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ABSTRACT

This paper proposes a new design tool that can be used for the development of a proper cooling
component for high-power three-phase SiC module-packs for electric vehicles. Specifically, a multidis-
ciplinary approach of the design process is presented that is based on the accurate electrical, thermal and
fluid-mechanics modeling as well as computational testing of a high-power three-phase SiC module-
pack under transient-load conditions, so that it can effectively meet the highly-demanding cooling re-
quirements of an electric vehicle inverter. The cooling plate is initially designed by using steady-state
based 3D-computational-fluid-dynamic (CFD) tool, as in a conventional method. Then, the proposed
design algorithm fine-tunes it through transient 3D-CFD computations by following a specific iterative
improvement procedure considering the heat dissipation requirements for the SiC power switches
during the official driving cycles for passenger vehicles and during abrupt acceleration tests under
several ambient environments. Therefore, not only overheating at all operating conditions is avoided, but
also, accurate thermal modeling of the individual inverter modules is provided that can be used for
lifetime estimations and for calculating the overload capability of the inverter. The design improvement
attained with the proposed procedure against the conventional steady-state approach is validated on a

traction 450 A SiC inverter with the model of a real passenger vehicle.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Electrification is one of the most important engineering solu-
tions for environmentally viable universal transports. However, the
applicability of the electric propulsion system for mobile usage is
still limited due to costs of adoption, drivability and electric range
[1]. One way to optimize these attributes is by tuning the on-board
cooling system. Therefore, efficient heatsinks of inverters can lead
to more compact designs with least possible material expense and
long life cycles, and this would allow for a development of more
efficient packaging of components for automotive drives [2,3].
Specifically, the inverter design for the drivetrain of passenger
battery-electric vehicles (BEV) is a challenging issue, since it re-
quires optimization in the electrical and thermal design of the
system as well as taking the operation of the vehicle into
consideration.

The operating voltage of the power inverter is an important
design parameter with most of today’s BEVs having a drivetrain
operating at approximately 400 V dc-link voltage [4]. However,
there is an increasing demand for vehicles with high acceleration
and top speed, which means that motor inverters with even higher
power are needed and at the same time keeping the volume and
weight as low as possible. Lately automotive car manufacturers are
considering to move from a battery voltage of 400 V—800 V. The
increase of the dc-bus voltage to 800 V can allow higher drivetrain
power improving the acceleration of the vehicle. In case identical
power is kept, the current can be reduced and as a consequence the
copper losses as well, resulting into increased system efficiency. A
higher voltage can also support faster charging rates of the battery
[4,5], which has always been one of the main downsides of electric
powertrains compared to combustion engines.

For the 800 V systems, 1.2-kV-class power semiconductors with
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SiC can offer distinctive advantages compared to the Si counter-
parts. SiC MOSFETs can have lower switching losses for given
switching frequencies and lower conduction losses due to the
absence of a knee voltage in light and medium load conditions
compared to Si IGBTs [5,6], which are the most commonly used for
BEVs [7]. SiC semiconductors also have the capability to operate at
higher coolant temperatures compared to Si devices, which is
particularly beneficial for traction applications where a high
ambient temperature can typically be observed [8]. Based on these
advantages of the SiC technology, the design of an automotive
inverter with newly released 450 A SiC power modules is presented
in this paper.

In most of the available literature, heatsinks are dimensioned for
maximum load at steady-state regime [9]. However, the compo-
nents may never reach these limits under normal driving condi-
tions in a passenger BEV. Despite this, steady-state physics are often
utilized in similar thermal modelling studies [2,10], which does not
represent the reality, since the load of the inverter is constantly
varying. Therefore, long real-time thermal simulations of the
inverter are necessary in order to evaluate the temperatures of the
designed system under transient load and to more accurately
evaluate its efficiency and reliability. These simulations are usually
implemented with equivalent models and single-point represen-
tation of the inverter, such as the ones presented in Ref. [11—15].
Large simulation time-step of 1 ms and a simplified thermal
network is used in Ref. [11], while a quasi-transient lumped-
parameter model is used in Ref. [12] for modelling specific driving
cycles. Similarly, an equivalent Cauer network is used in Ref. [ 13] for
thermal modelling of an IGBT chip. A reliability estimation of
traction inverters through Matlab modelling is presented in
Ref. [14]. The sizing process for the power switches of a BEV IGBT
inverter has been presented in Ref. [15], where simulation results
from multiple drive cycles are shown. However, the thermal
modelling of the IGBT inverter in this article is also simplified,
where constant temperature or a single temperature-point is
considered. An adaptive lumped RC model has been developed in
Ref. [16], where temperature and material dependent thermal pa-
rameters are used for long-time simulations. A finite element
model of the system is used for the fine-tuning of the parameters;
however, the fluid dynamics have not been considered which is
important for the design of liquid-cooled heatsinks.

The sizing of the heatsink involves a multidisciplinary approach
in order to capture all the physical properties for thermal condi-
tioning of the electric components. The thermal performance of the
inverter can be studied more accurately with 3D Conjugate Heat
Transfer (CHT) computations, where both fluid and solid elements
in thermal contact are handled. The turbulence of the fluid, which is
a strictly 3D mechanism, should also be modelled for accurate re-
sults. In addition, circuit simulation tools are needed for testing the
control of the electric drive and the loss calculation. Finally, driving
cycle computations of BEVs show a more dynamic perspective of
the vehicle’s operation, which is an additional challenge.

Although equivalent thermal modelling can provide informa-
tion of the inverter temperatures in transient electrical and thermal
simulations, the necessary simplifications made, such as consid-
ering uniform temperature and loss distribution of the inverter, can
introduce errors. A 3D model of the inverter using computational
fluid dynamic (CFD) tools can more accurately represent the ther-
mal behavior of the semiconductor devices and the coolant flow.
The proposed heatsinks referenced previously in Refs. [17—22]
present CFD simulations; however, only the steady state operation
of the inverter has been considered. Transient simulations as the
ones in Ref. [11—15] are also needed, especially for passenger BEV,
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where the system operates very seldom at maximum load. How-
ever, equivalent thermal models have been used in these papers.
Simulation results by utilizing a Cauer thermal model and transient
CFD computations have been presented in Ref. [23] for an air-
cooled low-powered GaN inverter for some custom 233 s long
current profiles. Quasi-transient CFD modelling has also been used
in projects where transient 3D simulations are required [24,25].
Coupled 1D and 3D CFD tools have been used in these papers in
order to run accelerated simulations. Specifically, the solver of the
1D CFD software computes the transient response of the system,
while a coupled 3D model is used for the calculation of the steady-
state system parameters at each time-step. Although the compu-
tation load is lower with the above method, the results are not as
realistic as in the fully transient 3D CFD approach.

From the above it is concluded that an effective and practical
thermal design technique specially tuned for the cooling compo-
nent of automotive SiC high-power inverters is missing from the
technical literature. Specifically, time-varying 3D CHT modelling
has not been utilized yet as the design tool for the inverter heatsink.
Steady-state modelling is preferred, instead, as the general practice
by most designers, although it is unsuitable for automotive appli-
cations with constantly varying loads. Contrarily, a new dynamic
modelling process of the inverter with transient CHT computations
could more accurately quantify the flow of the coolant, allowing to
fine-tune the design of the inverter.

This paper aims to present a new heatsink design tool based on
the transient 3D CHT computation technique, where the cooling
plate geometry of a SiC inverter is fine-tuned, so as, to meet the
specific needs of an electric vehicle, by following the newly
legislated rules for the driving cycles, as per [26,27]. A specific
iterative design and computational testing procedure is proposed
in order to ensure accurate design and high utilization of the
cooling capability of the heatsink, for the proper operation of the
SiC inverter under the demanding requirements of an electric
vehicle application. The effectiveness and the operation improve-
ments in the cooling design of the automotive SiC inverter are
validated by comparing the computation results of the proposed
transient 3D CFD method with that obtained by the conventional
method that uses the steady-state thermal design technique.

Since the cooling of the inverter is the key point for the safe and
seamless operation of an electric vehicle, it is revealed that the
proposed transient 3D design technique can be a tailor-cut tool for
the above purpose. Furthermore, not only safety is ensured, but
also, valuable information for the individual temperature of each
power module, the flow of the coolant, the fault mode analysis of
the inverter, the attained Nusselt number and the temperature
distribution within the heatsink can be acquired. These cannot be
obtained with physical measurements by multiple sensors, without
affecting the actual system that may result to misleading
estimations.

2. Overview of the modelled vehicle drivetrain

The proposed heatsink design tool is validated with the devel-
opment of a proof-of-concept inverter, where the SiC power
modules CAB450M12XM3 from Wolfspeed/Cree are used with
maximum voltage and current 1.2 kV and 450 A, respectively [28]. A
newly released BEV from a passenger vehicle manufacturing
company is also used to provide realistic data for this study.

The SiC inverter developed in this study has been designed to fit
the specifications of the test case BEV, whose parameters are
summarized in Table 1. Due to the high torque and acceleration of
the vehicle, it is classified as a sport car based on [29] and suitable
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Table 1

Modelled vehicle technical specifications.
Parameter Value Unit
Vehicle mass (empty) m 1900 kg
Dimensions L x W x H 461 x 1.8 x 1.48 mxmxm
Effective area A [29] 2.2879 m?
Air density pgir 1.2 kg/m?3
Aerodynamic drag coeffic. C4 [29] 0.35 -
Rolling resistance C, [29] 0.012 -
Tire size 245[45 R19 —
Wheel radius r 0.35155 m
Acceleration time (0—100 km/h) 6 s
Electric motor arrangement 1 motor, PMSM -
Maximum torque Ty, max 580 Nm
Gear ratio gear 5.7 —
Maximum speed Vyax 209 km/h

parameters for this type of vehicles have been considered.
The acceleration force of the car is defined as [29]

Tmotor
r

Faee = gear Ngear — Froad 1oad (1)
where gear is the gear ratio of the transmission system and Fyoad 10ad
is the load of the wheels. The Fryqq 10a4 CONSsists of the air drag Fgr,
the rolling resistance Fyoy and the grading force of the road Fgrqge.
These are described as.

1
Foir = 2 Pair Ca A (vear — Vwiﬂcl)2 2)
Fron = G- mgcos(a) (3)
Farage = mgsin(a) (4)

where v¢qr and vy ing are the forward speed of the car and the wind,
a is the road angle of inclination. For the rest of the paper
Vwind = 0 m/s and a = 0° have been considered. The losses of the
gearbox are also not considered in this study, so ngeqr = 1. However,
accurate modelling of the powertrain transmission system losses
could further increase the accuracy of the electric vehicle model,
especially in the case when variable gearbox is used.

The modelled electric drive consists of a three-phase, 2-level
inverter and a permanent magnet synchronous motor (PMSM)
and its design characteristics will be described in the following
Subsection 3.4.

3. SiC automotive inverter design process

The inverter’s heatsink of this paper is designed following a
multidisciplinary analysis, where the power losses of the SiC
MOSFETs and the thermal performance of the cooling plate are
determined with both constant and variable load, when a specific
driving profile is analysed. A combination of different simulation
tools has been used in order to cover all the important aspects of
the inverter and the electric motor of the drive, including the
electric modelling and control (on Matlab/PLECS), electromagnetic
design of the motor, and thermal behavior of the inverter (on
Matlab/PLECS and OpenFOAM). A flowchart of the developed
design process is shown in Fig. 1 and the iterative process of the
heatsink design is analysed in the following subsection.

3.1. Iterative design process of inverter heatsink

Firstly, the needed thermal dissipation power of the inverter’s
heatsink is defined with a Matlab/PLECS analysis for constant load
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Fig. 1. Flowchart of the inverter's heatsink design process adopting an equivalent
thermal and electric model and 3D CHT analysis.

of the drive. Drive operation close to its maximum power can serve
as a starting point for the iterative design process calculating the
losses at the worst-case conditions for the inverter. The initial
thermal properties of the cooling plate are decided with a hand-
computed Nusselt number based approach [30]. The required
thermal dissipation power Py inir is calculated during this design
step, where the first draft of the heatsink design will be based on.
The Py inie is being updated during later steps of the iterative
design process and a more accurate value is later defined, as shown
in Fig. 1.

<—— gate driver boards
heatsink : - i -
de-link

L

power modules

85 mm

Fig. 2. CAD drawing of the designed inverter with the heatsink highlighted and its
outer dimensions shown.
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Afterwards, a Computer Aided Design (CAD) of the heatsink is
prepared for further computations, as shown in Fig. 2 with the
outer dimensions of the cooling plate shown and the connections
for the dc-link capacitors and the gate-driver boards. A full 3D CHT
model of the heatsink is then used in the next step using the
software OpenFOAM, where the performance of the design is
evaluated for various operating conditions of the fluid, such as
different flow speeds and cooling media temperatures. In case the
designed heatsink fulfills the requirements of the specific applica-
tion (e.g. the temperature of the inverter lays withing the pre-
defined safety limits), the design process moves to the next step
which includes testing of the inverter with transient load.

The results of the steady-state 3D analysis are utilized to build a
simplified thermal network model of the inverter, where the power
losses at various operating points can be calculated. Many driving
patterns of the BEV can be tested here with the modelled motor
drive, such as an acceleration of the car from standstill up to its
maximum speed or legislative driving cycles, which represent the
average driving habits of a usual driver. If the calculated tempera-
tures of the power modules during these tests lay within the rec-
ommended operating conditions defined by the MOSFET
manufacturer, the power loss profile is used by the 3D model of the
heatsink to run transient CHT computations with the same load
patterns, where the individual temperature of each power module
can be obtained. In case the calculated temperatures or the pres-
sure drop of the heatsink’s coolant lay outside the design specifi-
cations, the design process is repeated, updating accordingly the
value of Piyss inir in the first step of the flowchart. The heatsink
design is refined by this algorithm with the constant- and tran-
sient-load tests until all the design specifications are fulfilled.

An example of the proposed design methodology is presented in
the rest of the paper where an automotive inverter heatsink is
designed. The following subsections analyze each individual design
step starting with the selection of the optimal cooling plate ge-
ometry using steady-state CHT models and proceeding with tran-
sient CHT computations, where the lifetime of the developed
system is also evaluated.

The design process using transient 3D CHT computations is
compared with the conventional steady-state design technique and
the results demonstrate the advantages of the proposed strategy.
Due to the entailed difficulty to measure and verify experimentally
thermal parameters such as the heatsink temperature and the inner
coolant flow, special care has been taken to follow the exactly same
conditions during steady-state and time-dependent computations
in order to have a fair comparison. These are for example the
boundary conditions, the coolant properties and the mathematical
schemes used for the computations.

3.2. Automatized CHT computation for constant or transient heat
dissipation

Thermal lumped-parameter-network (LPN) models for compo-
nents comprising fully developed turbulent flows may not be able
to capture all the physics, which depend on how the Biot number is
handled [31]. In this project a full 3D CFD model is used to design
the heatsink of the inverter.

The solver is the chtMultiRegionSimpleFoam from the OpenFOAM
toolbox [32] for steady-state computations and the chtMultiR-
egionFoam from Helyx (an OpenFOAM-based CFD tool) for transient
cases. As described in the solver header, this is a transient solver for
buoyant, turbulent fluid flow and solid heat conduction with con-
jugate heat transfer between solid and fluid regions.

The following equation set is used by the chosen CFD solver. The
fluid domain continuity is handled as

eTransportation 7 (2021) 100092

9p

ot Ve(pu) =0 (5)
where u is the velocity vector and p is the fluid density and ¢ is the
time variable. Subsequently, the momentum in the fluid domain is
modelled by the Navier-Stokes equation in 3D as [33].

%tuﬁ V- (pun) +V - (uV) +V - (u [(Vu)T —%tr(Vu)Tl} >

= —-Vp+pof
(6)

where f is the body force vector, p is the pressure, u denotes the
dynamic viscosity of the cooling fluid. The operator tr in (6) cal-
culates the trace of a tensor in 3 dimensions.

The investigated computational domain comprises individual
meshes for the coolant and the heat sink, as shown in Fig. 3(a). The
coolant is a mixture of 50% water and 50% ethylene glycol and the
solid material is aluminium. The mass, material, inlet/outlet di-
mensions of the heatsink are provided by the CAD drawing of the
heatsink. The exchange of energy is modelled in both domains; in
the fluid as [34,35].

a(ph) | o . a(pk) | o . op_ .
TJrV (puh)+T+V (puk)—gf ou-g o

+V - (aggVh) +pr

where h is the enthalpy of the coolant. The enthalpy is the sum of
internal energy of the fluid system and its work on its boundaries.
The term r represents the source terms from the radiation heat
transfer. Also, k is the kinetic energy of the cooling fluid. The term
oefr is the sum of laminar and turbulent thermal diffusivities.
Thermal diffusivity « is é while « is the thermal conductivity of the

coolant and ¢, is the specific heat of the material at constant
pressure. Finally, the energy equation in the solid is modelled as

a(pscpT)

S = V(kVT) =0 (8)

where « is the thermal conductivity and ps the density of the metal
[32]. Another important process in convective heat transfer is the
turbulence, which is modelled using the k — w SST model [36].
For the creation of the computational meshes, the hexahedral-
dominant volume mesher from OpenFOAM is used. The rule of
thumb for the project was to keep a uniform mesh size throughout
the domain. Wall functions are used for near-wall treatment. Both
the meshing and computations are parallelized on 480 CPU cores
for the transient load cases. For the stability of the computations

POWER MODULE 3 HEAT SOURCE .

POWER MODULE2 \

HEAT SOURCE \
N

HEAT SOURCE N

N\ \
POWERMODULE1 N
—\ \

. adiabatic

'

\mhng plate
massFlowRate inlet <

\_coolant outlet \

coolant inlet /

\ zeroGradient outlet

(a) (b)

Fig. 3. First investigated heatsink candidate showing (a) the cooling plate (grey) and
the cooling circuit (blue) and (b) the boundary conditions for automatized parallel
Conjugate Heat Transfer (CHT) modelling of the heatsink. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 4. Initial heatsink design candidate with a 2-loop cooling channel.

appropriate time step-size is chosen and for this purpose Courant
number <1 condition is forced to the simulation domain.
High-current power modules, such as the one modelled in this
paper, consist of multiple parallel-connected dies which may create
local hotspots at the surface of the copper substrate due to the
uneven heat flux in the internal direct-bonded-copper (DBC) layers
[37]. The exact dimensions of the module inner structure are usu-
ally not disclosed and, also, since the focus of this paper is to pre-
sent explicitly the thermal properties caused by the heatsink design
process, the non-uniformities of the power module structure have
not been included in the model. Therefore, the boundary conditions
are designed so as to represent the three power modules of the
three-phase inverter as surface patches that have an evenly
distributed heat source with total power being the power losses of
the modules. The average temperature on these surface patches is
named Tsy1, Tswz and Tgy3. The set-up is shown in Fig. 3(b).

3.3. Heatsink design with constant heat dissipation

The main objectives for the heatsink is the design to have a good
heat dissipation ability and small pressure drop. The candidate
designs have also been investigated for uniform heat dissipation, so
that the case-surfaces of all the three power modules have similar
temperature and, therefore, the same aging. At this step of the
design process the heatsink is simulated with constant heat dissi-
pation. A total power loss of 4 kW has been selected for all the three
power modules and coolant flow speeds vary between 2.5 1/min
and 10 I/min.

Several alternative designs of the heatsink have been compared
and the design process has gone through multiple iterations until
reaching the optimal result. Conforming with the page restrictions,
two characteristic examples are shown in the following figures
with the first one being a very standard heatsink design with a two-
loop cooling channel shown in Figs. 3 and 4 [22]. The results in
Figs. 4 and 5 are shown for a total power loss of 4 kW for all the
three power modules and coolant volume flow of 10 l/min. The
inlet and outlet of the coolant are indicated with arrows. Although
the first heatsink design has a satisfactory thermal performance, its
main disadvantage is its large pressure drop and also the inho-
mogenous temperature among the three MOSFET patches, since
the heat dissipation into the coolant creates a temperature gradient
on the base-plate of the cooling plate.

Heatsink geometries with pins have been studied and are pre-
sented in Fig. 5. Rectangular pins are used due to their simpler and
cheaper design, since they can be machined [19], and their better
thermal performance [38]. Oppositely, circular pins or other shapes
need molding or special manufacturing processes [19], which in-
creases the cost and complexity. Preliminary heatsink versions are
shown in Fig. 5(a)—(b), where the number of pins, their positions
and other parameters are optimized through an iterative process.
The final heatsink design with a more homogenous temperature
distribution per MOSFET patch and overall thermal performance is
shown in Fig. 5(c), which has been chosen for further steps of the
design process.

Comparative results from the steady-state CHT computations

eTransportation 7 (2021) 100092
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Fig. 5. Heatsink designs with multiple rectangular pins and three straight fins dividing
the flow into equal sections: (a)—(b) preliminary designs and (c) final selected
geometry.
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Fig. 6. 3D CHT results showing the (a) pressure drop between inlet and outlet; (b)
average temperature of the power module patches for T;;, = 26.85 °C and (c) the heat
transfer coefficient between sink-coolant for the chosen heatsink with rectangular pins
(for reference temperature equal to Tj,).

can be found in Fig. 6 for both alternative heatsink designs. Spe-
cifically, the pressure drop between inlet-outlet is shown for all the
designs in Fig. 6(a), while the average temperature of each power
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Fig. 7. Flowchart of the constant load design step for heatsink accommodating mul-
tiple pins.

module patch for the second heatsink design with pins is shown in
Fig. 6(b). The heat transfer coefficient between the sink and the
coolant hgg is shown also in Fig. 6(c) when the temperature of the
coolant at the inlet is Ty, = 26.85 °C and 65 °C, representing oper-
ation of the inverter at cool and warmer environments, respec-
tively. The reference temperature for the hg, is the inlet coolant
temperature in both cases.

The flowchart in Fig. 7 summarizes the iterative design process
of the heatsink with rectangular pins, when the inverter is tested
with constant load. The design specifications and the desired
heatsink dimensions are firstly determined, as well as the targeted
power loss dissipation at constant load Pjyss inir. Afterwards, multi-
ple design iterations are conducted, where many design variables
are optimized until the maximum temperature and the tempera-
ture variation at the surface of the sink lay within the desired
constraints. The optimized heat transfer coefficient of the heatsink
hgq is also calculated, since it is used in the inverter model of the
next subsection.

3.4. Inverter loss calculation with a Thermo-electric system model

The modelled electric drive is shown in Fig. 8 and in Table 2.
Since the power modules CAB450M12XM3 are used for the
inverter, a maximum AC current of 450 A (peak) can be produced
for the chosen switching frequency, according to the datasheet of
that product (for the case temperature T, = 90° and junction
temperature Tj = 175°).

The PMSM used in this study is an up-scaled model of a real
traction motor shown in Fig. 9(a). A 2D finite element model (FEM)
of the machine is created in ANSYS Maxwell. The specifications of

eTransportation 7 (2021) 100092

PWM

E

I
th;c
-»—IE.} »—E'} -—ﬁ} T [K/W] T.[°C] . T
a ["Clm
*—'ﬂﬂé} Gy

t
Periodic
E T

average

5

Road
model
(D-(4)

[K/W] Cins
% oss tor [W] /K]
T e
MTPA - Control - PWM
oy —TPA

T PMSM
1 dg Current Vdg Volage

limiter limiter

Fig. 8. Schematic of the electric drive including the simplified thermal network model
of the inverter and the loss calculation block.

Table 2

Electric drive parameters.
Parameter Value Unit
Number of pole pairs p 4 —
Rotor rotational inertia Jpysy 0.018 kg/m?
Stator resistance Ry 0.026 Q
Maximum rotor speed nyqx 9000 rpm
No-load stator inductance Ly 0.90 mH
No-load stator inductance L, 2.61 mH
Nominal dc-link voltage V. 800 \%
DC-link capacitance C4¢ 480 uF
Switching frequency fy 10 kHz
External gate resistance R¢ 1 Q
Current controller bandwidth «; 1000 rad/s
Cooling channel area A. 0.060442 m?

(for heatsink with pins)

Specific heat capacity of Al ¢, 910 JI(K kg)
Case-sink thermal resist. Rey cs sw [39] 0.026 K/W
Cooling plate with pins mass my, 1.3606 kg

the motor did not fit the requirements of the drive considered in
this paper, since the peak current was 332 A and operated with an
inverter of 360 V dc-link voltage. Therefore, the stack length in the
FEM model has been up-scaled by a factor of two. This will increase
the flux linkage linearly increasing the torque and the back-EMF
voltage and will result into a machine model suitable for simula-
tion with 800 V dc-link voltage and higher peak torque. Increasing
the voltage will have an impact on the insulation of the windings,
which is not considered here. The look-up-table-based flux linkage
maps ¥4 and Y, [Fig. 9(b)] generated from the FEM model are then
used along with the parameters listed in Table 2 to model the motor
in Matlab/PLECS. The PMSM losses have not been considered in this
study, since the focus is on the semiconductor losses of the inverter.

Using the flux linkages calculated from the FEM model and
applying the voltage and current constraints, the current reference
maps as shown in Fig. 9(c) and (d) are generated. Maximum Torque
per Ampere (MTPA) is used [40], when the rotational speed is lower
than the base-speed, and flux-weakening with Maximum Torque
per Voltage (MTPV) is applied for higher speeds as current refer-
ence selection strategy. The motor operates in torque control mode
and the gains of the current controller are dimensioned based on
the Loop Shaping method [41]. Since the maximum speed of the
specific PMSM is npqx = 9000 rpm, the maximum speed in km/h
that the vehicle can attain is equal to viqx = 209 km/h.

As seen in Fig. 8, except for the rotor inertia of the PMSM, the
inertia due to the mass of the vehicle m is considered, which con-
verted to the motor side is calculated as

9)
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Fig. 9. (a) Picture of the laboratory PMSM used for the electric drive model of this
study and its design parameters: (b) flux linkage maps ¥4 and ¥, (c) d-axis and (d) g-
axis reference current.

Since the purpose of the Matlab/PLECS model is the calculation
of the inverter losses, the development of an equivalent thermal
network is important in order to have accurate loss estimation for
the correct temperature that the inverter experiences. The results
from the CHT computations of the previous subsection can be uti-
lized to build an equivalent thermal model of the inverter’s cooling
system, which is a combined Cauer and Foster network proposed in
Ref. [42].

The equivalent thermal model is shown in Fig. 8 and its upper
branch is a Foster network. The junction temperature of the
MOSFETs T; is calculated through a junction-to-case thermal
resistance-and-capacitance-chain having as input the case tem-
perature T.. The value of T, comes from the lower thermal network
that has a heat flow source modelling the power losses of the power
switches.

The variable Ry, sq represents the thermal resistance between
the aluminium cooling plate and the coolant fluid. Ry, s is the
thermal resistance between case and sink, because of the thermal
interface material (TIM) and the contact resistance between the
bottom side of the power modules and the cooling plate. The TIM
affects the heat spreading in the module and Ry, s is important to
be included in the thermal simulation model.

L :Rth cs sw (-10)

Rth s —
k Acontact Nsw

eTransportation 7 (2021) 100092

1

ha A: (11)

Rth sa =

where Aconeact iS the total area of the power modules’ baseplate, L
the thickness of the TIM. Detailed instructions regarding the rec-
ommended mounting process of the power modules on the heat-
sink in order to minimize the Ry s can be found in Ref. [43].
However, the resultant thermal resistance value is not available for
the specific power modules and instead its value is taken from
Refs. [39] for IGBT power modules of similar dimensions and cur-
rent rating. Rep, ¢s sw = 0.026 K/W is the cited case-sink resistance per
individual switch position of the inverter. Since the inverter has
ns,=6 power switches, a resistance value equal to 4.3 - 1073 has
been used for the analysis of this paper. A. is the total surface of the
heatsink cooling channel in contact with the coolant.
The thermal capacitance of the cooling plate is calculated as

Cens = cpmy,. (12)

The conduction losses of the SiC MOSFETs and their body diodes
are calculated with the PLECS block periodic average, while peri-
odic impulse average is used for the switching losses. It should be
noted that synchronous rectification has not been applied in this
paper to utilize the reverse conduction capability of the MOSFETs
and to further reduce the switching losses of the body diodes. The
developed thermal model is a closed loop system, due to the
feedback of the inverter’s temperature in the power loss calculation
and, therefore, the losses are accurately estimated at the correct
temperature for each simulated operating point. The transient 3D
CHT model in the next Section will provide an even more accurate
thermal representation of the heatsink having as input the power
losses calculated here.

The Matlab/PLECS model of the drive is utilized for the simu-
lation of an acceleration of the BEV from standstill up to the
maximum speed of the drivetrain, which is vpqx = 209 km/h. Since
the maximum peak current of the CAB450M12XM3 power module
is 450 A, the maximum torque that can be simulated by the electric
drive is 580 Nm, which corresponds to approximately this current
amplitude as pointed out in Fig. 9(c)—(d). The performance of the
inverter is also tested with legislative driving profiles in order to
demonstrate the power losses and temperature of the inverter
during typical driving conditions. The test cycles chosen for the
analysis of this paper are the WLTC [26], which is currently the
main drive test procedure for light-duty vehicles in many countries
including the EU, and the CLTC [27], which is expected to be applied
in the future in China. The WLTC_Class3 cycle and the CLTC_P,
which is aimed for light-duty passenger vehicles, are shown in
Fig. 10.

The calculated Pjos(t) of each power module for each of these
cases is later used in Section 4 for the 3D CFD model when running
transient CHT computations of the inverter’s heatsink. This last
design step will help to evaluate the utilization of the heatsink and

150

—CLTC_P
— WLTC_Class3

Car Speed [km/h]

0 200 400 600 800 1000 1200 1400 1600 1800
Time [s]

Fig. 10. Speed profile of a vehicle based on the CLTC_P and the WLTC_Class3 driving
cycle.
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the maximum temperature that it reaches for the specific driving
cycles studied here.

4. Results of transient 3D CHT computations

The results of the final heatsink design with rectangular pins
(Fig. 5) are shown in this section, while the load of the modelled
inverter is dynamically changing. The results obtained from the
transient 3D CHT analysis of the inverter are compared with the
constant-load 3D CHT computations and the thermoelectrical
model in Matlab/PLECS. The performance of the designed heatsink
is also evaluated.

Firstly, the acceleration test of the BEV (with parameters dis-
played in Table 1) is performed, when an initial constant torque of
580 Nm is applied. Then, the results from the tested official driving
cycles [26,27] are presented and in this case the required torque for
the PMSM is computed with a “backwards” approach [44]. This
means that the vehicle acceleration and PMSM torque are calcu-
lated having as input the speed profile of the cycles from Fig. 10.

4.1. Acceleration test of the BEV with maximum torque

The acceleration profiles under-test are analysed for inlet
coolant temperatures T, equal to 26.85 °C (300 K) and 655 °C, in
order to model driving conditions, when the BEV operates at a cool
or a warmer environment, respectively. It has been assumed that
the Ti, remains constant throughout the whole test procedure.
Conforming with the usual practice in light duty vehicle cooling
systems, 6.8 I/min coolant volume flow is used, similar to Refs. [10].
The suitable heat transfer coefficient hsq is obtained from the 3D
CHT results of Fig. 6 and is equal to hsq 26,85 = 2228.41 W/(m?K) and
hsa 65 = 2279.21 W/(m?K).

The motor accelerates at the beginning and constant torque is
applied equal to Ty; max = 580 Nm following the reference current
given by the MTPA control [Fig. 9(a)—(b)]. When the controller of
the inverter reaches its voltage limit and enters the medium- and
high-speed regions, the MTPA cannot be followed [40] and the
applied torque starts to reduce. Then, the motor operates with
constant voltage equal to its maximum value, while the current
changes. At t = 5.2 s the system reaches its maximum power and
the inverter experiences also its maximum losses and temperature.

The results from the acceleration test are shown in Fig. 11,
showing that the modelled BEV can accelerate to 100 km/h in 6 s.
The semiconductor losses are shown in Fig. 11(c) for both tested
coolant temperatures and it can be observed that the increase of
the temperature T;; leads to higher losses of up to 16.3%. The
highest junction temperature Tj is observed at 5.2 s, which is the
moment when the motor reaches its peak power. The average
temperatures of the power modules’ case, sink and junction are
shown in Fig. 11(d)—(e). Due to the thermal capacitance of the
cooling plate, the highest recorded sink temperature T; is at
approximately 15 s.

The results from the transient 3D CHT model are shown in
Fig. 12 for the same acceleration profile. The hottest temperature of
the heatsink is reached at 10 s, a bit earlier than in the Matlab/
PLECS results. It can be seen that the sink temperature obtained by
the transient CHT computations in Fig. 12 is much higher than the T
value obtained from the equivalent-thermal-model-results in
Fig. 11(d)—(e). The reason for that is that the variable Ts,, shows the
average temperature of the area where the power modules are
placed, while the temperature Ts represents the whole heatsink
which is considered as a single-point in the equivalent thermal
model. The junction temperature is also expected to be higher than
the obtained values in Fig. 11(d)—(e).

The equivalent thermal model is further fine-tuned by feeding-
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back into the PLECS model the CHT-calculated case temperatures in
order to calculate more accurately the junction temperatures. The
resultant new junction temperatures for each individual power
module T;’ are shown in Fig. 12 with dotted curves. Especially, for
the case with Tj; = 65 °C, the T} of the second power module
slightly surpasses the 17 °C, which is the maximum allowed tem-
perature of the specific product.

The discrepancy between the individual junction temperatures
of the three power modules can also be observed. For example, as
can be seen in Fig. 12(a), at 10 s the temperature rise of Tj’ (with
respect to the Tj;,) is 7.4% and 8.8% higher than the temperature rise
of Tj1" and Tj3’, respectively. In a heatsink without uniform heat
distribution such as the one shown in Fig. 4, this discrepancy could
also be a potential cause of failure for the inverter and faster aging
of the hotter semiconductors.
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Fig. 12 also compares the heatsink temperature variation of the
proposed design method with that obtained by the conventional
steady-state technique (straight dashed-dotted lines), which has
been shown previously in Fig. 6(b) for 6.8 1/min coolant flow speed.
As can be seen, the sink temperature values which are estimated
with the steady-state design method are higher than the ones
obtained with the transient CHT computations, throughout the
whole acceleration phase of the vehicle. It should be noted that the
steady-state calculations refer to 4 kW semiconductor losses, while
the computation results by the proposed transient 3D CHT design
technique correspond to dynamic power loss of the SiC inverter up
to 6.2 kW [Fig. 11(c)]. Designing the heatsink with the conventional
steady-state approach to have 6.2 kW of thermal load would lead to
an oversized cooling plate, whereas the design with the new
transient technique has been accurately tailored to the exact ac-
celeration requirements of the examined electric vehicle. There-
fore, it gives the margin for further dynamic overload with
additional losses even up to 55% for a duration of almost 10 s until
the T; safety limit of 175 °C is reached. This means that the new
design attains better exploitation of the inverter at the dynamic
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Fig. 13. CLTC_P driving cycle results: (a) power losses for each of the three power
modules (b) heatsink temperatures from the thermoelectric system model and (c)
individual power module temperatures obtained from the 3D CHT analysis with
Tin = 26.85 °C and (d) junction temperatures based on the CHT results.

operation, that is a highly critical requirement for an electric
vehicle.

4.2. Driving cycle tests with transient CHT computations

The results from the driving cycles tests are shown in Fig. 13 for
the CLTC_P and in Fig. 15 for the WLTC_Class3 driving cycle. The
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inlet coolant temperature in both cases is equal to Tj; = 26.85 °C
and the coolant volume flow is 6.8 1/min. The semiconductor losses
and temperatures are shown in these figures.

Specifically for the CLTC_P cycle, Fig. 13(a)—(b) shows the results
from the Matlab/PLECS model. A closer look of the first 271 s of the
CLTC_P cycle is shown in Fig. 13(c)-(d), where the results of the
equivalent thermal model are compared with the transient 3D CHT
computations. The average temperature of each power module
patch Ty, is shown separately and screenshots of the cooling plate
can be seen for some characteristic time moments.

Similarly to the acceleration test of the previous subsection, it
can be observed that there is a considerable difference between the
average sink temperature Ts obtained from the Matlab/PLECS model
and the individual temperatures of the power modules Tgy1, Tsw2
and Tg,3. The same tuning methodology of the equivalent thermal
model is used by feeding into the PLECS model the temperature
measurements from the 3D CFD analysis and the resultant junction
temperatures of the cycle T; are shown in Fig. 13(d). The dynamic
response of the two models is also different and for example the
temperatures Tg,, at 20 s are higher compared to the temperatures
at 30 s, while the opposite result can be seen in the T; graph.

The temperature T, is the highest most of the time, except for
some time instants during the deceleration phase of the cycle such
as at 50 s and at 90 s. Then, the T, is the lowest temperature
among the three. The same results can also be seen for the junction
temperatures. The reason for this is that the flow of the coolant and
the turbulence in the heatsink change as shown in Fig. 14, where
the turbulence kinetic energy k can be seen in the cooling channels
of the heatsink as a cursor of the mixing of the fluid. This verifies
that the 3D modelling of the heatsink during dynamic load con-
ditions is important in order to capture the exact thermal behavior
of the inverter with the smallest possible error. The highest tem-
perature discrepancy between the three power modules is seen at
20 s, when the temperature rise of T'j (with respect to the Tj,) is
6.5% and 9.3% higher than the temperature rise of Tj; and T'j3,
respectively. The temperature discrepancy between the three
modules creates also a difference in their aging process and, in case
the reliability data of the chosen semiconductors is available, the
exact difference in their spent lifetime can be estimated. For
example by considering the Wohler curve in Ref. [45] for the
measured junction temperatures of the simulated CLTC_P cycle,
power module 2 has 0.4% and 1.1% higher spent lifetime compared
to the modules 1 and 3, respectively. A similar analysis can be
implemented for the WLTC cycle shown in Fig. 15.

Another interesting observation is that the hottest area of the
cooling plate (pinpointed with a purple dot) is close to the middle
of the device, while the temperature keeps increasing until it rea-
ches its peak value, such as at the time moment 20 s when the
hotspot-temperature is 43°C. Afterwards, when the temperature
starts to decrease, the hottest area moves towards the bottom of the
plate, such as at 30 s when the purple dot is 20 mm further down.
The same observation can be made for the acceleration speed
profile in Fig. 12, where the hottest area of the plate is in the middle
up to the 10 s. The consequence of this is that, depending on the

k [m%s?] (t=30%) k [m%s?] (t = 905)

0.0e+00 0.002 0.004 0.006 0.008 1.0e-02

0.0e+00 0.002 0.004 0.006 0.008 1.0e-02
k

L

Fig. 14. Turbulence kinetic energy of the heatsink with the CLTC_P cycle at 30 s (left)
and 90 s (right).
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Fig. 15. WLTC_Class3 driving cycle: (a) inverter losses and (b) heatsink temperatures
simulated with the thermoelectric system model with T;, = 26.85 °C.

operation of the vehicle different areas of the power modules
experience the highest temperature affecting also the lifetime of
the corresponding semiconductors. Therefore, the transient 3D CHT
computations are important in order to study these thermal het-
erogeneities and to try to tune accordingly the inverter design.

5. Conclusion

A novel design method for heatsinks of high-power SiC inverter
that utilizes transient 3D CHT computations has been presented in
this article. The inverter is intended to be used in traction appli-
cations and, therefore, an electric vehicle has been modelled in
order to verify the proposed design technique. A steady-state 3D
CHT model is used for the initial dimensioning of the heatsink with
the maximum continuous load. Transient CHT computations are
then applied, where the inverter design is evaluated with time-
varying load, such as in abrupt acceleration tests of the vehicle
and legislative driving cycles. The inverter losses are calculated
through a fine-tuned equivalent thermoelectric model of the whole
machine drive for all the test cases, while a 3D representation of the
sink temperature is computed to show the exact thermal distri-
bution stress of the inverter.

The main advantages of the proposed time-dependent design
process are presented in comparison with the commonly used
steady-state CHT analysis. Based on the results of the paper, these
can be summarized as follows:

1. Firstly, the overload capacity of the designed inverter can be
more easily evaluated with the proposed design method, when
the maximum acceleration of the investigated vehicle is applied.
The results of the paper have shown that short-time overloading
with an increase of the thermal heat up to 55% still keeps the
heatsink temperature beneath the safety limits, which are
defined by the steady-state analysis at maximum load.

2. The transient CHT model can also reveal more accurately the
temperature discrepancies among the three SiC power modules
during realistic operating conditions, which can reach up to 9.3%
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for the tested automotive inverter. This discrepancy is higher
than the value obtained when steady-state CHT analysis of the
inverter is applied.

3. The transient 3D design method estimates also better the
location of the hotspots at the surface of the sink can be calcu-
lated, which are actually time-dependent when variable load is
applied in the inverter. This can allow more fine-tuned design of
the heatsink in order to reduce large temperature differences at
the surface of the sink.

It can be finally concluded that time-dependent fluid mechanics
and thermal modelling, electromagnetic design and machine con-
trol are combined in this paper through the proposed design pro-
cess in order to provide a tailored-on-demand heatsink. The
heatsink design of traction inverters is a multiphysics problem that
cannot be accurately represented with equivalent models or just
constant-heat computations, since a vehicle operates always with
time-varying load. Also, the comparative analysis of the proposed
design tool with the commonly-used steady-state design approach
has been possible due to the 3D CHT model of the heatsink that
allows the calculation of variables such as the inner temperatures of
the system and the flow of the coolant, which cannot be easily
measured on experimental prototypes without high uncertainly or
affecting the system performance with multiple sensors.
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