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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.

20/12/2023 Page 8/95



D1.3 Thermal Management System Strategies, modelling and simulation
Version v.7

: ZZHRHODAS

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.

1.11. 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 losses', temperature operation up to 175°C, truck
driving range +10%?2.

KPI 2: 50% reduction of size3, 30% reduction of weight, 15 dB reduction of EMI
noise*.

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 Al 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.

UPC will provide an appropriate benchmark.

4 UPC will provide an appropriate benchmark.

W
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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 175°C. 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 °C to 50 °C

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

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.

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

4:1_: ~ P loss th
. N—— N
Change of temperature across barrier Power loss Thermal resistance

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

Tjunction ~ Tcase + Ploss : Rth
AT

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

Tjunction_max_Tcase

~ = Pioss max (See Appendix E — Ideal load calculations for more details.)
th -

The design target for the cooling system is to have a AT < 20K relative to the cooling liquid.
With the following assumptions, an estimated equivalent thermal resistance can be made:

e Flow of glycol: Qg;yker = 0.158 L/s with a 38% glycol water mixture. This can be operated
with the pump shown in Appendix C — Pump curves for Grundfos Magna3 25-60.

e Heatsink fins of 5mm height

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

e 60um thick thermalpaste DowCorning 340.5F°

e One heatsink Meccal PBS500 132 at 500mm length with a forced airflow of 1600 m3/h.

0,033 200
I
0,029 = 180
/ I 160
0,025 s / I 140
s | w
0,021 A _ 120 &
Q
s — oo 8
T 0017 Lso S
£ ] /w’ —1 — e
0,013 ~ /", reo g
Lo &
0,009 2 L 2o &
e——
0,005

200 400 600 800 1000 1200 1400 1600 1800 2000
Air Flow [m3/h]
—®—Rth L=200mm  —®—Rth L=500mm  —®—=AP L=200mm  —®—AP L=500mm

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

e The resulting estimated thermal resistance for the thermal paste + heatsink + glycol
+ cooling to ambient is estimated to be: Ry compinea = 40 mK/W = 0.040 K/W thatis
approximately 1/3 of the thermal resistance of the powermodule.

e 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
fswiten/kHZ Pross/W avg. Junction Temp./C
70 5200 183
50 3800
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.
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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:

e 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’ .
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.

o 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.

e 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/1222680/characteristics-of-thermal-interface-materials.pdf.
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1.1.5. Proposed interface design

e For the low-power inverter: The thermal interface material has to be non-conductive7F8 and
compressible8F° — Silicone/non silicone materials.

e For the low-power inverter: Mounting with epoxy glue and potting glue9F '° and using a vice
to force the materials in contact. Method needs testing.

e 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.

e For the high-power inverter: The thermal interface material can be conductive10F'" and
compressible11F'2. — Silicone/non silicone materials or graphite12F '3

o 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.

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

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

o 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
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

1.21. 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.

Ambient ﬂ To the TMS/IOT
temp.
.> eV | RO
Liquid: ‘
temp.: o
Inverter M
Pump
Cold
plate
S -
Fan| g |2
SR (e
A 14
I —/

------------------------------------

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 10T 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:
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Table1.5. Glycol selection

Manufacturer Name Concentration Minimum
operating point
GLYKOL & SOLE GLYKOSOL N 34% -20C
GmbH
GLYKOL & SOLE GLYKOSOL N 44% -30C
GmbH

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.

20/12/2023 Page 16/95



D1.3 Thermal Management System Strategies, modelling and simulation
Version v.7

: ZZHRHODAS

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.

A

Halfbridge

heatsink -
i Inverter

Cooleant Halfbridge Cooleant I thermal
manifold heatsink manifold : managment
A7 1system (TMS)

Halfbridge
heatsink

-
-

=Thermal data
- -
P

I
Thermal
control
unit (TCU)

I Pump data

Radiator pump
fan

V4

L Radiator

SiC cooling system |

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

The thermal system, excluding the inverter TMS, consists of:
e 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 '* 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 20— 2 E £or all heatsinks combined in parallel.
3000W 300 W
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¢- with circular fins d- with triangular fins

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 fan14F 'S, 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 (P, is crudely approximated by:
d
Pout zEW ~ Fload *U-trucks (1)
where W is the work done by the truck, Fj,,, is the resulting force on the truck, and v-;,,.« is the

truck velocity. The shaft power (P-gpqf) is similarly proportional to:
Pout ~ Fload V-truck (2)

P- T W R
shaft motor
f Ngear Ngear

where Tp,o¢0r is the shaft torque, wy,esor is the motor radial speed, 14,4, is the gear efficiency.

Since the RHODaS motor is a permanent magnet synchronous motor (PMSM, the motor torque is
proportional to the motor currents id & i, in Clarke/Park transformed set of motor equations.
Assuming sinusoidal back electro-motoric force/flux linkage and no stator & rotor saturation, we get:

3 ! . .o
Tmotorzz.ppair' A‘pm'l _(Lq_Ld)'ld'lq (3)
| magnet torque reluctance torque

where p-,,; is the number of rotor magnet pole pairs, 1,,, is the permanent magnet flux linkage,
L-, is the quadrature axis inductance, L-, is the direct axis inductance, i-, 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 (i;). If we assume the power losses are proportional to the motor power,
then the power losses will be proportional to the motor current (i, ). 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.

211. 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 utilizihg 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.

FL o T iy
Elongation = E p L o
Fi DZ =L
REme AT wset| P
strain 'fL 4

S 100 x 36 £= F:I’A ,, x0.52
- 5196x 29000 f*’ : A== | |

c3E P A=0.196349.. sq.in |
L =0.6335679 ..inches F=100 k
L=16..cm

so length after load application = L+L'
=36" + 0.6335" = 36.6335 inches

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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b) Air cooled heatsink meshing strategy
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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.

Line Graph: Temperature (K} =

390.9 o
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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.

20/12/2023 Page 25/95



D1.3 Thermal Management System Strategies, modelling and simulation
Version v.7

: ZZHRHODAS

o

Surface: Temperature {degC)

degC
A 259

259
258
257
256
20 -
255
mm

254

253

o 252
251
250

249

z 4
1% )
X w249

a) Air cooled heatsink geometry with various types of fins and Hot Spots
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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
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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
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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.
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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.
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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.

21.3. 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 AT, as illustrated in
Figure 2.16.

High-power inverter geometry

Flexible Positioning!

* Flexible arrangement of the cable gland
+ Short Version & Long Version possible

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 2.18. 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.
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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.

Density of ethylene glycol (kg/m3) —

Specific heat of ethylene glycol (J/K/kg) —— 1;;:55
Density of propylene glycol (kg/m3) —— Ptransistor
Specific heat of propylene glycol (J/K/kg) Phalfbridge
Mass of the heatsink (kg) Wiotal
Heatsink efficiency () Amodule
Output power (W) Rth_module
Number of transistors ATjunction_to_case
Width of half-bridge (m) Afin
Thermal conductivity of paste (W/m-K) Rth_coldplate
Thickness of paste (m) Rth_fin_top

Ambient temperature (°C) Rth_coldplate_to_fin

Thermal resistance-junction-case (K/W)
qflow_coldplate
Thermal conductivity of material (W/m-K)

. ATliquid to_invertersink
Thickness of the coldplate (m) -

Rth_sinc_to_Glycol

Fin height (in)& Fin area in percentage . . . .
ATjunction_to_invertersink

Maximum junction temperature (°C)

AT from module to liquid (K)

Rcombined

ATinvertersink_to_air

Fin efficiency (1fin) Designed by AU Rneeded& Nneeded
AT in the case (°C)

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, |, and J, respectively.
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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.
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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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Journal of Power Sources 194 (2009) 581-587

Contents lists available at ScienceDirect

PFR

Journal of Power Sources Sbu..ufS

journal homepage: www.elsevier.com/locate/jpowsour

Review

Thermal modeling and heat management of supercapacitor modules for
vehicle applications

Monzer Al Sakka®?, Hamid Gualous®*, Joeri Van Mierlo?, Hasan Culcu®

* Institut FEMTO-ST CNRS UMR 6174; Université de franche-Comté, FCLAB bat F, 90010 Belfort, France
b Vrije Universiteit Brussel, pleinlaan 2, B-1050 Brussels, Belgium

Table 2
Parameters values of 310 F and 1500 F supercapacitor cells. R convection
Parameters 310F 1500F — '— E_BJW‘U'_ T
E 225(°C) 17.5(°C) ||_ _D
Rmnvem:linn 1 ( CIW) 35 ( C,’W}
R 6.5 (“C/W) 42 (°C/W)
Cin 44(J/°C) 268(J/°C)
P Rth
Table 3
Characteristics of Maxwell 1500 F supercapacitor. T
Parameters Provided by Maxwell Measured I
Operating temperature range —40°C, +65°C - |
Equivalent series resistance ESR=0.47 (m2) ESR=0.39 (m£2) —
Thermal resistance Rin=4.5 (°C/W) Ry =42 (°C/W) -
Thermal capacitance = Cun =268 (J/°C) Fig. 5. Thermal-electric model of the supercapacitor.

Figure 26. Simulation procedure verification by re-simulating a published paper [2].
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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]
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Figure 2.28. The simulated thermal equivalent circuit of the T-type power converter in MATLAB
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Junction temperature of GaN-GS66516T switch
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Junction temperature of SiC-CAB450M12XM3 switch
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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.

Junction temperature of GaN-GS66516T switch

141.74 °C

Temperature (°C)

Ssw=20 kHz °C —Ploss= 1.7 kW — PD-Gan=284 W

Time (s)

Junction temperature of GaN-GS66516T switch

Temperature (°C)

Jsw=35 KHz °C —Ploss= 2.7 kW — Pb-Gan= 450 W

Time (s)
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Junction temperature of GaN-GS66516T switch
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Junction temperature of GaN-GS66516T switch

I
450.52 °C

Jsw=100 kHz °C — Ploss= 7.4 kW — Pp-can= 1240 W

Temperature (°C)

Time (s)

Figure 2.30. Sensitivity analysis of the GaN switches junction temperature- Variation in switching frequency

Junction temperature of GaN-GS66516T switch
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a) Utilizing 60 um Thermal Paste (RthC-HS-GaN PAD=0.021 °C/W)
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Junction temperature of GaN-GS66516T switch
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fsw=50 kHz °C —Ploss= 3.8 kW — Pp-Gan= 634 W

Time (s)

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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QUICK REFERENCE DATA

PARAMETER VALUE UNIT
Resistance value at 25 °C 4.7K to 100K Q
Tolerance on R»5-value +1.0to+5.0 %
Bos/g5-value 3435 to 4190 K
Tolerance on Bosg/gs +05to+1.5 %
Operating temperature o
range at zero dissipation ~4010 105 c
Maximum power
dissipation at 55 °C 100 mw
Accuracy of temperature .

+ 0.5 between 0 and 40 o
measurement (for 1 % + 1.0 between -40 and 80 C
types)
DISSIPat!On factor & ~3 mW/K
(in still air)
Response time _
(in oil) =25 s
Climatic category
(LCT / UCT / days) 40/105/28
Minimum dielectric
withstanding voltage
between leads and 00 Vams
coated body
Weight (40 mm length) 0.2 g

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 IGIGOF017A1L from Infineon will be used in parallel to achieve a total
Rdson of 5.67 mQ. 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.
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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.

Temperature Sensor (NTC) Characteristics

Symbol | Parameter Min. Typ. Max. Unit Test Conditions
Ras Rated Resistance 47 kD) T,.,.=25°C
AR/R | Tolerance of Rys +1 %
Pas Maximum Power Dissipation 50 mw

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.
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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 (Rw) of the transistors. This critical parameter allows for the estimation
of the die temperature through the following equation:

Tgie = Te + Pg - Rypy

here, Tqic represents the die temperature, T. is the temperature of the transistor encapsulation, Py
signifies the power dissipation within the transistor, and R 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 (R _pcs).
This consideration is crucial for accurate die temperature estimation and can be described by the
following equation:

Taie = Tpcp + Pa(Ren + Ren_pci)
in this equation, Trcs signifies the measured temperature on the opposite side of the PCB.

Itis 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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o 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 -40°C to 180 °C so
their sensors should be capable of operating at this range.

o 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 2°C, which is sufficient for monitoring purposes.

o 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.

e 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.

o 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.

| 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 Politécnica 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 (25mQ/ 650V) from GaN Systems or CoolGaN IGI60F017A1L (17mQ/ 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).

+, Top cooled GaNs are directly
cooled with heat sink

« Spacers define distance between
GaNs and heat sink and the
thickness of TIM

. 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 | 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
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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:

colour: brown

foil type: foil WB

for transistor: 3159

material: silicone foil, GF reinforced
thermal resistance: 0.34 K/W

material thickness: 0.15+0,020/-0040 mm
hardness 92 IRHD

thermal conductivity: 1.44 Wm-K
temperature range: -40°C... +150°C
insulation resistance: 1-10* 0'm
elongation 2%

dielectric strength: 3kV

class of inflammability: UL 94 V-0

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.
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Appendix E - Ideal load calculations

K

R =0.13 — mK:=103.K
w

th_junction_to_case *
@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 5iCs would overheat, even with ideal heat sink!)

Tmnbient =50 °C Tjwwtz'on_ma:r: =175 °C
ATcase =20 K Tcase =1L ambient + ATcase
5.2 kW
Pyansistor = —866.667 W 70kHz
Tjunction_nwm - Tcase
P transistor_maz ‘— R =807.692 W
th_junction_to_case
Ajwwtion_to_case =P transistor * R’th _junction_to_case =112.667 K
Tju-rmtion (= Aju-rmtion_to_(:ﬂse + Tm,sc‘. =182.667 °C
T junction_mazx Tcase mK ATcase K
Ry, necdeat=—" = - 121154 % Reombinea cooing'= R 0.023 <~
3.8 kW
P transistor ' — . 50kHz
Ajm:ctimjo,case =P, transistor * R’th _junction_to_case — 82.333 K
Tju-rwtz'on = Aju-mtion_to_case + Tcase =152.333 °C
T junction_max Tcase mK ATC(],SE‘ K
Ry, necded™=— = =165.789 ——  Repmbined cooling ™= =0.032 —
_neede Ptransz'stor w combined_cooling Pt.,ncmswtor W
2.7 kW
Ptrmwi&tor = =450 W 35kHz
Ajmwtéon_to_case =P transistor * R’th _junction_to_case =58.5 K
ijwt@'on = junction_to_case + Tease =128.5 °C
T; tion_max ~ Tca,se mK ATca,se K
Rt necded=——mm =233.333 ——  Rumbined cooling™=—— v =0.044 —
. neede Pt,.mwz'stor W combined_cooling Ptmmsistor W
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1.7 EW
Ptransi.stm‘ = 20kHz
6
Ajuncticm,to,case =P transistor * R’th _junction_to_case =36.833 K
Tjum:téon = Ajurwtion_to_case + Tcasc—: =106.833 °C -+
T junction_max Ta,:rnbéent mK ATC‘G.SG K
Rth_needed i=—2 P;m,m-sw,, =441.176 W Rcombincd_cooling = P—h‘@ =0.071 W

20/12/2023 Page 70/95



D1.3 Thermal Management System Strategies, modelling and simulation
Version v.7

: ZZHRHODAS

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 Al 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 175°C. 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
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material, according to ecodesign principles. Significant power converter’s volumetric and gravimetric
power densities of 100kW/I 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/I 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&lmpacts). Addressed in TOZ2.

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.
RHODasS 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&lmpacts). Addressed in TO2 and TOS5.

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 Al 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, Al, 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&lmpacts). 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 AlT's high-power and UPC's low-power inverters.

High-power inverter geometry

Flexible Positioning!

Flexible arrangement of the cable gland
¢ Short Version & Long Version possible

High-power inverter geometry

Long Version Short Version

382mm 352mm

£

v
3
v

Further length reduction possible >
dependent on the Fiberglass cables /
connectors

20/12/2023 Page 73/95



D1.3 Thermal Management System Strategies, modelling and simulation
Version v.7

: ZZHRHODAS

High-power inverter Mounting Points

Long Version Short Version
L an Az |
_iflsl { foy - % ‘ '?l'tﬂ_ r‘f\ A
) - L . * Possible mounting s i, £ #
@ . points
v ' (green & blue) i st
& | K=
a Not possible J
h i mountin int: & 4
g points
g ‘ ; | [ (red) ‘ g El
- -, '{E _3}
Arrangement of o L
the mounting & | - K
+ points is flexible & 5
|" > changes 1 ) r
ke : possible ; £ - |
oF W W T,

Slalus. Low-power converter.
Modular design

Three PCBs: motherboard, control board (x3) & power board (x3)
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~lalus. Low-power converter.

Adaptable distance to accommodate heatsinks

Slatus. Low-power converter. Power board.

Heatsink dimensions
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Appendix H — SiC-CAB450M12XM3 from Wolfspeed Cree

v 1200V

CAB450M12XM3 Iy 450 A
1200V, 450A All-Silicon Carbide
Conduction Optimized, Half-Bridge Module

Technical Features Package 80 x 52 x 19 mm

= High Power Density Footprint

+ High Junction Temperature (175 “C) Operation

+  Low Inductance (6.7 nH) Design

+« |Implements Conduction Optimized Third
Generation 5iC MOSFET Technology

« Silicon Nitride Insulator and Copper Baseplate

V.

=
G""?‘.fi wh

Applications

+ Motor & Tracticn Drives

« \ehicle Fast Chargers

+ Uninterruptable Power Su pplies

« Smart-Grid / Grid-Tied Distributed Generation

System Benefits

+  Terminal layout allows for direct bus bar connection withowt bends or bushings enabling a simple,
low inductance design.

+ |solated integrated temperature sensing enables high-level temperature protection.

+ Dedicated drain Kelvin pin enables direct voltage sensing for gate driver avercurrent protection.

Key Parameters (T_= 25" C unless othenwize specified)

Symbaol | Parameter Min. TYP. Max. | Unit Test Condithons Mote
Vesm | Drain-Source Voltage 1200
Visem | Gate-Source Voltage, Masimum Value - +19 v AC frequency = 1HzZ Hote 1
G 5 Voltag o
Veseo uate?:_:-urce Voltage, Recommended +15 Static
Cp Value
. 450 V=15V, Te=25 "C, Ty = 175 °C | Fig. 20
Ins DC Continuous Drain Current - — - —— -
405 V=15V, Te=90 "C, Ty = 176 °C | Hote 2
lem DC Source-Drain Current 450 , Vee=15W Te=25"C, Ty =1T6"C
H
lzppn | DIC Source-Drain Current {Body Diode) 275 V=4V, Te=25"C, Tw=175"C
lnz ko | Maximum Pulsed Drain-5ource Current 500 Eopege IR DY T
l=p ke | Maximum Pulsed Source-Drain Current 500 Ve =15W, Te=25"C
Maximum Virtual Juncticn
Tuoe | Temperature under Switching -40 175 “C
Conditions

Motel  (FMOSFET body diode 1s notused, v, =-8/+18V

Mote2  Assumes R, -0.11%C/Wand R, =46 m. Caloulate Py =T, - T3/ Ry, - Caloulate |, = WP, Rpg
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MOSFET Characteristics (Per Position) [T_= 25" C unless otherwise specified]

symbol | Parameter Min. Typ. |Max. | Unit Test Conditions Hote

Ve | Drain-Source Breakdown Voltage 1200 Vs = 0, lp = 200 b,

18 15 3.6 W Wos =V, [o= 132 mA
Vs Gate Threshold Voltape
20 Vi =V, o= 132 mA, T,= 175 "C
- fero Gate Voltage Drain Current 5 0 Vg =0 Vo = 1200
A
o Gate-Source Leakage Current 0.0% 13 Wos = 15W Vs =0V
- - _— - 15 37 Ve = 15W |, =450 A
, Drain-Source On-5State Resistance (Devices = P b =450 A Fig. 2
- " i L ) R _ N ~ . - ]
sy 45 Wos =15V, I =450 A, T,=175"°C Fig 3

355 Vo= 20V, == 450 &
Ba Transconductance % Fiie. &
360 Wos= 20V los= 450 &, T r5"C

-

Turn-0n Switching Energy, T,=25"C 110
Ece T,=135"C 11.7 Vo = 600W,

el
T,=175"C 13.0 5 = 4504, Fii
m] W, ar 4 W 15V .-
Turn-Off Switching Energy, T,=25"C 10.1 - 0060, Fig
Ew |T,=135°C 113 126 uH
T,=17T5"C 121

i~

Reiry ntermnal Gate Resiztance 15 [}

Con nput Capacitance 3B.0

nif W i 0w W, - aonov
- Output Capadtance 1.5 Fi. 9

Coa Reverse Transfer Capadtance 5 pk
s “harge 355

- - Vo =B00 W, Vgs = 415V
(e Gate to Orain Charge 500 niC o =450 A
Per |[ECE0T4T-B-4 pg 21

Qs Total Gate Charge 330

fay | FET Thermal Resistance, Junction to Casa 011 | 013 | "Cw Fig. 1T

Body Diode Characteristics (Per Position) (T_=25"C unless otherwise specified)

symbal | Parameter Min. | Typ. | Max. | Unit Test Condltions Hote
. . . , 4.7 M= AVL = 450 A .
Vo Body Dicde Forward Voltage W Fig. 7

4.2 W, =4V, |, =450 4 T =1T5"C

k- Rewverse Recowvery Time LY. ns

Q Reverse Recovery Charge f.6 uC

Peak Reverse Recovery Current G5

Rewverse Recowery Energy T,=25"C 0.z W =600V, | =4504,
E_ T,=125"C 1.1 mJ | V==-4WI1sY, R _,=0.00, Fig. 14
T,=175"C 19 L=13.&6pH
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Temperature Sensor (NTC) Characteristics

Symbol | Parameter Min. Typ. Max. Linilt Test Conditions:
Pz Hated Resistance 47 k(] T =25"C
ARR | Telerance of R +1 %
P Maximum Power Dizsipation 50 iy

=A+BxIn(==)+cxin? () + D xn? ()

5 25 25

Steinhart-Hart Modified Coefficients for B/T Computation:

A B C D

T .=257C 3.3540E-03 3.0013E-04 5.0B5ZE-0G 21a7TE-OT

T, 225"°C 3 3540E-03 2.0013E-04 LOBLFE-DE 2187TE-OT

WTC -

Module Physical Characteristics

Symbol | Parameter Min. Typ- Max. Lkt Test Conditlons
Raa Packape Resistance, M1 072 ) T.=125"C, Note 3
- - P - ml’" .. —r— -
Ry Packape Resistance, M2 063 .= 125°C, Note 3
L, Stray Inductance 6.7 nH Between Terminals 2 and 3
. | Case Temperature 40 125 C
W Weight 175 E
o 2 X 40 Baseplate, M4 bolts
b Mounting Torgue - H-m - -
' rl 40 50 Fower Terminals, M5 balts
'} Case |solation WVoltags 40 W AC, 50 Hz, L min
CTI Comparative Tracking Index B0
125 From 2 to 3, Naote 4
B 115 From 1 to Baseplate, Note 4
Clearance Distance —
5.7 From 2 to &, Mote 4
137 From 5 to Baseplate, Mote 4
m_ -
147 From 2 to 3, Mote 4
_ . 140 From 1 to Baseplate, Mote 4
Creepage Distance
14T From 2 to &, Note 4
143 From 5 to Baseplate, Mote 4

20/12/2023 Page 78/95



D1.3 Thermal Management System Strategies, modelling and simulation
Version v.7

: ZZHRHODAS

Typical Performance

300

Conditions: i o e

BOD uﬁimmli ’{‘ff / f/ —_ 33;1; '_,_,_..--"’HJTETE
z.. Vg = 15W ‘K A / 28 flugaisv ——
& A 3 —— T
; OO i E 1E g et
g RS T 5 — -
5% 050 : e
400 //% I et e ___'_._ﬁ_g:
\% 300 ‘55? 1 B |
£ A N 4 an'c
Sl A 5 e ———
L0 2570,
100 <
] 08
oo 10 0 an an 5.0 0 100 200 300 400 500 600 OO S0 SO0
Drain-Saurce Voltage, Ve [V) Drain-Source Current, b, (A
Flgure 1. Output Chaacterstics for Variaus Junction Figura 3. Nomallizad On-Stete Rasistance ve. Drain Cument for Varlous
Tamperaturas Juction Temperatunes
in 700
Conditiores: Conditiors:
L [ i)
[t s e Il
Za1a = ,"‘"’ Bem e, 4 /
£ H wsglll /)

) - 1o /
o - e )
& B / )f
z § /v

0.6
200
= ; W
= r.
[ 0] 100 H3C
s =
=0 o 50 100 150 200 a
Virtual Junction Termperature, T, ("C) 0o E 40 50 L laq
Gate-Source Voltage, Vg V)
Figure 3. Normallzed On-3tate Resisanoe vs. Figure 4. Transker Charactaristic for varlous Junction
Juction Temperature Tamperatunas
=00 =00
N Y A ;’f / I i/
E'.h:i:l Vg = 15W i /"/; ETD:I Vg = 0.0V - Illflll'.:l?f:?ff
a E
g / ':f// ;Efm e i 1)
100 *C
- i W/
e " /4 © o )
I/ i i
m] — ___mrc ﬁ m] J//// -15 ’c
5 i § y/ AR
100 TS, 100 i
a a
00 10 0 in 40 50 6.0 0.0 10 10 o 40 5.0 ]
Sowrce-Drain Voltage, Vo, [V) Source-Drain Voltage, Ve, (V)

Flgure 5. 3™ Quadrant Characterstic vs. Junction Temparaturas atv_, =15 Flgure &. 3° Quadrant Charactenstic vs. Junction Temparatures sty =0
L (ri] L [rid
W W [Body Diode)
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Typical Performance
200 100000 |
Condimions: ! | T,=25°%C
200 | to<300us ! Vo= 25 m¥
Em Vi == 4.0V 10000 - f= 100 kHz
B ; L=
g € m
- ————
5 400 ; \
% 300 L] :
D | T
oo
i E I;‘
100
u u_ul 1 1 1 1 1 1 1 1 1
0.0 L0 0 a0 40 50 ] 7.0 o 50 100 150 200
Source-Drain Valtage, Vo, (V)] Drain-Source Voltage, Vi, (V)
Flgura 7. 3" Quadrant Charactaristic ws. Junction Temperstures at Flgura 3. Typlcal Capadiances vs. Draln to Sounce Voltags
W, =-4 ¥ [Body Diode) 10 - 2000}
100000 - 40 .
T,=25°C Conditions:
Wy = 25 m¥ 35 Wig & Wy
L8 | f = 100 kHz _ I = 132 M
= 30 -
i Ta o
o & ‘1‘-\‘\'""\-;
€ Lono = a5 |
- L '—-|_,___‘_‘
g B —
H A b =
100 )
E = 15
3 : 3
IL\‘_ = 10
010 - = -
I == 0s
001 0.0
] 200 400 &0 &00) 1000 1,200 50 ] 50 100 150 200
Draif-Source Valage, Ve (V] Junction Temperature, T, (*C)
Figure 3. Typical "a:'ad;_‘?e;?‘; Drain to Souce Voltage Flgure 10. Threshold voltagevs. Junction Temperatura
&0 =0
Corditions: Coreditions: E.LE
o [[Ta=2s7c Eows Eu m Hr,s2s7C e
[| ¥ = GO0 W Wy = BOO W
= Riggury = LD Y / = 60 Ry =000
= HYw=arsv s = Wy = dfe15 /’/
e = = 50 Hi=
= L= 136 pH / & L= 13.6 pH ’//
L L'
&z - & 40 ] -
g o g / e
B2 . et | |27 SR
o d_ﬁ_,..-r"‘ o //" :::.r,..;_fsp"
) = = " ==
P E
. p — . . & o
0 200 400 &0 =00 1000 0 200 400 00 =00 1000
Drain-Source Current, | (A Drain-Saurce Current, |y (A
Flgura 11. Switching Energy ws. Drain Current Flgura 12 Switching Energy ws. Drain Current
W, = 600 W] Wy = 300 W]
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Typical Performance
| condmans: =
L. = 450 &, V., =600V Cond fthons: E s (Vi = BO0W)
- - E. .E. g = 50 A&
sz | R =000, Vig= 415V s Eoet . R
L=136pH = = 20 | Fewat .
— _'_._,_._.—-—""" E Wy = /815 W ’,-“"
_l-_._._'_._
E E L=13.6pH
P 21: AL
@ = 15
] e
& 15 E Exl[ Vg = EDOV)
3 Esn,
£ T Z 10 .-
o
Ao
2 w z o
& i <
: E - ﬁf—-—"f
[
] = Qo
o 50 100 150 200 0 50 100 150 00
Junclion Temperature, T,, ["C) Junction Tem perature, T, (“C)
Flzure 13, MOSFET Switching Enengy vs. Junction Tempaatune Flgure 14. Revarsa Recovery ENergy vs. Junction Tempersture
a0 oS ] I
Comdtions: = Conditians:
B0 | 1y =450 &, Wy, =600V E B = \\ by, = 450 &, Wop, = 600 W
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— =
;n.m __..-“‘"r = &
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¥ ..r"--- e
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Flgura 15. MOSFET Switching Energy vs. Extemnal Gate Reskianoe Flgure 16, Raserve Racovery Energy vs. External Gate Reslstence
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CREE< ofspeed.

Package Dimmension (mm)

y]a =

SECTION e=

Supporting Links & Teols

Power Terminal Screw

Maximum Penetration Depth
£ 2

A |

Maximum
Penetration
Depth [mm]

DETAIL -

SCALE 4:1

-

« CGDIZHBXMP: XM3 Evaluation Gate Driver

« CGDI1ZHBO0D: Differential Transceiver Board for CGD1ZHBXMP

« CRDS000A1ZE-XM3 300 kW Inverter Kit for Conduction-Optimized ¥M3 (CEWH-AN30)

« KIT-CRO-CILLIZN-¥M3: Dynamic Performance Evaluation Board for the ¥M3 Module (CPWR-AN31)

« CPWR-ANZA: Module Mounting Application Mote
CPWR-ANZ29: Thermal Interface Material Application Mote

Hotes

= This product has not been designed or tested for use in, and is not intended for use in, applications implanted into the human
body nor in applications in which failure of the preduct could lead to death, personal injury or property damage, including
but not limited to equipment used in the operation of nudlear fadilities, [fe-support machines, cardiac defibrillators or similar
emergency medical equipment, aircraft navigation or communication or control systemns, or air traffic control systems.

= The SiC MOSFET module switches at speeds beyond what is customarily associated with K5BT-based modules. Therefore, spedial
precautions are required to realize optimal performance. The interconnection between the gate driver and module housing
needs to be as short as possible. This will afford optimal switching time and awoid the potential for device oscillation. Also, great

care is required to insure minimum inductance between the module and DC link capadtors to avoid excessive VI

Rewv. A, 2019-06-01 CABASOMIZEMI 4600 Silicon Dr., Durham, NC 27702
Copyright ©2019 Cree, Inc. All rights reserved. The information in this document is subject to change without notice. Cree®, the Cree logo, Wolfspeed®, and the Wolfspeed logo

are registered trademarks of Cree, Inc.
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Appendix | - GaN-GS66516T from GAN systems

GSe6516T

Top-side cooled 650 V E-mode GaM transistor

Datasheet

Features

Top-side cooled configuration

Rospee; = 25 mil

Iosimazy = 60 A

Ulra-low FOM die

Low inductance GaMPxy® package

Simple drive requirements (0 WV to &6 V)
Transient tolerant gate drive (-20 / +10 W)
Wery high switching frequency (= 10 MHz)
Fast and controllable fall and rise times
Reverse current capability

Zero reverse recovery loss

Small 8.0 x 7.6 mm* PCB footprint

Ctual gate pads for optimal board layout
RoHS 2 (6+4) compliant

Applications

AC-DC Comvwverters

DC-DiC Conwverters
Bridgeless Totern Pole PFC
Inverters

Energy Storage Systems
Omn Board Battery Chargers
Uninterruptable Power Supplies
Solar Energy

Industrial Motor Drives
Lazer Dirivers

Traction Drive

Wireless Power Transfer

650V enhancement mode power transistor

Package QOutline

Circuit Symbaol

The thermal pad is internally connected to
Sowrce (5 pin 3) and substrate

Description

The G586516T is an enhancement mode GaM-on-
silicon power transistor. The properties of Gall
allow for high current. high voltage breakdown and
high switching frequency. GalM Systems innowvates
with industry leading advancements such as
patented Islamd Technology® and GaMNPxX®
packaging. Island Technology® cell layout realizes
high-current die and high yield. GaMPX® packaging
enables low inductance & low thermal resistance in
a small package. The G566516T is a top-side cooled
transistor that offers wery low junction-to-case
thermal resistance for demanding high power
applications. These features combine to provide

wvery high efficiency power switching.
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G@ S GS66516T
' Top-side cooled 650 V E-mode GaN transistor

Datasheet
Absolute Maximum Ratings (Tease. = 25 *C except as noted)
Parameter Symbol Value LInit
Crperating Junction Temperature T -55 to +150 “C
Storage Temperature Range Ts -55 to +150 “C
Drain-to-5%ource Voltage Wis G50 W
Transient Drain-to-5ource Voltage (Mote 1) VoS praraien 750 W
(zate-to-Source Voltage Vs -0tz =7 W
Gate-to-Source Voltage - transient (Mote 1) W a5 rarsient -20 to +10 W
Continuows Drain Current (T uee=25 *C) los 2] A
Continuouws Drain Current [T ewe=100 "C) los -y A
Pulse Drain Current (Pulse width 50 ps, Ve = 6 V)
(Mote 2] B Putse 120 A
(1) For =1 ps

(2} Defined by product design and characterization. Value is not tested to full ourrent in production.

Thermal Characteristics (Typical values unless otherwise noted)

Parameter Symbol Value Inits
Thermal Resistance (jumction-to-case) — top side Reeuc 027 “C AW
Maxirum Soldering Temperature [M5L3 rated) Tsown 260 *C

Ordering Information

Ordering Packing Reel Reel
Package type ] . .
code getp method Y Diameter Width
G5E6516T-TR GaMex® Top-5Side Cooled Tape-and-Ree 3000 13 16mim
{330rmm)
566516T-MR GaMex® Top-Side Cooled *ini-Reel 250 77 {180 mm) 16mmim
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GS66516T
Top-side cooled 650 V E-mode GaN transistor

GaN:

Datasheet

Electrical Characteristics (Typical values at T) = 25 °C, Va: = 6 V unless otherwise noted)

Parameters Sym. | Min. | Typ. | Max. | Units | Conditions
Drain-to-Source Blocking Voltage Vieuoss | 650 W Was =0V, lpgz = 100 pA
Drain-to-Source On Resistance Rercieey 25 32 ik Ves=BV. T =25°C
’ m=18 A
Drain-to-5Source Cn Resistance Pospees G5 1314 Ves=BV. T =150°C
’ m=18 A
Gate-to-Source Threshold Vo 11 1.7 2.6 W Vos = Vs
s = 14 mA
(ate-to-Source Current lgs 320 A Vas =6V, V=0V
(zate Plateau Voltage Wita 30 W Wipg = 400V, Ipg = 60 A
. Wog = 650 W
Drain-to-Source Leakage Current lpss 4 1040 A Vi = OV, T)= 25 °C
. Wog = 650 W
Drain-to-Source Leakage Current lpss 200 pA Vs = OV, Ty = 150 °C
Internal Gate Resistance Rg 03 0 f = 5 MHz, open drain
Input Capacitance L 518 F
P = P" | vec=a00v
Cutput Capacitance Coex 126 pF Wes =0V
) f=100kHz
Reverse Transfer Capacitance Cras ta pF
Effective Output Capacitance
- -Epad Coe 207 oF
Energy Related (Mote 3) Ve =0W
Effective Output Capacitance Vipg = 0to 400V
Time Related (Mote 4) Com 335 pF
Total Gate Charge Qs 14.2 niC
Woe=0to B W
ate-to-Source Charge Qs 38 i Vs = 400 V
(zate-to-Dirain Charge Oso 54 niC
Cutput Charge Ooss 134 niC Woe =0V, Vs =400 W
Reverse Recovery Charge Ora 0 niC

3] Coyew is the fixed capacitance that would give the zame stored energy as Cesg while Vps is rising from 0 W 1o the

stated Vo

{4} Cop is the fixed capacitance that would give the same charging time as Coee while Ve is rising from 0 1o the

stated Vo

eVl 1l evev

1 Uy virvwy
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G@ S GS66516T
' Top-side cooled 650 V E-mode GaN transistor

Datasheet

Electrical Characteristics continued (Typical values at Ty = 25 *C, Vs = 6 V unless otherwise

noted)
Parameters Sym. | Min. | Typ. | Max Units | Conditions
Turn-Cn Delay trsjery 46 ns
. . Voo = 400 W
Rise Time i 124 ns Ves=0-6V
Turn-0OFF Delay truetm 140 nz Iop = 16 A, Ry =511
Ty= 25*C (Mote 5)
Fall Tinne t 22 ns
N Vs = 400 W
'Ié:lrll..l:r:-ut Capacitance Stored Eoss \7 " Ves = OV
ay f =100 kHz=
Ve =400V, Ipg = 20 A
Switching Energy during turm-on Eo 1241 [T Voz=0-6Y
R.E|.;|-| = 1'3 ﬂ. HE _.\_,-'!_. = 1
{1
Switching Energy during turn-off Econ 17 w L=120 pH

Lp = 2 nH (Motes 6, 7]

{5) See Figure 16 for tirming test circuit diagram and definition waveforms
(6] Ls = parasitic inductance

{7] See Figure 17 for switching loss test circuit
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G@ GS66516T
' Top-side cooled 650 V E-mode GaN transistor

Datasheet
Electrical Performance Graphs
lps ws. Vs Characteristic los ws. Wos Characteristic
200 &0
T,=&"C av T,=150°C qy
180 9 - o
160 _
oy a0 L)
140
120 50
_ N
1 -
< 100 S
80 -
#
&0
20
a0 2 W
20 0
0
0 1 2 3 4 5 " . , . \ ;
Yoo (V] .. - ’
o e )
3 , N _ o . .
Figure 1: Typical lps vs. Vs @ Ty = 25 7°C Figure 2: Typical lps vs. Vios @ Ty = 150 °C
Rogiary ¥5. loe Characteristic Rosiony v5. lps Characteristic
0.030 0073
T,=25°C T,=150'C
ey nove W
0.02%
oov
0 02& LLudd
= & o6
00T 2 i B
& 2 n06E
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Figure 3: Rosion VS los at T, = 25 °C Figure 4: Rosion VS los at T) = 150°C
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G566516T

Top-side cooled 650 V E-mode GaN transistor

Datasheet

Electrical Performance Graphs

lez ws. Vos, T) dependence
200

Vo =B Y "

o1

180

160

a 1 2 3 & 5

Figure 5: Typical lps vs. Vos @ Vas =6V

zate Charge, Qs Characteristic

)

154 ]

Vg (W]

0 3 10 13
O

Figure &: Typical Vas vs. Qe @ Ve =100, 400 WV

Capacitance Characteristics
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Figure 7: Typical Ciss, Coss, Cres ¥5. Vis

Stored Energy Characteristic
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Figure &: Typical Cos: Stored Emergy
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G@ GS66516T
' Top-side cooled 650 V E-mode GaN transistor

Datasheet
Electrical Performance Graphs
Reverse Conduction Characteristics Reverse Conduction Characteristics
4 40
s Wi = Y I T,=150°C

Lo 18]
Y]

1] F3 El i ] 10
W 0

Figure 9: Typical lsp vs. Veu (Ti)= 25 °C)

Ve [V

Figure 10: Typical lss vs. Vep (T)= 150 °C)
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Figure 11: Typical los vs. Vi Figure 12: Normalized Rpospn a5 a function of
T}
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G@ GS66516T
' Top-side cooled 650 V E-mode GaN transistor

Datasheet

Thermal Performance Graphs

los vs Wos SOA Power Dissipation Temperature Derating

ol

B0 450

400
50 us 30
10.0 000

250

i
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b (A

200

100

=}

01 i
i h[=] 100 1,000 1] £ |00 150
Wy IV) | |
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Appendix J — Thermal interface material

GAP PAD HC 5.0

Highly Conformable, Thermally Conductive, Low Modulus Material

Features and Benefits TYPICAL PROPERTIES OF GAP PAD HC 5.0
= Thermal conductivity: 5.0 W/m-K

= High-compliance, low compression stress

PROPERTY METRIC VALUE

Colee WVioist Wickt Vaual
« Fiberglass reinforced for shear and Reindorcament Cartior FooTpas Fibergiass -
tear resistance

s )/ gy ‘oom,000,015 | 20masews | AT
nharem Surtace Tk 2 2 -
Densiy (Bufk Ruter) (gcc) 12 12 AST™ D792
Haat Capacy (Vg-K) 1.0 1.0 ASTM E1260
Hardness (Bufk Rubbder) (Shore OO7™ 3% 5 ASTM™ D2240
Young's Modulus (ps / (kP vs > ASTM DF'S
Wpica Use Temp. (°F) / Q) 76 10 302 -60 30 200 -

Dicleric Braakdown Vokage (Vac ™

DiclecTic Comstam (1,000 Hr) 80 80 ASTM D150
¥olume Ressovsy (Ohmmaer) 0* AST™ DIST
Fame Rarrg v-o ULSa

GAP PAD HC 5.0 is a soft and compliant gap

THERMAL
filling material with a thermal conductivity ““ ASTM D5470
of 5.0 w/m-K. The material offers exceptional HER P EREC CE VS. STRAII
thermal performance at low pressures due Deflection (% swrain) 3
to a unique filler package and low-modulus Thermal to CC-In%'W) 0.040 In® 026
resin formulation. The enhanced material is T ————— .,,_:.,,,., i
i’deal fof a.pphcatlons requiring m stress on n.m::‘-.-an amg 00 miw weg tae of wran w P 2 umgle we o 0% ixd e L meas o conpeenee 2 % et oe 2 lew
components and boards during assembly. e epicmas a2 e g, e s W
GAP PAD HC 5.0 maintains a conformable T W Uk i
nature that allows for excellent interfacing
and wet-out characteristics, even to surfaces 1y njica] A pplications Include:
with high roughness and/or topography. e
* Telecommunications
GAP PAD HC 5.0 is offered with natural * ASICs and DSPs
inherent tack on both sides of the material, = Consumer electronics
eliminating the need for thermally-impeding  « Thermal modules to heat sinks
adhesive layers. The top side has minimal
tack for ease of handiing. GappapHcs0  Configurations Available:
is supplied with protective liners on « sheet form and die-cut parts
both sides.
Building a Part Number Standard Options
Swcoe - oo - @ - ;e - PA o eroriiee
3 il 5| 5 | .o e o i
Thickews "m&?m B B E § j Famion el
a0 & & X "! G814 = Sanderd taasma B x 18%,00
‘o - 00 = e corfguan
%’ g 02 = Nans ork both sides (M Nbe g
g : mgm;m 0,000, 0. 040", 0. 00,
E : GRICS 0= Gap Pad M 5.0 Mmacsl wioh ey
0 Now: To buld 3 par ruTEC, FO 10 WWW IXTPLsm pany comy Pant_Numter_ Bulicar g

a2 04 Qs ] ¥ L2
Themd Resxance (Cr'W)
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