against overheating. Should the temperature of any component exceed safe limits, the sen-
sors trigger protective measures. These measures can range from reducing the power output 
to activating cooling systems to maintain the converter's temperature within the safe operat-
ing range. By preventing overheating, the sensors contribute significantly to the longevity of 
the components and materials within the converter. 

 
d) Lifetime Prediction: By continuously monitoring the temperature of various components, 

these sensors also play a role in predicting the remaining lifespan of the converter. Over time, 
temperature fluctuations can lead to wear and tear, and the data collected by the sensors 
can be used to estimate when components may require maintenance or replacement, 
thereby enhancing the converter's operational efficiency and minimizing unexpected down-
time. 

 
The interconnectedness of temperature sensors and their vital functions are visually represented in 
Figure 3.4, which depicts the operating modes and the strategic placement of these sensors in the 
low-power converter. This comprehensive system ensures the efficient operation, safety, and lon-
gevity of the power converter, making it an indispensable component in various industrial and tech-
nological applications. 
 

 
Figure 3.4. operating modes and temperature sensors in the low-power converter. 
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6.1.3. Integration of Intelligent Soft Sensors 
The sensor network is complemented by a set of advanced intelligent soft-sensors, which utilize both 
data and models to achieve an optimal estimation of the core temperature and provide precise tem-
perature estimations for the die. 
These sensors will be implemented using software-driven solutions, which will leverage measure-
ments obtained from the NTC sensors to accurately estimate the die temperature. The implementa-
tion involves the deployment of various sophisticated thermal models, ensuring robust and precise 
temperature calculations. 
 
For sensors measuring the temperature of the transistor encapsulation, the primary consideration 
lies in the thermal resistance (Rth) of the transistors. This critical parameter allows for the estimation 
of the die temperature through the following equation: 
 

𝛥𝛥𝑐𝑐𝑗𝑗𝑐𝑐 = 𝛥𝛥𝑗𝑗 + 𝑃𝑃𝑐𝑐 · 𝑅𝑅𝑟𝑟ℎ  
 
here, Tdie represents the die temperature, Tc is the temperature of the transistor encapsulation, Pd 
signifies the power dissipation within the transistor, and Rth stands for the thermal resistance from 
die to encapsulation. 
 
In cases where the temperature sensors are positioned on the opposite side of the PCB from the 
transistors, an additional factor must be accounted for – the thermal resistance of the PCB (Rth_PCB). 
This consideration is crucial for accurate die temperature estimation and can be described by the 
following equation: 
 

𝛥𝛥𝑐𝑐𝑗𝑗𝑐𝑐 = 𝛥𝛥𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑃𝑃𝑐𝑐(𝑅𝑅𝑟𝑟ℎ + 𝑅𝑅𝑟𝑟ℎ_𝑃𝑃𝑃𝑃𝑃𝑃)  
 
in this equation, TPCB signifies the measured temperature on the opposite side of the PCB. 
 
It is important to note that these measurements will undergo rigorous validation through experimental 
testing, and if necessary, further verification may be conducted using destructive tests within a ther-
mal chamber. These steps are essential to ensure the accuracy and reliability of the temperature 
estimations, which are of paramount importance for the safe and efficient operation of the system. 

6.2. SPECIFICATIONS AND REQUIREMENTS 
This task also involves addressing the specifications and requirements of the sensor networks, en-
suring that they meet the necessary criteria for their intended functions. 
 
Fortunately, temperature is a parameter that changes slowly, and the specifications regarding tem-
perature sensors are not as critical as in the case of other sensors. The various specifications for 
the temperature sensors are detailed below: 
 

• Measurement Accuracy: Measurement accuracy is a fundamental requirement to ensure 
reliable and precise temperature readings. In this case, an acceptable margin of error of ±5°C 
has been established, with a preference for a maximum of ±2°C. It is important to highlight 
that this precision is particularly critical for the most sensitive element of the system, which 
is the GaN transistors. Ensuring measurement accuracy within this range is essential for 
effective monitoring and protection of the system. 
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• Temperature Range: The specified temperature range for the power converter sensor net-

work covers a minimum range from 0°C to 150°C. Given that transistors typically operate at 
temperatures around 90°C and are susceptible to damage at 125°C, this range provides a 
necessary safety margin to capture temperature variations and prevent critical situations. 
Notice that the electrical motor has different temperature ranges, from -40ºC to 180 ºC so 
their sensors should be capable of operating at this range. 

 
• Resolution: While temperature resolution is not critical in this context, an acceptable reso-

lution of 2°C has been defined. This means that sensors must be able to detect significant 
temperature changes in increments of 2ºC, which is sufficient for monitoring purposes. 

 
• Sampling Frequency: Although real-time sampling is preferred, it is not a critical require-

ment since temperatures should not vary abruptly. A sampling frequency of every 10 to 20 
seconds has been established, providing a balance between real-time temperature monitor-
ing and system efficiency. 

 
• Calibration and Recalibration: Sensor recalibration is not required, simplifying system op-

eration and maintenance. This contributes to efficiency and resource savings. 
 

• Communication Interface: In this case, no additional communication interface is needed as 
these are NTC probes designed primarily for temperature measurement. 

 
• Power Supply: NTC sensors do not require an additional power source as they function 

passively and rely on resistance changes to measure temperature. This simplifies sensor 
installation and operation. 

 
• Robustness and Environment: Sensors must be capable of withstanding the same envi-

ronmental temperatures and conditions as the high-power converter. This robustness is es-
sential to ensure that the sensors operate reliably in the specific environment in which they 
are deployed. 

 
• Regulatory Compliance: Sensors must comply with applicable regulations in the European 

Union, with a special focus on ROHS (Restriction of Hazardous Substances) and WEEE 
(Waste Electrical and Electronic Equipment) regulations. Regulatory compliance ensures that 
sensors are safe and environmentally friendly, in accordance with current European regula-
tions. 

 
These requirements are fundamental to ensure the performance and reliability of the temperature 
sensor network in a specific environment and in compliance with European regulations. 
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7. Conclusion  
The initial segments of this document detailed the thermal interface between the inverter and cooling 
system, coupled with an overview of the thermal cooling system architecture. This section further 
elucidates facets of the thermal interface between inverters and the cooling systems in the context 
of RHODaS. Firstly, it revisits the Key Performance Indicators (KPI) and Requirements pertinent to 
Work Package 3 (WP3), offering a foundation for subsequent discussions. With certain assumptions 
in mind, the document proceeds to delineate estimated junction temperatures, followed by a concise 
exploration of how specific design choices may impact the equivalent thermal resistance—a crucial 
factor informing the proposed interface design. Transitioning to the latter part of the document, it 
encapsulates the significant accomplishments of Task 3.2 within WP3 of the RHODaS project. The 
focus here is on 3D thermal and power loss modelling, employing advanced methodologies such as 
Finite Element Analysis and Computational Fluid Dynamics. Emphasis is placed on the pivotal role 
played by COMSOL Multiphysics in the design of heatsinks, particularly in the realm of Multiphysics 
simulations, affording a holistic comprehension of heat transfer across solids and fluids. The 
document then delves into fundamental simulations within COMSOL Multiphysics, employing an 
elongation problem as a solid mechanic’s case study. Coherently presented are analyses of air-
cooled heatsink design, sensitivity studies, and the exploration of pin-based structures, accompanied 
by illustrative figures. Noteworthy contributions include the introduction of the thermal equivalent 
circuit model for the T-type power converter, the development of the RHODaS Thermal Management 
System Toolbox, and the strategic decision to design six heatsinks for a high-power converter. The 
document adeptly communicates the outcomes, methodologies, and implications of the conducted 
simulations and designs, offering a comprehensive overview of the thermal modelling endeavours 
within the RHODaS project. Conclusively, the last section of this document canters on elevating 
temperature monitoring within the project. It investigates advanced temperature sensor networks to 
ensure precise material and component temperature readings, outlining the selection criteria for 
sensors in the low-power converter. Simultaneously, the document addresses the sensor selection 
process for the high-power converter. Proposals for leveraging temperature sensor data to estimate 
die temperature, adjust converter operation, and detect faults are presented, contributing to a more 
effective thermal management strategy.  
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Appendix A – Low power design mail 
 

Dear colleagues, 
 
As we discussed in the last GA, the design of power converters is advancing. Hence, at the UPC, 
we have already considered the heat dissipation system of the converter, i.e. the location of the 
heatsinks. We want to share this information with you before our initial WP3 meeting so that you can 
start thinking about the final dissipation. 
 
Attached are some pictures of the designed low-power converter. Fig_Top shows the top view of the 
converter, Fig_Bot shows the bottom view, and Fig_3D shows the isometric view. In this converter, 
the SiC is located in the top layer and the GaN in the bottom layer. The SiC will dissipate through 
the bottom side via thermal pathways, while each GaN dissipates through the top of its package. 
Therefore, it is necessary to put a heatsink on each bottom side of each converter, and it must 
accommodate for the difference in height between the GaN and the PCB. In addition, there must be 
electrical isolation between the heatsink, the components and various pads. We also prefer not to 
use screws to fix the heatsink as this would complicate the electrical design, so we prefer to use 
adhesive. In the pictures, you can see that there are some through-hole components. This should 
not be a problem as we will make sure that their legs do not touch the heatsink. Finally, this converter 
is modular, each phase of the converter will go on its own PCB and then these PCBs will be mounted 
on another PCB, a motherboard. Therefore, we will need a heatsink for each module or an equivalent 
system. 
 
Regarding the high-power converter designed by AIT, 3D models are available on ownCloud server. 
In those models, you can see where they plan to place the heatsink. 
 
I hope that the geometry of the low-power converter is clear from this explanation. Do not hesitate 
to contact me if you have any doubt. 
 
Best regards, 
-- 
Dr. David Lumbreras 
Power Electronics Researcher  
MCIA - Universitat Politècnica de Catalunya 
email: david.lumbreras@upc.edu 
 
MCIA Center Innovation Electronics  
Rambla Sant Nebridi 22, GAIA Research Building - TR14  
08222 Terrassa (Spain) 
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Appendix B – High power design mail 
 
Dear Uffe, 
 
please have a look at the following answers to your questions: 
 
•         What power modules have been chosen?   
 
For the SiC half bridge we are using CAB450M12XM3 modules from Wolfspeed. For the T-type GaN 
branch GS66516T (25mΩ/ 650V) from GaN Systems or CoolGaN IGI60F017A1L (17mΩ/ 600V) will 
be used.  
 
•         What are the estimated losses?   
 
Following assumptions have been made:  
U_DC = 950V, Rth (junction to case) = 0.11K/W (in reality R_th of TIM and R_th of heat sink 
(Aluminium to water) need to be added and will therefore increase!), Water inlet temperature = 60°C, 
Inverter output power 150kW, Inverter in 2 level mode  
@fsw = 20kHz-> Power losses ~ 1.7 kW  
@fsw = 35kHz-> Power losses ~ 2.7 kW  
@fsw = 50kHz-> Power losses ~ 3.8 kW  
@fsw = 70kHz-> Power losses ~ 5.2 kW -> (only under 50°C Water inlet possible, since SiCs would 
overheat, even with ideal heat sink!)  
Losses are nearly linear with switching frequency, because these losses will have biggest portion on 
total losses.  
 
•         Has it been considered how the power modules can be soldered after they have been mounted 
on the heatsink? (Mounting  
procedure is critical to ensure good thermal contact with the heatsink.)  
 
The SiC modules are mounted with four screws on the heatsink with TIM (not yet defined) in 
between. The GaNs are top cooled. Spacers define the distance between the GaN transistors and 
the heat sink (see picture below).  

  
 
•         What estimated capacitive current is going through the heatsink and should the heatsink be 
tied to inverter ground?  
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The heatsink should be connected to the inverter housing which is connected to PE or the chassis.  
 
•         What sensors are available regarding temperature and where are they placed?  
 
The control platform has 8 NTC inputs. The location of each sensor is not defined yet, but we are 
planning to mount sensors on possible DC-link hot spots or close to the GaN transistors and on the 
heat sink. In addition, each SiC half bridge module includes a temperature sensor.   
 
It’s still an early stage in the development process (this week we received GaNs from Infineon with 
integrated driver which sound promising…but we still have to test them) but if you have any further 
questions I will try to answer them. 
 
Best regards, 
Markus 
 
MARKUS KOLLER 
Research Engineer 
Electric Vehicle Technologies 
Center for Low-Emission Transport 
 
AIT Austrian Institute of Technology GmbH 
Giefinggasse 2 | 1210 Vienna | Austria 
T +43 50550-6617 | M +43 664 88256001 
markus.koller@ait.ac.at | www.ait.ac.at 
  

mailto:markus.koller@ait.ac.at
https://www.ait.ac.at/
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Appendix C – Pump curves for Grundfos Magna3 25-60 
Grundfos Magna3 25-60 pump (has pressure sensor) with Modbus CIM module. 
 
 
 
 

Appendix D – Fischer Elektronik Silicone foil  
If the chosen transistor is non isolated, an isolated pad has to be chosen. 

From Fischer Elektronik silicone foils: 

Assumes 3kV isolation needed: 

https://www.fischerelektronik.de/web_fischer/en_GB/heatsinks/E01.01/Silicone%20rubber%20insulating%20material%20for%20semiconductors/$catalogue/fischerData/PR/WB3159/
search.xhtml seen 15/6-2023. 

  

https://www.fischerelektronik.de/web_fischer/en_GB/heatsinks/E01.01/Silicone%20rubber%20insulating%20material%20for%20semiconductors/$catalogue/fischerData/PR/WB3159/search.xhtml
https://www.fischerelektronik.de/web_fischer/en_GB/heatsinks/E01.01/Silicone%20rubber%20insulating%20material%20for%20semiconductors/$catalogue/fischerData/PR/WB3159/search.xhtml
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Appendix E – Ideal load calculations  
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Appendix F -Key impact pathways from the Grant Agreement 
 

(a) Key Impacts Pathways (KIPs): how RHODaS will contribute to the described outcomes and 
impacts. 

KIP1: Demonstrate a minimum of 20% cost reduction of power electronic modules and 
inverters for a given power, to increase the overall affordability of EVs in mass production (in 
comparison to the cost of the best current-generation or close to market components at 
proposal submission time).  

Cost reduction and increased power density combined with longer lifetime are the main challenges 
for the development of a new generation of inverters. RHODaS will develop novel converter 
topologies, integrating advanced WBG semiconductors for high-voltage (1000-1200V) traction 
power trains, demonstrating more efficient, cost-effective, and power dense electronic modules (150-
200 kW per axel). In addition to the use of novel semiconductor materials and the integration of 
optimised thermal management systems within the Integrated Motor Drives (IMD) with advanced 
control strategies based on AI will contribute to achieve a 20% cost reduction of powertrains, 
increasing the affordability and promoting a full-market penetration of heavy-duty EVs (Economic 
Outcomes&Impacts). Addressed in TO1 and TO3. 

KIP2: Significant advancements in efficiency (reduction of losses by 25%) and thermal 
performance (increased maximum operational temperature), both parameters versus the 
state of the art of the targeted application.  

This allows further driving range extension, faster charging, and easier thermal management of the 
whole powertrain, as well as possible improvement in cabin-heating and defrosting in winter. 
Exploiting the wide frequency range of the WBG materials integrated in the powertrains, RHODaS 
will develop novel control approaches improving the reliability while reducing the losses by 40%, 
apart from reducing noise and interferences, based on adaptive switching frequency control 
depending on the driving mode. The capabilities hybrid SiC/GaN switches reduce the complexity of 
the control, allowing new adaptive switching frequency strategies, and increase the temperature of 
operation up to 175ºC. In addition, RHODaS will implement a more effective hybrid thermal 
management system combining micro liquid- cooling and air-cooling systems to mitigate negative 
effects of high current on health and ageing of the materials and components. This will significantly 
improve the thermal performance of the powertrains, which allows to extend the truck driving range 
in a 10% (Technological Outcomes&Impacts). Addressed in TO1. 

KIP3: Development of power electronics enabling drastic size and weight reductions for the 
electric drive, with significant advances beyond 5 kW/kg or 20kW/litre for a BEV.  

One of the biggest challenges of power electronics in electric vehicles is increasing the power density, 
developing smaller components, handling more power while fitting in smaller packages: in other 
words, to achieve a significant reduction in terms of both size and weight. RHODaS will achieve 
more than 50% reduction of size and a 30% reduction of weight, taking advantage of the application 
of GaN and hybrid configurations of SiC-GaN to boost performance using the minimum amount of 



D1.3 Thermal Management System Strategies, modelling and simulation 
 

Version v.7  
 

20/12/2023  Page 72/95 

material, according to ecodesign principles. Significant power converter’s volumetric and gravimetric 
power densities of 100kW/l and 50kW/kg are expected, which together with the integration of the 
motor within the IMD will help to achieve the ambitious targets for 2025 of 33kW/l and 5 kW/kg. At 
system-level, the benefits of using the new semiconductors materials include the possibility of further 
reducing the size, weight and cost of the power conditioning and thermal systems, resulting in a 
system volume reduction up to 40% (Technological Outcomes&Impacts). Addressed in TO2. 

KIP4: Facilitating the integration of power electronics in batteries/fuel cells and electric 
motors/axles (including modular approaches). 

RHODaS will adopt a modular and eco-design approach to unify 3D design and manufacture, 
performance, and safety requirements, in order to create cost-efficient integrated IMD approaches. 
RHODaS will also implement the integration of the DC/DC into the DC/AC converters with a phase-
based modular strategy, achieving a greater efficiency level (+5%) in the IMD due to less energetic 
losses at the power conversion (-40%), and easier installation compared to present technologies. 
RHODaS circular design strategies will allow to develop circular product concepts: it will develop and 
fabricate highly integrated base modules for modular power electronics using 3D design and 
simulation for making easier further dismantling and reusing of components and materials. 
(Technological Outcomes&Impacts). Addressed in TO2 and TO5. 

KIP5: Increased reliability and availability of powertrain by intelligent control and diagnostics 
techniques, predictive maintenance of machine and inverter. 

RHODaS will implement the most advanced digital and simulation tools and AI technologies tools to 
improve the robustness, reliability, and lifetime of power converters. First, RHODaS will achieve the 
effective integration of embedded sensors within the materials and components of the IMD for an 
advanced monitoring of the system in real time. Second, cloud-based intelligent control, simulation 
and diagnostics techniques will be implemented to improve the powertrain design, performance and 
lifetime using cloud computing, big data, AI, ML algorithms and IoT platforms. This will allow to detect 
changes in relevant operation parameters at material, component, and system level in real time to 
develop physic and data-driven models which are integrated in a complete Digital Twin to further 
implement health management strategies for optimising design, operation, reduce failures and 
extend lifecycle of the materials. components and systems in a holistic approach. Ultimately, by 
applying its intelligent control and predictive maintenance technologies, RHODaS will achieve a 30% 
reduction of critical failures, 20% reduction of costs, 25% extension of lifetime and 30% improvement 
in LCA. (Technological Outcomes&Impacts). Addressed in TO3 and TO5. 

KIP6: Achieve automotive quality levels in the whole system with new, robust, and reliable 
functionalities and materials. 
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Appendix G – Low/high-power Inverter Specifications 
 

Appendix G discloses precise technical details, including dimensions and power board mounting, 
for AIT's high-power and UPC's low-power inverters. 
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Appendix H – SiC-CAB450M12XM3 from Wolfspeed Cree 
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Appendix I – GaN-GS66516T from GAN systems 
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Appendix J – Thermal interface material  
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