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The focus of this work is first to establish the effect of the chip temperature and thermal
feedback on the determination of the power loss in a three-phase propulsion inverter, then
to demonstrate the possibility of achieving an improved heat spreading through the
different layers inside a SiC power module by using graphene assembled films in the
packaging of the power module. The power loss analysis has been carried out for two
Silicon Carbide (SiC) modules in a vehicle inverter, incorporating the MOSFET’s reverse
conduction as well as including the impact of blanking time on the inverter on-state losses.
This data for calculating the losses is determined at an operating situation below the field
weakening speed with a high torque for a permanent magnet synchronous machine
(PMSM). The operating point is found to be the worst operating condition point when
looking at the power loss point. First, it can be noted that not accounting for the thermal
feedback, the power loss is considerably underrated, i.e.,11-15% on the on-state converter.
Following, the analysis of utilizing the graphene layer in the SiC module reveals a reduction
of 10°C per SiC chips in the junction temperature of the SiC MOSFET is achievable. The
reduction is calculated based on an applied power loss per SiC chips in steady-state
simulation. Furthermore, up to 15°C decrease in the transient computation over the
Worldwide Harmonized Light Vehicles Test Cycle (WLTC) per SiC chip is noticed.
Moreover, a reduction up to 50% for the junction to case thermal resistance (Riic) is
observed by adding the graphene layer in the power module.

1. Introduction

circuitry. However, the development of switching devices towards
miniaturization, causes severe temperature stresses that

Increasing the efficiency of vehicle inverters for electrified
powertrains is becoming a significant demand [1]. Improved Wide
Band Gap silicon carbide (SiC) MOSFETs are promising
replacements of the standard silicon insulated gate bipolar
transistors (Si IGBTS) in EV applications [2—4]. This is a result of
lower switching losses due to quicker switching transitions, as well
as good thermal properties in the SiC MOSFETS, superior to those
of Si IGBTs. Moreover, lower the on-state losses can be reduced
through the utilization of the MOSFET’s ability to also conduct
current in the opposite direction [5, 6]. Therefore, improving the
efficiency of the propulsion inverter utilizing SiC MOSFETS, can
lead to reduced losses in the powertrain, which results in a higher
power density, to some extent also through the reduction of cooling
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significantly threaten the performance and lifetime of the
semiconductor chips and dies in high power applications. A
possibility to tackle this issue is enhanced thermal conduction in
various directions inside the power module with effective cooling
of the semiconductor chips. Integrating heat spreading materials
with excellent mechanical and thermal properties for the power
electronics packaging can efficiently move the heat away from the
power devices, resulting in a lower operating temperature of the
system [7].

Compared to metal materials, nano-scaled carbon materials, in
especial, graphene, have a thermal conductivity up to 5300 W/m.K
[8], ten times higher than that of the metals [7, 9] as well as an
amazing lightweight property, 2.2 g/cm3 and good stability [7],
[10, 11]. Particularly, compared with the single layer graphene,
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there is the incentive in fabricating graphene assembled films
(GFs) as new heat spreading materials [12-15] due to their
promising electrical and thermal properties. Consequently,
research community as well as manufacturers have put intensive
efforts into the research on new high-thermally conducting
materials like graphene as an effective heat spreader and these
efforts have been reported in literature [16-21]. In [22-24]
research on the usage of graphene as a spreader of heat in power
modules packaging have been conducted. Further interesting
research are in [25-27] and a procedure for studying graphene
transistors using standard TCAD tools is brought forward in [28].
However, these applications have their own limited scope
regarding the design and do not satisfy the comprehensive aspects
of the combined electrical and thermal analysis of the SiC
semiconductor power module from the chip level towards the
different material layers.

To fill this knowledge gap, a research effort conducted is
presented in this paper. The specific novel contribution of this
article (which is an addition of the research originally provided at
the IEEE Industrial Electronics Society (IECON) 2020 conference
[29]) is: How can the temperature distribution through the SiC
MOSFET’s chips as well as the Direct Bonded Copper (DBC)
layers in the power module be efficiently spread, through the
utilization of graphene with its excellent thermal properties. The
finite element method (FEM) in the COMSOL Multiphysics
software is very useful when it comes to determining the thermal
aspects and has accordingly been utilized. First, a comprehensive
numerical analysis quantifies to what extent incorporating and
omitting the thermal feedback will affect the losses in a SiC-based
propulsion inverter when including the blanking time and the
MOSFET’s conduction in its opposite direction [29]. Then the
graphene solution is proposed to boost the heat dissipation in the
SiC power module.

The analysis is caried out for two SiC half-bridge modules,
CAB450M12XM3, a recently introduced 3 generation [30], and
the previous module, CAS300M12BM2 also with 1200V rating
[31] from Wolfspeed /Cree. Figure 1 shows the procedure used for
the power loss determination.

2. Reverse Conduction and Blanking Time

In Si IGBTSs the flow of the current in opposite direction is
through an anti-parallel diode, while MOSFETSs can conduct this
current through their ‘conduction channel’. In the inverter, when
the current and voltage in one leg does not have the same signs,
one of the upper or the lower diodes in the phase leg is conducting.
When Vds of the corresponding MOSFET exceeds the diode’s
threshold voltage, both will conduct in parallel. The diode can
either be the intrinsic inbuilt diode or a separate one. This ability
affects the distribution of on-state losses in a SiC MOSFET
module, with the consequence of lower losses.

In order to prevent a short-circuit of the dc-link, a time duration
when the lower as well as upper transistor is off at the same time,
is needed in a PWM-controlled inverter, a so-called blanking time.
The result is that, the risk of a short circuit of the dc-link can be
kept to a minimum. The total on-state loss of the modules is
affected by the conduction of the diode as a consequence of the
blanking time, increasing the losses slightly.
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Figure 1: Overview of the system simulation model.

3. Conduction Losses including the MOSFET’s Reverse
Conduction and Blanking Time

3.1. Conduction Losses in the SiC Power Module

The on-state losses for the investigated inverter are determined
numerically using MATLAB. The methodology used in this work
is based on the procedure presented in [6] and [32] for calculating
the SiC MOSFETSs’ conduction losses. In this procedure, the
MOSFET on-state loss over a machine line period is determined
according to

1 r2
Peonamos =5 Jy Ronlia(@)7(a) da (1)

here R,, is the MOSFET on-state resistance, I, the MOSFET
current, a = 2rft where f is the machine fundamental
frequency and t is the duty cycle found as

(a) = %(1 + msina) (2

here m is the modulation index [33]. Similarly, the on-state losses
of the diode can be formulated as

Peonap = 5= Jo " (Ral3(@) + Valp (@))7(a) der 3)

From the data sheet, V;, the voltage drop and, R, the on-state
resistance can be found, I}, is the current through the diode.

The resulting expressions for the current through the
MOSFET and the diode thus becomes

Rglp sin(a—@)-Vgq
B Rg+Ron

Iy (4)
__ Ronlpsin(a—@)+Vy

1
b Rg+Ron

®)

where ¢ is the angle of fundamental power factor and I, is the
peak value of the phase current [32].

The losses when incorporating and not incorporating the
MOSFET reverse conduction are displayed in Figure 2 for the
upper diode /MOSFET combination in a phase leg of a CAS300,
SiC inverter. A substantial decrement of up to 83% in the diodes’
total on-state losses originating from the parallel conduction was
found. In Table 1 the operating condition used for calculating the
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Figure 2: MOSFET and diode conduction losses with (RC), and without MOSFET reverse conduction (no RC), in CAS300 SiC inverter for upper MOSFET and
diode in a phase leg.

Table 1: Chosen Operating Point of PMSM for Power Loss

Calculations
Variable Value | Unit
Current magnitude 565 [A]
DC voltage 300 [V]
Blanking time 0.5 [us]
Switching Frequency 10 [kHZz]
Modulation index 0.084 | [-]
Torque 160 [Nm]
Mechanical speed 500 [rpm]

losses is given. Likewise, a reduction up to 97% is noticed in the
total diodes’ conduction losses of the CAB450 SiC inverter.

3.2. Blanking Time

The influence of blanking time is incorporated in the
calculation of the on-state losses by formulating a representative
duty cycle. The resulting formulation becomes,

1 .
=2 1- thlankingfsw + msina)

(6)
where f;,, is the switching frequency [32].

The calculated currents of the diodes and MOSFETSs in a phase
leg of the CAS300 inverter are presented in Figure 3, without (top
one) and with (bottom one) utilizing blanking time, also
incorporating the MOSFET reverse conduction. As can be seen in
the bottom figure, there is current only in the diode for the
blanking time intervals. This leads to an increase of 20 W (12%)
in the diodes’ conduction losses for the CAS300 inverter which is

Teq (a) = t(a) - tblankingﬁsw
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Figure 3: Influence of blanking time on the diode and MOSFET currents as a
function of @ = 2mft in one phase leg of a CAS300 equipped inverter. Both
when incorporating the MOSFET’s reverse conduction and not. Upper figure,
no blanking time, lower figure with blanking time.
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Figure 4: Diode conduction loss, without blanking time (left figure), with blanking time (right figure) in a phase leg of CAS300 SiC inverter.

illustrated in Figure 4 (right one). The impact on the MOSFETS’
conduction losses is very low. Likewise, for the CAB450, a rise
of up to 70 W, of the diodes’ conduction losses is noted. Figure 4
presents the upper diode conduction loss in a phase leg of the
CAS300, with and without blanking time, when incorporating the
MOSFET reverse conduction. In Table 1 the operating condition
used for the determination of the conduction losses are provided.

4. Switching Losses in SiC MOSFET

In the MOSFETS and its anti-parallel/body-diode, a resulting
loss is created from each turn off and turn on. The switching losses
in a MOSFET and diode can be obtained analytically by the
expression as

Psw.MOSFET,Diode

= fow " E

k; dC
sW(@Inom,Vnom) (_ ) (

o @)
nom

In the expression Ej,, represents the switching energy loss, I,, the

peak phase current, I,,,, and V,,,, the nominal current and

voltage values and k; , and k,, the current and voltage exponents

[34]. In this study, in the numerical implementation, the switching

’ 1 module ,

Tj Mos.&Diod. Top Tj Mos.&Diod.Bott.

Rth(-OM

Rth§- oM |RtG-0N Ruqfﬁmqa})

loss is established at each switch-off and switch-on occasion of the
module as

P, =
sw t

with t being the simulation time.

5. Electro-Thermal Calculation Network

Due to that several parameters in the modules are temperature-
dependent, for instance the on-state resistances, forward voltage
drops, switching and reverse recovery energies, the inverters’
power losses are determined through the usage of a thermal model,
that is given in Figure 5. T}, are the junction temperatures of the
MOSFET and the diodes, while T, is the case temperature, T, and
Ty are the heatsink and fluid temperatures. In order to have a
representative comparison, the same heatsink is utilized for both
inverters. Noteworthy is that, for the inverters’ design, three SiC
half-bridge modules were needed. All set-ups are normalized to a

o 1 module >
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Figure 5: Thermal calculation model to find the power losses and temperatures.
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Table 2: PMSM Rating Parameters

Variable Value Unit
DC-Link voltage 300 [V]
Rated current 400 RMS | [A]
Pole Pairs 4 [-]
Max. speed 12000 [rpm]
Max. torque 160 [Nm]

rated current of 600 A following the specification of the inverters.
The temperature and flow rate of the coolant is 65 °C and 10
L/min. Worth mentioning is that the latest 3 GEN MOSFET dies
have been used in the CAB450 module which have an intrinsic
body diode, and accordingly the module does not need an
antiparallel diode, as can be observed in Figure 5. In comparison,
the CAS300 module is equipped with an anti-parallel Schottky
diode.

6. Power Losses Analysis in SiC Inverters with and without
Accounting for Thermal Feedback

As mentioned before, an operating point of a PMSM at high
torque, low speed and high current magnitude is used to analyze
the power losses of the two investigated SiC power modules. The
chosen operating point can be noticed as the toughest operating
condition in the urban driving cycles. MPTA/MTPV field-oriented
control is utilized to generate the inverter currents. Based on this
control strategy, the machine operates in the constant torque speed
range and in the partial and full field weakening speed ranges
[35,36]. Table 1 gives the chosen operating point and key machine
parameters are given in Table 2. As depicted in Figure 1, an
iterative approach is used to find the losses based on the
temperature in which, the devices’ steady-state and transient
parameters (Vr, Vg, Rr, Rq, Ron, Ey and E,,.) are interpolated
using the feedback of the junction temperature. The losses and the
temperatures are looped until they have converged. Worth
mentioning is that the switching energies of the devices are

interpolated as a function of junction temperature and current to
fulfill both the current and temperature dependency of the
switching energies. The results of the investigations are given in
Table 3. It is worth to note that, for a fair comparison, a power loss
scaling factor is utilized on the SiC modules in order to form them
into 600 A modules.

As shown in Table 3, a significant reduction in diode
conduction losses is observed for the two SiC modules. As was
explained in sections 2 and 3, this is due to the MOSFET’s reverse
conduction ability to utilize the diode and the MOSFET to share
the current. In the SiC modules, the increase of on-state losses for
the built-in diodes as a function of an increase in junction
temperature is substantially lower compared to that of the
MOSFETS’ channel. This is due to a more moderate rise in the
diode dynamic resistance with respect to the temperature increase.
Moreover, for the two investigated modules, in SiC-MOSFETS, a
temperature increase has almost zero effect on the switching
losses.

For the comparison of the two SiC modules, a substantial
decrease is noticed in the on-state losses in the CAB450’s diodes.
This is due to the fact that, the CAB450 module is using the latest
39 GEN MOSFET dies with a very robust intrinsic body diode and
reliable operation in the 3" quadrant. This feature is weaker in the
CAS 300 Module.

All in all, the analysis shows that the thermal feedback has a
considerable impact on the losses and leads to an increase of up to
11% for CAS300 and 15.6% for CAB450 on the inverters’ total
conduction losses at the chosen operating condition. This leads to
that the demand for effective cooling strategies of the
semiconductor power modules is increasing continuously,
especially for traction applications which can typically have a high
ambient temperature, particularly in SiC-MOSFETs where the
temperature variations have larger magnitudes compared to those
of Si-IGBTs [37]. Hence, in the following sections, utilizing
graphene, a novel thermal conductive, cost-effective, and eco-
friendly material is proposed in the power module packaging and

Table 3: Calculated Average Values of Conduction and Switching Losses of the SiC Inverters utilizing and not utilizing Thermal Feedback,
Considering Blanking Time and using the MOSFET’s Reverse Conduction at 160 Nm, 500 rpm Mechanical Speed and Ty = 65°C.

CAB “600”"M12XM3 (CAB450)
Cond. Cond. Diff. | Diff.% | Sw. Sw. Diff. | Diff.% Tjunc.
[W] Thermal | [W] [W] | Thermal | [W] Thermal
Feedback Feedback Feedback
[W] W] [*C]
MOSFETSs 977.8 11405 | 162.7 | 16.6 | 206.6 206.8 0.2 0.09 99.8
Diodes 74.4 75.4 1 135 | 351 3.52 0.01 0.28 99.8
Tot. Inverter 1052.2 | 12159 |163.7| 156 | 210.1 210.3 0.22 0.1
CAS “600”"M12BM2 (CAS300)
Cond. Cond. Diff. | Diff.% | Sw. Sw. Diff. | Diff.% Tjunc.
[W] Thermal | [W] [W] | Thermal | [W] Thermal
Feedback Feedback Feedback
W] W] [*C]
MOSFETs 1072 1164 92 8.6 196.3 196.5 0.2 0.1 95.6
Diodes 140.1 182.1 42 29.9 0 0 0 0 88.2
Tot. Inverter 1212.1 | 1346.1 134 11 196.3 196.5 0.2 0.1
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Figure 6: The Layer materials of the reference SiC module CAS300 from
SEM and ESD analyses (top) and the materials respective thickness of
CAS300 from SEM and ESD analyses (bottom) (given in Table 4).

analyzed by FEM in the COMSOL Multiphysics software intended
to improve the heat spreading inside the module.

7. 3D-CAD Model and Thermal Modeling Set-up of the
Power Module using SEM and EDS Analyses

As was mentioned before, to enhance the heat spreading and
cooling of the semiconductor chips in the chosen half-bridge SiC
power module, CAB450M12XM3, a thermal model is built up as
close as possible to the real module starting from CAD and then

FEM simulation in COMSOL Multiphysics. Even though the
thermal packaging aspects of the module was mostly unknown
due to confidentiality. However, the key features were known
from the reverse engineering effort, which showed that the base
plate and insulator have been made of copper and silicon nitride,
respectively. Therefore, a Scanning Electron Microscopy (SEM)
together with an Energy Dispersive X-Ray Spectroscopy (EDS)
investigation were conducted on the available similar voltage
class SiC power module, CAS300M12BM2, as a reference to
approximate further material information. EDS is a chemical
micro-analysis technique, which identifies the x-rays released
from the sample through a bombardment process with electrons,
so that the element arrangement of the analyzed volume can be
found. The above-mentioned analyses have been conducted on a
cross-sectional cut off piece of the module. As illustrated in
Figure 6 (top), the chips are all silicon-carbide, the base plate is
made of copper and an aluminum nitride (AIN) insulator has been
used as one of the DBC layers. The other two DBC layers are
made of copper. Moreover, the solder SngoAgio is used for both
solder layers. The thickness of the layers which is shown in Figure
6 (bottom), is given in Table 4.

In the next step, the CAD geometry of the CAB450 SiC power
module including the thermal aspects is meshed in COMSOL
Multiphysics based on the SEM and EDS analyses data from the
reference CAS300 module as well as the CAB450 datasheet
information. Instead of AIN, silicon nitride (SisN.) is used as the
ceramic material in the DBC substrate based on the CAB450
datasheet. Figure 7 (left) presents a 3D-geometry of the CAB450
half-bridge power module including the chips in which each
group of five chips is representing one SiC switch place. The
dimensions are implemented according to the datasheet
information.

8. Automized FEM Computation in COMSOL for
Steady- state/Transient Heat Dissipation

As mentioned before, to be able to capture all the heat
dissipation surface interactions, a 3D FEM simulation in
COMSOL Multiphysics is performed. Each of the power module
materials and their thicknesses were accounted for in the meshing
procedure as separate computational domains including the
solders, copper, DBC, etc. In order to take the thermal coupling
and heat spreading effects into consideration, the contact
resistances among the material layers were also modelled using
the provided realistic values by material datasets. As the focus of

Table 4: Power Module Layers’ Thicknesses and Thermal Properties

Layer Material Thickness | Thermal Density, | Heat capacity,
(um) conductivity, | p (kg/m®) | C (J/kg.K)
K (W/m.K)
Chip SiC 178 490 3216 690
DBC Cu 288 400 8940 385
DBC ceramic AIN/SizN4 | 386 20 3100 700
Solder (below the chip)/ (below the DBC layer) | SngeAgio | 79/129 50 9000 150
Baseplate Cu 3 400 8940 385
Www.astesj.com 103
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Figure 7: 3D-geometry of CAB450 SiC module built for simulation (left) and the mesh visualization of the module (right).

the analysis is on the thermal distribution through the chips and
DBC layers, a manually refined mesh is applied in these domains.
Overall, a uniform mesh distribution is built up as depicted in
Figure 7 (right). The boundary conditions are caried out by
considering the chips as heat sources and a selected power losses
of 1262 W, i.e., 126.2 W per chip from the previous power loss
calculations of the investigated module is applied to these heat
sources.

To mimic a liquid cooling solution, the bottom surface of the
baseplate is given a heat transfer coefficient of 3000 W/(m?2.K) to
represent the convective heat flux as a boundary condition with a
liquid flow of water with a rate of 1 m/s (one meter per second)
and a temperature of 65°C. All other boundaries are set to have a
heat transfer coefficient of 10 W/(m2.K), which is the convection
of low-speed air flow above a surface [38].

In general, the transportation of heat can be described as the
transportation of the thermal energy as a result of a gradient in
temperature. Then the heat flux can be expressed by Fourier’s law
as

q= —kVT (9)

which defines the theory behind the heat conduction. The equation
shows that the thermal conductivity, k in (W/m.K), is
proportional to the magnitude of the temperature gradient. g is the
heat flux measured in (W/m?) and VT is the temperature gradient.

The heat convection, which can either be natural or forced, is
added to the boundaries of the system, and is dependent on the
geometry and its length. When natural convection is implemented,
the system is cooled naturally through air. The steady-state heat
flux density is calculated as the following equation

qs = h (Ts = Tp) (10)

when the convective cooling/heating is involved. h is the heat
transfer coefficient in W/(m?.K), T, represents the surface
temperature and T,, is the media temperature.

Since there are different materials involved in this study, then
the heat conduction or heat diffusion must be taken into account
by the expression as

Www.astesj.com

pC2 = VK(T)VT + g, (11)

where p is the density, C is the heat capacity, % represents the

difference of temperature over time, and VT is the temperature
gradient.

Finally, the model is ready for analyzing the time variations of
the temperature inside the different layers of the power module
and the temperature profiles across it, within the boundary layers.
The first results will illustrate the thermal performance of the
investigated power module which is built up as close as possible
to the real model and in the next phase an assembled graphene
film layer is placed under the first copper layer as close as possible
to the chips as heat sources to demonstrate the improvement of
the heat distribution inside the module from the chip level towards
the different layers.

9. Results of Steady-state Thermal Computation of the
Power Module

The stationary solver in COMSOL is used to evaluate the
steady-state temperature distribution across the power module
from the chips towards the bottom layers. The heat distribution is
measured by applying a 3D-cutline from the middle chip to the
baseplate as depicted in Figure 8. The reason for choosing the
middle chip is since this one will experience the highest thermal
stress. As it can be seen in Figure 9 (top), the result shows an
average maximum temperature of around 99°C for the chips for
the applied power loss of 126.2 W per chip which is
approximately close to the junction temperature calculated by the
electro-thermal model presented in section 6, Table 3. The lowest
temperature of 70°C is also noticed around the edges of the
module. The temperature profile across all the layers is illustrated
in Figure 9 (bottom).

In addition, the thermal resistance of the junction to case
( Renyc) of 0.2 K/W has been obtained from the simulation.
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Figure 8: 3D-cutline across the module for temperature measurements, top view (left) and side view (right).
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Figure 9: Temperature distribution across the power module (top) and temperature profile across all the layers (bottom).

10. Using the Graphene Assembled Film in the module
Packaging

As mentioned before, a novel solution to efficiently transport
the heat away from the power devices, especially in high power
applications can be achieved by integrating ultra-high thermal
conducting as well as flexible and robust materials into the cooling
path [7]. Therefore, graphene which is one of the most promising
materials that can provide the above-mentioned properties, has
been used in this study to optimize the thermal impedance of the

www.astesj.com

power module as well as to make a uniform and fast heat spreading
over the module.

To prove this goal, the graphene layer has been placed as close
as possible to the chips which are the heat sources, with an in-plane
thermal conductivity of 2900 W/m.K in x and y directions and a
cross-plane thermal conductivity of 14 W/m.K in the z direction.
The directions as the design parameters should be chosen in such
a way that they conduct and spread the heat flow as fast and
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Figure 10: Temperature distribution across the power module (top) and temperature profile across all the layers (bottom) with graphene.

Table 5: Graphene Thermal Properties

Material | Thermal Density | Heat
conductivity, p capacity,
(kg/md) | C
Graphene | (x,y,z) =(2900,2900,14) | 2267 720

efficient as possible on the surface of the module and then towards
the bottom layers.

Worth mentioning is that, to reach high performing thermal and
mechanical properties, the fabricating freestanding graphene films
(GFs) have shown a promising potential compared to using
single/few layer graphene for the thermal management of high-
power electronics [7]. Hence, in this work, 1 um thick graphene
films are utilized to make an appropriate layer thickness in respect
to the thermal conductivity which is challenging since the thermal
conductivity levels are very much dependent on the thickness of
the graphene layer [7]. The layer is placed under the first copper
layer as a realistic placement in order to not weaken the electrical
conductivity through the module which otherwise might happen as
a result of a poor insulating ability of the graphene material.

In addition, in the fabrication processes, in order to minimize
the thermal contact resistance between the graphene layer and
www.astesj.com

other different substrates, a molecular functionalization method is
used in which the small molecules are utilized to functionalize the
surface of the graphene film which is in contact with the device
surfaces. The small molecule, as the functional agent, gives as
result a formation of molecular bridges between the device
substrates and the grapheme-based surface and in this way the
thermal resistance between these layers is strongly reduced [39].

Therefore, based on this method, the contact resistance is set to
1.1 x 1078 K.m¥W in this work to achieve the appropriate
thermal coupling between the layers [39]. Table 5 gives the
material properties of graphene.

11. Results of Steady-state Thermal Computation of the
Power Module with Graphene Layer

To investigate the thermal behavior in the presence of the
graphene layer in the power module, a 3D-cutline from the middle
chip to the baseplate, similar as in section 9 is applied to the
module.

The result reveals a reduction of 10°C in the average
temperature per chip for the applied power loss of 126.2 W per
chip, as depicted in Figure 10, and Figure 10 (bottom) which
illustrates the temperature profile across all the layers. Moreover,
as can be seen in Figure 11, a comparison between the two cases,
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Figure 11: Temperature distribution with graphene (top) and without graphene (bottom).

with and without using graphene, confirms the expected results,
i.e., a noticeable difference in the temperature distribution in the
module. With graphene (top figure), the temperature is spreading
flatter and more homogeneously in each layer, which means that
each layer is absorbing the heat uniformly. Consequently, the heat
is more distributed across the baseplate compared to that of the
case without graphene (bottom figure) in which the heat is mostly
concentrated in the middle where the chips are located. Therefore,
this temperature uniformity leads to a significant improvement,
54.3%. The junction to case thermal resistance ( Ry,c) equals to
0.0913 K/W, using the graphene layer compared to that of 0.2
K/W without graphene.

Moreover, Figure 12 depicts the temperature distribution
across each layer which clearly shows the temperature difference
of more than 10°C between the two cases for the applied power
loss per chips.

Www.astesj.com

12. Transient Thermal Computation of the Power Module,
with/without Graphene layer using WLTC Driving Cycle

Since the load of the inverter is constantly varying, hence the
real-time thermal computations are necessary to more accurately
quantify the thermal behavior and reliability of the inverters.

Therefore, the time-dependent solver in COMSOL is used to
evaluate the transient temperature distribution across the power
module from the chips towards the bottom layers over the WLTC
driving schedule consisting of both the urban and highway phases.
Currently in many countries including the EU, WLTC is the main
drive test procedure for light-duty vehicles. First based on the
vehicle model used in this study, the required torque and speed
values for the PMSM model are determined. The values are then
utilized for the power loss calculation over the WLTC drive test
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Table 6: Vehicle Parameters

Vehicle Parameter Value | Unit
Total mass of the vehicle 1700 | [kd]
Aerodynamic drag coefficient | 0.35 [-]
Vehicle cross section area 2 [m"2]
Rolling friction coefficient 0.007 | []
Wheel radius 0.3 [m]

and thereafter for the thermal loading in COMSOL. Table 6 gives
the vehicle model parameters.

In order to measure the transient heat distribution, a 3D-cutline
from the middle chip to the baseplate is used similarly as done in
the steady-state simulation and then the calculated power losses
over WLTC are applied to the chips as the heat sources.

WLTC_PowerlLoss_perChip(x)

Figure 13 illustrates the calculated power losses in the WLTC,
and Figure 14 shows the temperature distribution across the power
module for the two cases (with/without) graphene. The thermal
profile comparison per chip between the case of the power module
with the assembled graphene film and without the graphene film is
depicted in Figure 15. As can be seen in Figure 13, the highest
calculated power losses are observed around 1000 second for the
related speeds and torques of the PMSM based on the used vehicle
model parameters. Therefore, the temperature distributions for the
two cases, with/without graphene are considered at 1033 s.
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Figure 13: Calculated power losses over WLTC
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Figure 15: Comparison of the average junction temperature profile of each chip over the WLTC drive cycle.

According to Figure 14, a temperature reduction of about 15°C ~ which the heat is more concentrated in the middle, where the chips
per chip at 1033 s is observed in case of using the graphene layer  are located. Quite clearly proven, graphene as a heat conductor is
in the power module. Moreover, a close look into the heat  improving the heat spreading across the module and this leads to
distribution over the module shows a flatter distribution in case of  an effectivization of the cooling of the semiconductor power
using graphene. Also, with graphene the heat is more distributed ~ module.
across the baseplate compared to the case without graphene in
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Finally, Figure 15 illustrates the thermal profile comparison
over the WLTC driving schedule per chip between the two cases,
with and without the graphene layer. As depicted, the graphene
layer gives a lower average junction temperature per chip and this
can lead to a lower operating temperature of the semiconductor
power module in general. Worth mentioning is that this effect can
be more apparent in high-power applications where due to the high
voltage and current levels used, a high number of chips are needed.
Also, as observed before in the steady-state simulation, boosting
the heat dissipation performance in the chips and power module by
using graphene, leads to a noticeable reduction in the junction to
case thermal resistance of the power module and decreasing the
operating temperature accordingly.

13. Conclusion

In this paper, the impact of neglecting the thermal feedback on
the conduction losses for two SiC inverters were determined. The
effect is demonstrated for a chosen heavy operating point of a
PMSM, high torque and low speed, which is a difficult operating
point from a power loss perspective. Since accounting for the
thermal feedback shows a considerable increase in the inverter
total conduction losses, therefore, graphene as a novel thermal
management material is utilized as a layer in the power module
packaging to improve the thermal dissipation and cooling of the
SiC chips in the power module. A steady- state as well as a
transient thermal computation in COMSOL Multiphysics are
carried out on the investigated SiC power module which is created
in a way to be as close as possible to a real module in terms of
layers material, electrical and thermal aspects.

The thermal computation results imply a noticeable
improvement in thermal spreading over the module which leads
to a lower thermal resistance from junction to case of the module
and a lower operating temperature in both the steady-state and
transient computations. The transient computations have been
applied over a WLTC drive cycle to investigate the thermal
variations of the SiC chips when the load varies in a hybrid vehicle
powertrain.

Worth mentioning is that, inserting the graphene assembled
films in the SiC power module and functionalizing the films to
reduce the contact thermal resistances in a standard electronics lab
is very challenging due to a very thin and flexible texture of the
graphene material. In addition, different variables including the
inner temperatures, the heat distribution, and the streamlines, etc.,
within the multiple layers from the SiC chips down to the whole
bottom layers cannot be easily measured on the hardware
implementation even with many sensors. Therefore, using FEM
in COMSOL Multiphysics is found to be a reliable method to
simulate the thermal aspects precisely and prove the concepts of
this paper.

To sum up, with this study, the application of using graphene
in the building of the power module demonstrates a promising
potential to boost the heat spreading in the semiconductor power
modules especially in the high-power applications where also
lightweight is required as priority in the light-duty vehicles.

Www.astesj.com

As most important future work, measurement verification is
the next step.
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