IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

IEEE VEHICULAR TECHNOLOGY SOCIETY SECTION

Received November 14, 2021, accepted November 30, 2021, date of publication December 7, 2021,

date of current version December 21, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3133530

Iterative Electrical-Thermal Coupled Simulation
Method of Automotive Power Module Used in
Electric Power Steering System

JANGMUK LIM"“, JAEJIN JEON “1, JIHWAN SEONG ', JAEHYUN CHO?, SEONG MOO CHO?3,
KWANG SO0 KIM3, AND SANG WON YOON", (Senior Member, IEEE)

! Department of Automotive Engineering, Hanyang University, Seoul 04763, South Korea

2Department of Automotive Engineering (Automotive-Computer Convergence), Hanyang University, Seoul 04763, South Korea

3Power Electronics Laboratory, LG Electronics Inc., Seoul 04763, South Korea

Corresponding author: Sang Won Yoon (swyoon@hanyang.ac.kr)

This work was supported in part by the industry grant from LG Electronics Inc., and in part by the National Research Foundation of Korea

under Grant NRF-2020R1A4A4079701.

ABSTRACT This paper presents a multi-physics analysis coupling the electrical and thermal properties
of a power module. As power modules have multi-physical behaviors, it is important to simulate their
multi-physical characteristics. Simulations of these characteristics have been separately conducted using
specific software; however, as these characteristics are often coupled, it is difficult to fully understand the
multi-physical nature of power modules. This paper proposes a method to analyze the coupled characteristics
of a power module in an iterative manner. The analyzed module is designed for an automotive electric power
steering (EPS) system. We fabricated the EPS module and measured its electrical and thermal characteristics,
which were used for reference. For the coupled simulation, we employed ANSYS Icepak and Q3D Extractor
for thermal and electrical simulations, respectively, linked them to the ANSYS workbench environment, and
conducted an iterative feedback simulation until the simulated results converged. The coupled simulation
demonstrated that the parasitic resistance and volume loss density of the power module are increased by
~50% compared to the those obtained from a separately conducted electrical simulation due to the impact
of the linked thermal simulation. As a result, the simulated thermal resistance increased to 0.26 K/W, which
is almost identical to the measured value of ~0.27 K/W. Therefore, our iterative electrical-thermal coupled
simulation exhibits more accurate results than the conventional separate simulations.

INDEX TERMS Electric power steering system, power module, thermal resistance, multi-physics

simulation.

I. INTRODUCTION

Multi-physics analysis is important in understanding and
pre-determining the performance and reliability of electri-
cal components. A power module is a physical container
of power semiconductor devices and is the core compo-
nent in many electrical systems, including home appliances,
industrial equipment [1], [2], power supply and transmission,
renewable energy [3], and train [4] and vehicle electrifica-
tions [5]. The performance and reliability of such systems are
largely determined by their multi-physical properties [6], and
thus, multi-physics analyses of power modules are becoming
more critical.
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Figure 1 depicts a typical process of designing a power
module for a target application [7], [8]. Once the design
concept and required specifications are determined, the mod-
ule design is conceptualized and modeled. The modeled
module is preliminarily characterized by electrical, thermal,
and mechanical simulations in the virtual domain. Depend-
ing on the simulation results, it is common for the module
model to be modified and simulated again until the required
specifications are sufficiently fulfilled. Once a satisfactory
design is achieved, the module prototype is fabricated and
experimentally validated in the physical domain.

The simulation procedure is one of the core steps of
power module development. Generally, electrical, thermal,
or mechanical simulations are conducted separately using
specific software [9]-[17]. Electrical simulation software
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FIGURE 1. A typical development process for a power module
incorporating virtual and physical domains. Mechanical simulation and
experiment are not displayed because they are not included in this work.

considers electrical properties, including parasitic inductance
and resistance, current density, ohmic loss density, substrate
voltage, and electric field in switching devices [9]-[12]. Ther-
mal simulation software considers temperature distribution,
maximum junction temperature, thermal resistance, and cool-
ing performance [9], [10], [13]-[15]. Mechanical simulation
software considers von Mises stress, plastic strain, and deflec-
tion [13], [15]-[17]. In addition, new simulation tools with
advanced models are actively being investigated for compre-
hensive and rapid power module simulations [18], [19].

These individual simulations are effective, but their results
sometimes lead to limited performances. One reason for this
is that the multi-physical characteristics of power modules are
often coupled. As an example, the electrical characteristics
of a power device are also influenced by its junction tem-
perature. It has been reported that the junction temperature
of a power metal-oxide-semiconductor field-effect transis-
tor (MOSFET) changes its [-V curves and safe operating
area [20], [21]. In addition, an elevated junction temperature
impacts the leakage current of SiC MOSFETS and their short-
circuit failure [22]. These coupled properties have been exten-
sively studied at the device level [23], [24], but they are rarely
reported in power module analyses.

Therefore, there is a strong need for a coupled
multi-physics power module simulation. It is noteworthy that
the coupled simulation should preferably be conducted in
an iterative manner. Several previous efforts have applied
the results of one simulation to the initial conditions of the
following simulation. In one study, the current density derived
from an electrical simulation was converted to the loss con-
dition, which was used for thermal simulation [10], [25].
In another study, simulated running fluid in a cooler was
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used to infer the heat transfer coefficient in a finite element
method (FEM) thermal simulation [9]. When using such
a one-time simulation without iteration, it is difficult to
comprehensively understand the coupled performance and
reliability of a power module. However, there has been no
extensive effort to analyze the coupled phenomena of a power
module using a coupled FEM simulation.

Coupled analysis with iterations has another advantage in
the possibility of implementing a virtual development process
(VPD). A VPD is a development strategy aimed a design-
ing and verifying a product based on computer simulations.
VPDs can improve product quality while minimizing physi-
cal prototypes and time to market.

Figure 2 illustrates the conventional development process
of a power module and how the process can be improved
by introducing a VPD. The conventional manner in Fig. 2(a)
requires multiple re-designs using the information achieved
from the prototyping and performance elevation in the phys-
ical domain, which readily leads to burdensome cost and
time. However, the cost and time burden boost the neces-
sity of the virtual-domain validation, as highlighted by the
red-colored box in Fig. 2(b). As the figure shows, the iterative
multi-physics simulation repeatedly validates and redesigns
the virtual power module. As this repeating process is con-
ducted in a virtual environment, significant reductions in
the time and cost of prototyping and experimentally evalu-
ating the power module prototype are expected. Thus, when
a VPD process is applied, the advantages of the coupled
multi-physics simulation with iteration are enhanced; in other
words, these benefits are difficult to be realized without such
a simulation with a (guaranteed) high accuracy.

This paper reports the development of iterative coupling
electrical and thermal simulations of a self-designed power
module. First, the experimental calibration of the electrical
and thermal characteristics of the module are reported. The
experimental results can serve as a reference for comparison
with the results achieved either by (conventional) individual
FEM simulations or by (our) iterative simulation coupling
individual FEMs.

Il. DESIGN CONCEPT AND EXPERIMENTAL
CHARACTERIZATION

A. TARGET APPLICATION: AUTOMOTIVE ELECTRIC POWER
STEERING (EPS) SYSTEM

The power module considered in this study was custom
designed for use in automotive electric power steering (EPS)
systems, providing a voltage rating of 40V and current rat-
ing of 100A. EPS systems assist the steering system using
electric motors instead of existing hydraulic systems and
are expected to achieve better fuel economy than traditional
hydraulic power steering systems, which suffer from engine
power loss from the hydraulic pressure required for power
steering. Other benefits include light vehicle weight, accurate
and adequate vehicle control by allowing intervention of
the electronic control unit (ECU) during steering, and easy
application to autonomous vehicles.
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FIGURE 2. Power module development processes (a) in a conventional
manner without a virtual development process (VPD) and (b) when a VPD
with iterative multi-physics simulation is applied.

Available EPS systems can be largely categorized based
on their motor position: rack-EPS (R-EPS), pinion-EPS
(P-EPS), and column-EPS (C-EPS) [26]. R-EPS systems
have a motor directly attached to the steering rack and can
provide powerful and precise handling with excellent steer-
ing feel. However, the R-EPS is currently only employed
in premium and luxury cars because it is expensive, space-
consuming, and often exposed to high temperatures and wet
environments because of its motor position. In a single pinion
EPS system, the motor drives the pinion gear connecting
the rack and steering shaft, resulting in a better feel than in
the C-EPS type system. However, its installation is struc-
turally complex, and the pinion gear must endure the torque
transmitted to the rack. These limitations may be mitigated
by employing a dual-pinion EPS system, with a secondary
pinion gear added to the rack. A C-EPS system has a motor
mounted on its steering column driving the steering shaft.
Although C-EPS has problems including poor steering feel
and limited application to small-sized vehicles, it is still
attractive for mass production because of its compact size,
simple construction, relative inexpensiveness, and less expo-
sure to harsh environments. Thus, in this study, a three-phase
inverter power module was designed to drive a C-EPS motor.

B. EPS POWER MODULE DESIGN

Many EPS systems employ discrete devices on a printed
circuit board (PCB) [27], but there are several exceptions
consisting of bare power dies soldered on a ceramic substrate,
such as direct bonded copper (DBC) [28]. The ceramic sub-
strate approach is more expensive than the PCB-based one,
but it is appealing due to its superior thermal and electri-
cal reliability (because of the substrate characteristics) and
compact module size (because of the power dies) [2], [9].
To moderate the impact of the increased cost, our power
module was designed using a substrate with only a top copper
pattern on an insulation layer.

Figure 3(a) shows a top view of the designed power
module. MOSFETs are used as the switching devices.
MOSFET dies have drain-source breakdown voltage of 40V,
and on-state drain current of 100A with an operating junction
temperature up to 175°C [29]. There are three phases in the
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FIGURE 3. (a) Top view of the 3D model of the designed EPS power
module with component notation, (b) Appearance of the fabricated
power module, and (c) a circuit diagram symbolizing the designed EPS
power module.

(b)

FIGURE 4. (a) Experimental setup for electrical characteristics
measurement and (b) the power module under test with the customized

jig-

module, and each phase consists of three MOSFETS, pro-
viding high-side and low-side switching and phase isolators.
In addition, a shunt resistor is placed for each phase. The
module design in Fig. 3(a) was fabricated and molded to be
as shown in Fig. 3(b). Figure 3(c) shows the circuit diagram
of the designed power module.

C. PERFORMANCE EVALUATION OF THE FABRICATED
POWER MODULE

The electrical and thermal performances of the EPS power
module were experimentally characterized. Its electrical char-
acteristics were measured using a curve tracer (B1505A from
Keysight) with a customized jig, as shown in Fig. 4.

The measurement results are plotted in Fig. 5 showing
two I-V curves of Vgs—Ip and Vps—Ip characteristics. The
Vgs—Ip curve shows the relationship between the input volt-
age (gate-source voltage, Vgs) and output current (drain cur-
rent, Ip), while the Vpg—Ip curve is an indicator of the ranges
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FIGURE 5. 1-V curves of the (a) Vgs—Ip and (b) Vps—Ip characteristics.

of operating current and voltage. Both measurements are
well matched with the specifications given in the MOSFET
datasheet. These observations confirm that the embedded
MOSFET devices function correctly and do not suffer dam-
age or performance shifts due to module packaging. Thus, the
fabricated power module samples were reliable.

Thermal resistance is an important parameter that rep-
resents the thermal performance of a power module. The
thermal resistance can be simply obtained by

Riney = 210 = Bl (1)

Pioss Pioss

where the device power loss, P, generates the temperature
difference, AT, _y, between two locations x and y. The mod-
ule Ry, can be calibrated by various methods, but this work
employed a method using a temperature-sensitive electrical
parameters (TSEP) of the MOSFET. As a TSEP, this work
utilizes the MOSFET’s forward voltage. Before deriving the
thermal resistance, the forward voltage is calibrated by the
function of the MOSFET’s junction temperature. For this
purpose, a sensing current and heating current are applied
to the two ends of the MOSFET, which heats up and serves
as a heat source. Sequentially, the current flowing through
and voltage across the testing MOSFET are measured and
calculated to find the power loss of the device, given as

Pioss :12XR (2)

where [ is the drain current and R is the on-resistance of the
MOSFET.

For a precise measurement, the thermal resistance was
measured using Power Tester 1500A by Mentor Graphics.
This machine has a cold plate connected to a thermostat.
The cold plate is controllable to have a certain temperature,
ranging from —80 °C to 250 °C, by the virtue of the linked
liquid cooler. On this temperature-controlled plate, a testing
module is placed and its TSEP is calibrated by the method
explained above. The TSEP calibration range is determined,
considering the environment condition faced by this EPS
power module because it is placed on the steering column
near the high-temperature engine room.

Figure 6 illustrates the measurement setup. The equipment
supports JEDEC standards and directly measured the TSEP
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FIGURE 6. (a) Mentor Graphics 1500A Power Tester for thermal resistance
measurement and (b) zoomed-in view of the power module under
measurement.

of the device under test (DUT) in the following steps. The
DUT was repeatedly turned on and off and continuously
heated up and cooled down. By repeating this process, the raw
data symbolizing thermal characteristics were obtained, and
the thermal properties of the testing module were calculated
using thermal modeling via deconvolution and discretization
processes. As an example, the measurement results were used
to visualize a graph called a structure function representing
the Cauer network model of thermal impedance. The derived
graph can be used to analyze the thermal resistance of a layer
of the power module [30] and, if needed, to monitor its failure
symptoms [31], [32].

The designed power module under test is shown in
Fig. 6(b). The module was mounted on a cooling plate using
thermal grease. The structure function of the module is shown
in Fig. 7. The structure function is a graph whose gradient
varies depending on the properties and dimensions of the
material, and, in the figure, its x-axis is the thermal resistance
and y-axis is the thermal capacitance. As the power module
is mounted using thermal grease, the point where its gradient
changes rapidly are judged to be the thermal resistance of the
module. This point is highlighted by the red box, and Ry, was
found to be ~0.27 K/W. This small Ry, value was consistent
over several repeated measurements. Note that our power
module has an exposed copper pattern, and the measured
thermal resistance is from the junction to the copper pattern.
Our measurement setup is further examined by measuring
the Ry, of a commercial power module, which is found to be
almost identical to its datasheet [2].

We employed the measured thermal resistance, Ry, as a
criterion for determining the accuracy of our simulations.
Of course, electrical characteristics are also popularly used
as critical factors describing the performance and reliability
of a developed power module [32], [33]. However, in this
work, it is difficult to perform a one-to-one comparison
of the characterized electrical parameters (e.g., VcEoN) Or
Rcg(ony values) with the electrical FEM simulation results in
Figs. 8 and 11, revealing that parasitic resistance/inductance
and current density are converted to volume loss. The thermal
resistance is another common indicator representing the per-
formance and reliability of power devices and modules [34].
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Moreover, Ry, can be a representative parameter revealing
the multi-physics property because the electrical energy loss
of MOSFET devices in our thermal simulations is converted
to heat generated from the devices, and heat dissipation is
monitored. This process is identical to the functionality of our
R, measurement equipment, the Power Tester 1500A.

Ill. RESULTS AND DISCUSSION

A. INDIVIDUAL AND UNCOUPLED FEM SIMULATIONS

As discussed earlier, electrical, and thermal simulations of
power modules have previously been conducted separately.
For comparison purposes, conventional FEM simulations
were conducted. As power modules build electronic power
circuits, such as converters and inverters, the circuit operation
is critically affected by the parasitic resistance and induc-
tance of power modules. Thus, the parasitic resistance and
inductance of the designed power module were simulated
by ANSYS Q3D software and are illustrated in Fig. 8(a).
Considering the operating frequency of the MOSFET device
used, the switching frequency of these electrical simulations
was determined to be 5 MHz, considering the operating
frequency and harmonics of the EPS power module. The
parasitic resistance and inductance were simulated as 1.1 m<2
and 30.4 nH, respectively. The simulation also provided the
current density, which was converted to volume loss density,
as depicted in Fig. 8(b).

The thermal FEM simulations utilized ANSYS Icepak
software. The volume loss generated from the electrical simu-
lations was applied as a heating source for the thermal simu-
lations. The heating source includes not only the MOSFET
power loss but also the loss of the shunt resistors. As our
EPS module does not have a liquid or forced-air cooler,
its heat dissipation condition is a natural convection with a
turbulent flow. In addition, the ambient temperature is set
to be 125 °C, which is also used in the experiments in
Section II-C, because the EPS module is located close to the
engine room. Figure 9 shows the temperature contour of the
designed module mounted on its assembly. The maximum
temperature of the module was found to be 154.05 °C. Using
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FIGURE 8. Uncoupled electrical simulation results showing (a) parasitic
resistance and inductance and (b) distribution of volume loss density.
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FIGURE 9. Non-iterative thermal simulation results showing the
temperature contour plot and location of maximum module temperature.

the maximum temperature and temperature distribution of
the figure, we calculated the module’s thermal resistance.
Although the electrical loss was used as an input for the
thermal simulation, it was not a fully coupled multi-physics
simulation because the thermal simulation results did not
influence the electrical parameters.

B. SETUP OF COUPLED ELECTRICAL-THERMAL
SIMULATION WITH FEEDBACK ITERATION

Various TSEPs have been reported for power devices, includ-
ing statistical (e.g., on-state resistance, saturation current, and
threshold voltage) and dynamic (e.g., turn-on/off delay and
maximum voltage slope) characteristics [35], [36]. Some of
these electrical parameters can cause consecutive changes
in thermal characteristics, including device and power mod-
ule temperature, which sequentially alter the TSEPs. These
mutual interactions necessitate coupled electrical-thermal
simulations with interactive iterations.

Our approach is illustrated in Fig. 10. ANSYS Q3D soft-
ware simulated the power module model in Fig. 3(a) and
extracted electrical properties, including current density and
parasitic resistance/inductance. The FEM simulation also
generated the volume loss distribution of the power module,
which was converted to heating loss. The loss was applied
as a boundary condition of the heat source for the thermal
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FIGURE 10. Proposed coupled electrical-thermal simulation with
iterative feedback functions. The concept was established using the
ANSYS Workbench software incorporating ANSYS Q3D, Icepak, and
feedback iterator.

simulation conducted by the ANSY S Icepak software, and the
temperature distribution contour plot and maximum tempera-
ture value were derived. This process is identical to the uncou-
pled simulation without iteration presented in Section III-A.

The difference is that the temperature distribution is fed
to the ANSYS Q3D software by the feedback iterator. For
the feedback, it is important to properly select a TSEP.
In this study, the on-resistance of the power module was
employed because it consists of contributions from both the
power devices (on-resistance, Rps(on)) and copper patterns
of the substrate (parasitic resistance, Rcy). In addition, both
Rps(ony and Rcy are relatively linear with temperature. This
linearity is beneficial in decreasing the computational load
and increasing the convergence possibility of the iterative
analysis. The MOSFET on-resistance may not be perfectly
linear with the temperature, but it can be considered linear
within the limited temperature range used in the iterative
process of our simulations [36]. Thus, Rps(on) was expressed
as

Rpson),2 = Rpson,1 [1 +aps- (Tr — T1)]
= Rpson),1 [1 +aps-AT] 3)

where Rpson),1 and Rps(on),2 are the on-resistances at tem-
peratures T and T3, respectively. apg is the temperature coef-
ficient of resistance (TCR) of the MOSFET on-resistance.
Likewise, the parasitic resistance of the copper pattern was
expressed as

Rcu2 = Reu1 [1 +acy- (Tr — Th)]
= Reu1 [1 4+ acy-AT] 4

where Rc,,1 and R¢,, > are the Cu pattern parasitic resistances
at 71 and 7>, respectively. ac, is the TCR of copper. Rps(on)
and Rc, change according to the temperature at a specific
location, and their parasitic inductance and current density are
sequentially updated. Using the updated electrical results, the
thermal simulation was conducted again. This coupled simu-
lation continued until the variation in its thermal parameters,
which are the device temperature herein, converged to less
than 1%.

Our feedback iteration tool was implemented in the
ANSYS Workbench environment because it contains the
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FIGURE 11. Electrical simulation results showing volume loss densities
derived using (a) the conventional individual, uncoupled, non-iterative
method and (b) the proposed coupled electrical-thermal simulation with
feedback iterations.
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FIGURE 12. Thermal simulation results comparing the temperature
distribution contour plots using (a) the conventional individual,
uncoupled, non-iterative method and (b) the proposed coupled
electrical-thermal simulation with feedback iterations.

@

Q3D, Icepak, and feedback iterator as sub-programs. Q3D
and Icepak share simulation objects through a modeling tool
called Design Modeler, and their results were consequently
updated using the feedback iterator.

C. COMPARISON OF SIMULATION RESULTS

Figures 11 and 12 compare the electrical and thermal
characteristics with and without the coupled feedback inter-
actions simulations. After five iterations, the coupled simu-
lation results converged, and some of them revealed distinct
differences. From the electrical results, the stray inductance
of the power module did not change significantly. How-
ever, an obvious change in the resistances was observed.
For example, the parasitic resistances of the three loops in
the three-phase inverter module exhibited an average change
from ~1.1mS2 to ~1.6m£2, which is an approximate increase
of 50%, due to the thermal impact. Because of the increased
resistance, the two contour plots of volume loss densities
in Fig. 11 also differ; the two plots have the same legend
scales. The three locations, marked by #1, #2, and #3 in
Fig. 11(b), are bonding joints found to have high volume-loss
densities. The volume loss increased from 4.4 x 108 W/m3to
6.5 x 108 W/m?, from 2 x 10% W/m? to 3 x 10® W/m?, and
from 2.7 x 108 W/m? t0 4.3 x 103 W/m® in #1, #2 and #3,
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respectively. At each location, the loss density increased by
~50%, which is similar to the increase in resistance and is
non negligible. The increased loss is additionally expected to
heat up the power module.

The simulated temperature distributions are shown in
Fig. 12; the legend scales of the temperature plots were
adjusted to be identical. The module temperature notably
increased with the feedback iterations. Note that the overall
temperature increased, even though the maximum tempera-
tures occurred at similar locations. The maximum tempera-
ture of the coupled simulation was 158.63 °C, representing
an increase of 4.58 °C, because of the increased loss density.
The maximum device temperature is lower than the operating
junction temperature of the MOSFET [29].

Based on the simulation results, the thermal resistance was
calculated using equation (1). It is noteworthy that Ry, of the
coupled simulation was ~0.26 K/W, which is almost identical
to the measurement value (~0.27 K/W) given in Section II-C,
referring that the coupled-simulated and measured junction
temperatures are also almost identical. These analysis results
demonstrate that the proposed approach is more accurate
and reliable than uncoupled simulations for our application
and design. Therefore, coupled electrical-thermal simula-
tion with iterations should be employed in power module
analyses.

IV. CONCLUSION

Feedback iterated coupled simulation was conducted for a
designed power module. The sample module was fabricated
and tested to measure its electrical and thermal characteris-
tics. I-V curves and the transfer characteristics were extracted
by a curve tracer and a customized jig. The thermal resistance
was measured, and the structure function was determined
using a power tester. To apply coupled simulation, general
electrical and thermal simulations were conducted for the
designed power module, which was connected to ANSYS
to build a multi-physics simulation environment. The results
interacted with each other to increase the parasitic resistance
and volume loss density by ~50% and increase the ther-
mal resistance value by ~4%. Based on the results of the
feedback-iterated coupled simulation, it was demonstrated
that more precise and reliable results can be extracted with
the proposed approach, and the calculated value of thermal
resistance of ~0.26 K/W was almost identical to the actual
measured value of ~0.27 K/W.
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