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Method Based on PSpice-MATLAB-COMSOL for
S1C Power Module Design

Yayong Yang ", Student Member, IEEE, Zhigiang Wang

Abstract—Multiphysics simulation software is indispensable for
silicon carbide (SiC) power module design. Lacking interface be-
tween circuit simulation software and thermal-fluid-mechanical
simulation software poses challenges for accurate design of the
power modules. In this article, an automated field-circuit coupling
simulation method based on the self-developed COMSOL-PSpice
interface software is proposed to achieve precise and fast multi-
physics cosimulation of multichip SiC power modules. First, the
multiphysics coupling mechanism of SiC power modules is ana-
lyzed to reveal that the precise and timely data transfer between
temperature and power loss is crucial to enabling an accurate
multisoftware cosimulation. To realize the automatic data transfer
between COMSOL and PSpice, a MATLAB-based software inter-
face is developed. Then, a multirate and indirect coupling strategy
is proposed to improve the simulation accuracy of the developed
COMSOL-PSpice software interface and speed up the cosimulation
process. To break the limitations of the indirect coupling strategy on
simulation accuracy and efficiency with fixed time steps, a variable
time step coupling analysis method based on the numerical solution
of temperature coupling state variables is proposed. Finally, the
proposed field-circuit coupling cosimulation method is verified by
simulation and experiment results from a buck converter. The com-
parison between simulation and experimental results demonstrates
the validity of the developed cosimulation interface software, which
gives a mismatch below 5% and simulation efficiency 3-5 times
higher, if compared to that using fixed time steps.

Index  Terms—COMSOL-PSpice, field-circuit coupling,
multiphysics simulation, SiC power modules, software interface.
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I. INTRODUCTION

OTIVATED by high power density, high efficiency, sil-
M icon carbide (SiC) power semiconductor modules be-
come more and more popular for industrial applications, such as
electric vehicle and multielectric/all-electric aircraft [1], [2]. On
the other hand, whether SiC power modules can be fully utilized
to maximize the power density and efficiency of converters
depends on their packaging design [3], which heavily relies
on the simulation software to characterize the corresponding
physical quantities. The accuracy of the corresponding phys-
ical parameters extraction, such as chip junction temperature
and loop parasitic inductance, will affect the performance of
SiC power modules and heatsinks. With low simulation accu-
racy, the design will likely be too conservative for reliability,
which impedes the improvement of power density. This situa-
tion, however, frequently occurs with the single physical field
simulation, due to complex coupling relationships of multi-
physics in power modules. To guarantee sufficient simulation
accuracy, multiphysics cosimulation considering complicated
coupling relationships becomes critical for the design of power
modules.

The multiphysics that need to be considered during power
module design typically involves electric, magnetic, fluid, ther-
mal, and mechanical. To realize the electro-thermal multiphysics
cosimulation, a reduced-order zero-dimensional (0-D) thermal
impedance network model can be obtained by 3-D finite element
thermal simulation results or experimental results [4]. Then, the
acquired thermal impedance network model can be used for
electro-thermal cosimulation in the circuit simulation software
(PSpice, LTspice, Saber, Simulink). A dedicated interface tool
is provided in ANSYS Icepak to realize the conversion from
3-D thermal simulation to the 0-D Foster or Rational function
thermal network model, which can later be used for electro-
thermal coupling simulation in ANSYS Twin Builder [5], [6].
However, the following problems remain when employing AN-
SYS to perform the multiphysics cosimulation of SiC power
modules.

1) When importing bare die SiC MOSFETS spice models
from power device manufacturers (e.g., Infineon, CREE,
ROHM) into ANSYS Twin Builder, an error message
often shows up, causing an unstable use of spice models
provided by the manufacturers.
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Fig. 1. Temperature sensitivity of thermal parameters for commonly used

packaging materials [7].

2) As shown in Fig. 1, the thermal conductivity properties
of packaging materials change significantly with temper-
ature. The thermal network generated by the ANSYS
Icepak interface tool can cause unsatisfactory cosimu-
lation accuracy due to the neglect of the temperature
dependence of packaging materials.

3) Moreover, in ANSYS, the lack of the bidirectional cou-
pling interface between circuit simulation software and
thermal-mechanical simulation software makes the direct
coupling simulation of the lumped circuit and thermal-
mechanical field difficult.

Another commercial multiphysics simulation software COM-
SOL also has problems when applied to multiphysics cosimu-
lation. The circuit simulation module, ac—dc Module, does not
support importing the device spice model. Besides, the coupling
interface of the ac—dc Module and Heat Transfer Module is not
available in COMSOL.

In general, the simulation capability of single multiphysics
simulation software is limited, resulting in low simulation ac-
curacy. To deal with the above problems, several multiphysics
cosimulation approaches have been proposed, which can be
divided into the following two types. The first type still relies on a
single simulation software platform. In [8] and [9], mathematical
expressions between the device power loss and temperature are
derived through proper simplification, skipping the process of
circuit simulation to calculate the power losses of devices. Then,
the derived mathematical expressions serve as the boundary
condition for COMSOL thermal and mechanical finite element
simulation. This simplified derivation method is difficult to
obtain the precise loss, resulting in low simulation accuracy.
A similar method has also been explored in [10], in which an
uneven power loss derivation model is utilized. Moreover, a
method based on the current module in COMSOL is proposed
in [11]. It inputs the fixed power loss in the heat source input box
as the switching loss of the chip while the Joule heat generated
by the sinusoid current flowing in power modules is regarded as
conduction loss. However, the current law of switch circuits is
complicated, and it is hard to express the current change by
a sine function. Meanwhile, the fixed switching loss setting
ignores the effect of temperature dependence, which reduces
simulation accuracy. As a compromise between the accuracy
and efficiency of simulation, a thermal modeling tool based on
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the finite difference method is proposed in [7]. Utilizing this tool,
a 3-D equivalent thermal network model considering the effect
of temperature can be imported into the LTspice simulator for
electro-thermal co-simulation. This method achieves a trade-off
between simulation accuracy and speed, with relatively faster
simulation speed but lower accuracy, if compared to the finite
element thermal simulation, due to the simplified 3-D thermal
model that considers temperature dependence.

The second type is multisoftware collaborative multiphysics
cosimulation, which typically involves the commercial mul-
tisoftware cosimulation platform Isight, due to its powerful
multi-parameter and multidisciplinary cosimulation and op-
timization. Isight provides interfaces for a large number of
third-party software in the form of application components to
realize data flow among various software [12]. Nevertheless, the
following issues arise when utilizing Isight to achieve electrical-
thermal-mechanical cosimulation. Application components of
COMSOL and common circuit simulation software (PSpice,
LTspice, Saber) are not yet available in Isight, which means
that they cannot exchange data with Isight currently. Though
the software interface can be developed via the application
component named Simcode in Isight, the developed software
interface does not allow for the transient simulation states
inheritance. This limitation makes transient electro-thermal-
mechanical cosimulation difficult to be implemented in Isight.
To solve this issue, some multisoftware-based approaches have
been proposed. In [13] and [14], a direct field-circuit coupling
simulation method based on circuit simulation software PSpice
and thermal simulation software ANSYS Icepak is presented to
perform transient short-circuit conditions simulation. Through
data exchange between power losses (simulated by PSpice)
and temperature (simulated by Icepak) monitored by MATLAB
script, more accurate electro-thermal cosimulation results are
obtained for short-circuit conditions. However, the fixed data
exchange time step makes it difficult for steady-state simulations
because of the complicated and time-consuming calculation,
which greatly limits the application of this method. For power
module design and other applications, steady-state results are
of greater concern in most cases. In addition, the parasitic
parameters introduced by electromagnetic coupling and parallel
chips temperature difference are not considered in this method,
which negatively affects the simulation accuracy. Moreover, the
thermal-mechanical coupled simulation cannot be performed
in ANSYS Icepak, hence, no mechanical stress is involved.
To break this limitation, an analogous field-circuit coupling
simulation method based on PSpice-COMSOL is presented in
[15]. By utilizing the coupling between the Heat Transfer Mod-
ule and Solid Mechanics Module in COMSOL, a field-circuit
coupled electro-thermal-mechanical cosimulation is available.
However, other issues described in [13] and [14] are still
unresolved.

To solve the unresolved issues, this article proposes an au-
tomated field-circuit coupling simulation method based on the
self-developed software interface with an adaptive data ex-
change time steps adjustment strategy, which is suitable for both
steady-state and transient simulation. Moreover, this method
takes into consideration the effects of parasitic parameters and
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Typical wire-bonded power modules configuration.

temperature distribution differences in multichip SiC power
modules.

The rest of this article is organized as follows. Section II
presents the field-circuit coupling software interface develop-
ment process and coupling strategy. Based on the developed soft-
ware interface, the strategy to balance simulation accuracy and
speed is proposed in Section I1I. In Section IV, the simulation ac-
curacy and speed of the proposed interface-based cosimulation
software platform for a buck inverter is validated by comparing it
to experimental results. Finally, Section V concludes this article.

II. DEVELOPMENT OF FIELD-CIRCUIT COUPLING SOFTWARE
INTERFACE

In this section, the multiphysics coupling mechanism of SiC
power modules is analyzed to reveal the coupling strength.
Based on the full consideration of coupling relationships, a
MATLAB-based software interface is developed. To realize
an efficient variable data exchange, a multirate and indirect
coupling strategy is applied to the software interface. Detailed
analysis and development flow are demonstrated as follows.

A. Multiphysics Coupling Mechanism of SiC Power Modules

The typical SiC power module configuration is shown in
Fig. 2. When current flows through SiC power chips, power
losses will occur, causing SiC chip temperature to rise. Tem-
perature changes will affect the electrical characteristics of the
chips, which in turn will change power losses. In addition, in the
process of heat transfer from the chips to the heatsink through
the direct-bonded copper (DBC), thermal interface material, and
baseplate, mechanical stress will appear inside power modules
due to the mismatched thermal expansion coefficient of different
packaging materials. It can be seen that complex multiphysics
coupling relationships exist in power modules, as illustrated in
Fig. 3, for SiC power modules.

The strength of the coupling relationship determines whether
this coupling needs to be considered in the multiphysics sim-
ulation. Electro-magnetic, thermal-fluid, electro-thermal, and
thermal-mechanical couplings are strong, while fluid-solid and
electromagnetism-mechanical couplings are weak and can be
neglected [16], [17], [18], [19], as marked by the solid (strong
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Fig. 3. Multiphysics coupling mechanisms in SiC power modules.

coupling) and dashed (weak coupling) arrows in Fig. 3. The
abovementioned coupling relationship needs to be fully consid-
ered in the simulation design of power modules.

B. Multiphysics Cosimulation Software Interface Development

The key to realizing an accurate coupling simulation between
different physical fields relies on the transfer of corresponding
coupling variables through a multiphysics coupling interface.
Electromagnetic coupling simulations can be implemented by
lumped circuits built with parasitic parameter networks derived
from Q3D. The fluid-thermal coupling can be realized through
the Nonisothermal Flow multiphysics coupling interface in
COMSOL. Similarly, the thermal-mechanical coupling can be
accomplished through the Thermal Expansion multiphysics
coupling interface in COMSOL to transfer coupling variables.
However, the circuit and thermal field coupling interface is not
yet commercially available.

Considering the coupling interface of commercial soft-
ware and the coupling relationships among multiphysics, a
MATLAB-based software interface development method for
power modules multiphysics cosimulation is developed to real-
ize field-circuit coupling simulation between 3-D fluid-thermal-
mechanical field and 0-D circuit, as illustrated in Fig. 4. The
proposed multisoftware cosimulation framework consists of
three parts: the circuit model constructed by spice language in
PSpice, the fluid-thermal-mechanical model built by Java lan-
guage in COMSOL, and the script program written in MATLAB.
MATLAB serves as an interface to coordinate data exchange
between PSpice circuit simulation and COMSOL fluid-thermal-
mechanical simulation, breaking the incompatibility between
data from PSpice and COSMOL.

The existing software interface in COMSOL (LiveLink for
MATLAB) can link COMSOL to the MATLAB scripting en-
vironment. For each operation performed in COMSOL, the
corresponding Java command is automatically generated via
this interface. Conversion of COMSOL operational steps into
Java command code, allows MATLAB to control the entire
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simulation modeling process, which can facilitate the data inter-
action between MATLAB and COMSOL, as shown in Fig. 5. On
the other hand, the automatic data exchange interface between
MATLAB and PSpice is not yet available.

To address this issue, an interface program based on the
flowchart depicted in Fig. 6 is developed. The MATLAB system
command controls the execution of the circuit input file (file
with the .cir suffix) and invokes the PSpice A/D solver for circuit
simulation model calculations. After the input file is executed in
PSpice A/D (circuit simulator), the output file with the .out suffix
will generate automatically. By making corresponding settings
in the command part of the input file, the .out file will contain the
power loss data information of each heat source. The extracted
power loss data can be processed by corresponding functions in
MATLAB to obtain the average power loss of each heat source
over a period of time. The power loss data obtained by MATLAB

MATLAB and PSpice.

can then be transferred to COMSOL as the boundary condition
of heat source input for thermal simulation, via the interface
with COMSOL. In this way, the automatic transfer of PSpice
simulation data to COMSOL is achieved.

The transfer of extracted temperature data to PSpice means
that the data is transferred to the spice model or temperature-
related parameters, as depicted in Fig. 7. For bare die diodes
and bare die MOSFETs without junction temperature pin, the
junction temperature data is assigned to the absolute temperature
command line written in the spice model file in advance by
using text search and replace commands. In this way, current
temperatures of bare dies will override the circuit global temper-
ature specification. For bare die MOSFETS with junction temper-
ature pin, when configuring the circuit simulation, the junction
temperature pin can be directly connected to the controllable
dc voltage source. Considering the junction temperature value
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as the voltage value on these dc voltage sources, temperature
data transfer from MATLAB to PSpice can be accomplished, by
updating the voltage values of the junction temperature pin in
real-time.

The abovementioned method can be extended to deal with
the temperature difference among multiple chips, as caused
by unbalanced chip characteristic parameters, package layout,
gate drive circuit asymmetry, and other reasons. As indicated
in Fig. 8, when the temperature data of multiple parallel chips
is transferred to the diode spice model, the same device model
can first be batch named using the batch command to obtain
multiple models with different file names. Then, models with
different file names are processed separately to realize the re-
spective temperature data transfer. For bare die MOSFET models
without junction temperature pin, the method is similar. When
the temperature data is passed to the bare die MOSFETs with
junction temperature pin, each chip junction temperature pin
needs to be connected to a separate dc voltage source for sep-
arate temperature transfer. The method of temperature transfer
separately enables simulation of the same circuit at different

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 10, OCTOBER 2023

device temperatures without all device temperatures being set
to the same in the circuit.

The abovementioned interface development method can real-
ize the automatic data transfer between PSpice and COMSOL,
and overcome the problem of insufficient simulation capability
of a single software.

C. Multirate and Indirect Interface Coupling Strategy of
Software Interface

Efficient and accurate transfer of simulation data between
PSpice and COMSOL requires a suitable coupling strategy.
Bidirectional indirect sequential coupling is adopted in the de-
veloped software interface to maximize the advantages of mature
commercial simulation software and reduce model complexity
and solution cost [20], as indicated in Fig. 9. In the proposed
coupling strategy, a simulation data iteration cycle consists of
four steps.

Step 1: The transient circuit simulation at a given temperature
is performed in PSpice. The circuit simulation is suspended
when the data exchange time is reached, as defined as PSpice
time steps in which data is exchanged for COMSOL (PTSC).
The given temperature of the first iteration is the ambient tem-
perature while that for the second and subsequent iterations
is determined by the temperature delivered by COMSOL.

Step 2: MATLAB processes the circuit simulation output file
to obtain the average power loss of each heat source. Then,
the power loss is communicated to COMSOL through the
developed software interface. The boundary condition (input
power loss) for thermal-mechanical simulations in COMSOL
is updated.

Step 3: The transient thermal-mechanical simulation with a
given power loss is carried out in COMSOL. The thermal-
mechanical simulation is suspended when the data exchange
time is reached, as defined as COMSOL time steps in which
data is exchanged for PSpice (CTSP). The simulated power
loss of the heat source is obtained by PSpice.

Step 4: MATLAB extracts the maximum value of the heat source
temperature at this moment from the simulation file. The
maximum temperature is then fed back to the PSpice circuit
model as the new temperature boundary condition.

Following the iterative process previously, the loop iteration
will be performed continuously until each physical field reaches
the equilibrium state, and the system convergence solution is
obtained. Depending on the research purpose, different iteration
termination conditions are required. For transient problems, the
simulation terminates when the corresponding simulation time is
reached. For steady-state problems, the iterative termination cri-
terion adopted in this article is: the relative temperature decline
between two consecutive iterations is less than the set minimum.

In the process of iteration cycle, two successive iterative pro-
cesses are closely related. To realize the dynamic and continuous
simulation, states of each physical field at the end of the previous
cycle will serve as the initial states of the next cycle (state
inheritance), and the simulation continues under new boundary
conditions. This article utilizes restart analysis for COMSOL
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and PSpice to achieve simulation state inheritance, as shown in
Fig. 10. In COMSOL, the inheritance of thermal and mechanical
simulation states is achieved by setting the solution at the last
time point to the initial value of the solution variable. In PSpice,
a variety of commands related to bias points are combined to
implement the inheritance of circuit simulation states.

Steps 1 and 3 of each cycle also exist in close relationships,
except for two successive iterative processes. PTSC should align
with CTSP in the same iterative process. This is because the
operating time of each physical field is equal, so the time steps
in each corresponding transient simulation need to match.

Depending on the simulation purpose, different PTSC and
CTSP can be set to realize multirate multiphysics coupling
simulation. In short time scale simulations, such as short cir-
cuit simulations, where the electrical, thermal, and mechanical
characteristics of the power module change dramatically in a
short time period, PTSC and CTSP need to be set at the ms
level [15]. For long time events, such as steady-state simula-
tions, PTSC and CTSP can be at the seconds level to obtain a
good balance between accuracy and computational efficiency.
When the simulation system reaches a steady state, ms level
PTSC and CTSP can be set to observe the transient junction
temperature fluctuation. On the other hand, PSpice internal time
steps (PITS) adopted by the circuit simulator to solve transient
circuit simulation are much smaller than COMSOL internal
time steps (CITS) for transient thermal-mechanical simulation.
To ensure accurate simulation of the switching behavior and

COMSOL internal time steps

PSpice internal time steps

Multirate and indirect interface coupling strategy adopted by the proposed cosimulation method.

power loss, ns level PITS are generally required in PSpice.
The time scale of heat transfer, however, is ms level, ms level
CITS is adequate for high-precision simulation of thermal and
mechanical in COMSOL.

Following the strict logical relationship, the indirect and
bidirectional coupling strategy enables coupling simulation of
the dynamic heat transfer and electrical characteristics of power
modules. This solves the converge problems that normally occur
in complex multiphysics cosimulation.

III. ADAPTIVE TIME STEP ADJUSTMENT METHOD OF
INTERFACE-BASED COSIMULATION

A. Strategy of Time Step Adjustment

In the indirect sequential coupling solution process, since
other coupling fields are ignored in the solution CTSP interval,
residuals exist in each CTSP. Excessive residuals will jeopardize
the convergence of the numerical integration. To address this
issue, a very small and fixed iterative time step is generally
adopted to ensure the accuracy and stability of the iterative
solution [21]. However, a small CTSP will inevitably lead to
more iterations and lower computing efficiency. A large CTSP
can reduce the number of iterations, but it may cause a larger
truncation error [22]. In summary, it is difficult to balance the
accuracy and efficiency by using a fixed CTSP in the proposed
multisoftware cosimulation, as shown in Fig. 11.

To solve the problem of fixed CTSP, an adaptive CTSP
analysis method based on the numerical solution of tempera-
ture coupling state variables (TCSV) is proposed. Since, it is
difficult to obtain analytical expressions of TCSV, a three-point
derivation formula based on the Lagrangian interpolation poly-
nomial (L, (t)) is established by extracting the TCSV of three
consecutive iterative time points, as shown in Fig. 12.

The numerical curve in the simulation time domain [to, t;,]
is recorded as y = ((x). The corresponding temperature nu-
merical solutions at three consecutive data exchange time points
ti, ti+1 = ti + )\,i, and t7;+2 = ti -+ )‘i+1 + )»H_Q are recorded
as T'(t;), T'(ti+1), and T'(t;42). Then, the following expression
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can be obtained by constructing a quadratic Lagrangian interpo-
lation polynomial and taking its first-order derivative:

t—t; t—1;
( H—l) + ( z+2)T ti)
hi1 (A1 + Aiga)

t—1; t—t;

o ( z) + ( z+2) T (t

Aig1hito

(t—t;) + (t — ti1)
Liva (hig1 + Aiy2)

Taking time ¢;49 as the current time point, substituting into

(1), and supposing ¢ = i +2, the first-order variable-step differ-
ential formula can be expressed as

! )\,1'
L, (tj) = ————=T (ti—2) —
I'L( ) A1 ()"ifl _"_)\’L) ( 2)
Ai—1 + 24,
Ai (ic1 + Aq)
Equation (2) is the judgment formula for the adaptive adjust-
ment of each CTSP. The first-order derivative of the interpolation
function at the current time point is calculated by solving (2), and

the CTSP adjustment strategy illustrated in Fig. 13 is established
accordingly. Note that the time steps judgment threshold interval

L, ()=

i+l)

T (tiy2)- (D

Aim1 Ay

T (t;
Aio1hq (i)

T (t;)- 2
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is [e1, €2]. In this interval, the slope of the coupling state variable
T; response curve needs to be estimated, and conduct multiple
tests and step-by-step corrections to adjust. Note that the CTSP
adjustment coefficients are a and b, respectively, where a €(0,
1), b €(1, +00).

1) If |L/n(t7)‘ S [61, 52], then let Aig1 = A4

2) If |L],(t;)] < €1, then let A;41 = A; x b. Under this
condition, the temperature change is relatively mild, and
the residual error is small. CTSP can be appropriately
increased to improve the efficiency of the solution.

3) If |L],(t;)| > €2, then let A; 41 = A; X a. In this case,
the temperature changes sharply. Time steps with short
interval may cause a large residual error. Therefore,
CTSP should be minimized to ensure the accuracy of the
solution.

As described previously, the adaptive adjustment strategy is
adopted during the iteration to dynamically adjust the CTSP
according to the curve slope of temperature coupling variables.
The range of CTSP can be determined as follows.

B. Range of Time Steps

Taking the first derivative of the interpolation remainder of
the Laplace interpolation polynomial, the following expression
can be obtained:

(n+1)
R0 =00) - L) = T (0
(nwfi)! . ©

When solving the derivative value at the time pointty,t = ¢y,
w(ty) = 0, so the second term on the right side of (3) is 0.
Accordingly, the following expression can be obtained:

_ [

R (1) ) W(t) =

w (t). “)

Substituting adjacent iterative nodes into (4), the following
expression can be obtained:

higr (hir1 +Ai) o)

R (1) = -

(&) ®)
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Fig. 14.  Self-developed interface software user interface.

Equation (5) is the truncation error of the numerical curve
derivation formula of temperature coupling state variables. The
smaller the value of X;, the smaller the truncation error. The trun-
cation error of the current time point can be reduced by adding
interpolation points in the sequential time points. However, the
essence of this method is to reduce the iterative time step and
increase the number of iterations, which has no substantial effect
on improving the iterative efficiency.

The truncation error tolerance range of (2) is denoted as &,
then following inequality can be obtained from (5):

Rig1 (M1 + Aq)

: 0 () < & (6)
If Aig1 = ak;, then
6,
R CHEIG) v
If )"i+1 = )"i’ then
3¢,
S (8)
If Aig1 = bA;, then
6 ©)

S Y@ (@)

The minimum of the (7)—(9) is taken as the upper limit of
CTSP, denoted as Ay If A; is excessively small, the state vari-
ables of the adjacent steps will cause significant rounding errors
due to their similar values. In actual solutions, the rounding error
should be lower than the truncation error to avoid the expansion
of the error, and A; satisfying this criterion defines the lower limit
of the time steps, as denoted as Ay Amin can be determined by
the physical field analysis tool during the solution. After CTSP is
adjusted adaptively, the range of A, ; needs to be verified before

the next simulation cycle. If A;11 > Amax, then Aj 41 = Apax -
Similarly, if A; 41 < Amin, then Aj 41 = Amin -

IV. EXPERIMENT VALIDATION ON INTERFACE-BASED
COSIMULATION

For easier use, an interface software has been developed
based on the user interface development tool App Designer, as
demonstrated in Fig. 14. The abovementioned software interface
development method and coupling strategies are integrated into
the software. When performing cosimulation, users do not need
to do complex programming work, and only need to make
corresponding settings according to the type of study to achieve
cosimulation. In the process of cosimulation, the maximum
temperature on the device at the end of each iteration is col-
lected by the temperature probe function in MATLAB. After the
cosimulation is completed, MATLAB will automatically draw
the temperature and power loss distribution profiles according to
the results of cosimulation, as illustrated in Fig. 15. Furthermore,
the junction temperature fluctuation curve on the chip after the
steady state can also be obtained. More detailed postprocessing
and analysis, e.g., temperature and mechanical stress, can be
performed using the derived thermal or circuit model with the
corresponding filename. The stress distribution obtained from
the post-processing of the COMSOL model is shown in Fig. 16.

Field-circuit coupling simulations based on the developed
interface software and corresponding experimental verification
are presented to demonstrate the simulation accuracy and speed
of the developed field-circuit coupling interface software.

A. Experimental Setup

To verify the accuracy of the proposed co-simulation method,
a customized multichip SiC power module is designed and fab-
ricated, as depicted in Fig. 17. In this phase-leg power module,
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Fig. 18. Experimental test rig for evaluating the accuracy of the proposed

each switch position consists of three parallel connected SiC  .ocimulation method.

MOSFET bare dies (CPM312000075A) and three SiC Schottky
barrier diodes (CPW41200S020B) from CREE. To conveniently
and accurately measure the chip junction temperature, the de-
signed power module is not filled with an encapsulant (silicon
gel, epoxy resin) and no case is added. A thin layer of black
dielectric coating is sprayed onto the module to increase and JJ
unify the surface emissivity. More detailed information about e ion
the SiC power module is provided in Table 1. . 82%-‘""
Based on the SiC power module, an experimental test rig . ) = “‘i::,”F it
for buck circuit in continuous operation is setup, as shown in
Fig. 18. The schematic of the experimental circuit is depicted i) |forks | | oo s | 5 G []R
in Fig. 19. M1, My, and M3 act as active switches, while My, e s .J'r: LA 4uE L1002
Ms;, and Mg are always at OFF state. Dy, D5, and Dg act as l
free-wheeling diodes. M;—-M3 are driven by a 15 €2 resistor to
deliberately increase power losses. The buck converter operates
with a 450-V or 400-V dc input voltage, 50-kHz or 100-kHz

SiC Power module
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[
s
—

TFT

IJ* AKX K
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S
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Fig. 19.  Schematic of the experimental circuit.
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Fig. 20.  Circuit simulation diagram with parasitic parameter network.

switching frequency, and 0.5 or 0.8 duty cycle. The cooling
condition of the converter is natural convection cooling with
heatsink, without fan, or liquid coolant. The cosimulation and
experimental verification under different cases are performed to
fully verify the accuracy of the proposed cosimulation method.

B. Simulation Platform Setup

The field-circuit coupling simulation model consists of two
main parts: the circuit simulation model (including the device
spice model) and the thermal-mechanical coupling simulation
model. These models need to be provided by users and then
click the model selection button in the interface software for
cosimulation.

In terms of circuit model, the parasitic parameters, including
resistance, inductance, capacitance, and conductance (RLCG),
can have a great impact on the dynamic and static characteristics
of power devices [23], [24]. The parasitic parameters at the
device package level can be extracted by performing the quasi-
static electromagnetic field simulation leveraging ANSYS Q3D
Extractor. The equivalent parasitic network model generated
by Q3D is further employed to build a reduced-order lumped
circuit model for electromagnetic coupling analysis, as shown
in Fig. 20. The initial temperature of the heat source (MOSFET,
diode, parasitic resistance) in the circuit is set to 21 °C, which
corresponds to the ambient temperature during the experiment.
Moreover, the maximum PITS for transient circuit simulation
is set to 1-ns to ensure sufficient simulation accuracy. To avoid
the heavy computational burden caused by small PITS in the
simulation of long time events, the PTSC in each iteration can
be greatly shortened to replace the actual one due to the shorter
time needed to reach the steady state for circuit simulation. The
average power loss calculated from the actual PTSC is consistent
with that calculated from the short PTSC.

Regarding the transient thermal-mechanical simulation
model, to improve the simulation efficiency and avoid unnec-
essary calculations, the iterative simulation (except the first
iteration) can only give the correct solution at the end of the
simulation cycle, and solutions at the intermediate process can
be ignored. To ensure that the transient solver performs the
calculation and solution strictly at the end of each iteration, the
time steps used by the transient solver need to be set to “exact”.
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C. Accuracy Verification of Field-Circuit Coupling Simulation

The accuracy of the circuit model and the thermal-mechanical
model is closely related to the accuracy of the field-circuit
coupling simulation. The thermal-mechanical simulation model
can achieve relatively high simulation accuracy by modifying
material properties and boundary conditions in COMSOL. The
accuracy of boundary condition correction, such as the heat
dissipation rate of the heatsink, can be verified by comparing
the simulation and experimental results in various cases. If the
simulation and experimental results under different cases are in
good agreement, it can be considered that the boundary condition
is set correctly. The accuracy of the switching circuit simulation
model heavily relies on how precise the device model is.

Following the same condition shown in Fig. 19 (Case 1), the
simulation and experimental results of the buck circuit are shown
in Figs. 21, 22, and 23. It is worth noting that the current is
the total current flowing through the parallel chips due to the
difficulty of measuring the current flowing through a single chip.
The comparison results show that differences exist between the
simulated switching waveform and the experimental waveform
due to the limited accuracy of the spice device model provided
by the manufacturer. These differences will lead to some mis-
matches in power loss between the simulation and experiment.

The average power loss results obtained by the circuit simu-
lation and the experiment are compared in Table II. Due to the
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TABLE II
COMPARISON OF POWER LOSS RESULTS

Component Simulation (W) Experiment (W)
M, 4.28 4.72
M, 4.31 4.72
M; 4.30 4.72
Dy 0.71 0.79
Ds 0.73 0.79
Ds 0.72 0.79

difficulty in current measurement as described previously, it is
assumed that the current flowing through each chip is the same,
so the power loss of each parallel chip is equal. It can be seen
that there is around a 10% mismatch between the experimental
and simulated power losses. Simulations and experiments for
several other cases also demonstrate that the losses obtained
from circuit simulations and experiments are always in error by
about 10%. To compensate for the limited accuracy of device
models provided by device manufacturers and to avoid complex
device modeling efforts, which is beyond the scope of this article,
the power loss obtained from the circuit simulation is multiplied
by the power loss compensation coefficient 7 (7 = 1.1) to make
the power loss of the circuit simulation as close as possible to
the real one.

On the basis of an accurate circuit model and the thermal-
mechanical model, cosimulations under natural cooling con-
ditions are performed to verify the accuracy of the proposed
cosimulation method. Taking one of the adaptive time step cases
(Case 1) as an example, the corresponding settings are shown in
Fig. 19.

The chip temperature distribution obtained by the adaptive
CTSP cosimulation method in Case 1 is shown in Fig. 24(a). The
steady-state maximum temperature of chips measured by the
thermal camera under the same condition is shown in Fig. 24(b).
The mismatch between cosimulation and experimental temper-
ature results at steady state is below 2 °C, which is less than
3%.

The transient junction temperature change curve of the chip
M, (the chip with the highest temperature) obtained from simu-
lation and experimental measurement in Case 1 and that obtained
from separate thermal simulation is shown in Fig. 25. It can be
seen from the figure that the adaptive time step cosimulation
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Fig. 25. Transient junction temperature change curve of the chip Mg in

simulation and experiment.

method (A.T.S) proposed in this article agrees well with the
experiment in the whole process of simulation (transient change
process and final steady state). In the single thermal simulation
with fixed power loss input, only when the input power loss
data is the power loss data measured at the steady state in
the experiment (FEP.L: 4.72 W), the temperature simulation
results at the steady state are consistent with those at the steady
state in the experiment. There is still a certain error between
the simulation results at the transient change process and the
experimental results. When the input power loss is not accurate,
for example, the input power loss is the power loss calculated
by the circuit simulation at room temperature (F.PL: 4.23 W),
the temperature simulation results of the whole process have
large errors compared with the experimental results. In summary,
compared to the simulation method with fixed loss, the proposed
cosimulation method ensures the accuracy of the input power
loss at different moments by updating the power loss data in
real time. During the cosimulation iteration, the input power
loss will dynamically change with the temperature, as shown in
Fig. 26. The characteristic that power loss follows the dynamic
change of temperature determines that the proposed method has
high simulation accuracy in the whole process of simulation.

The transient junction temperature change curve of the chip
M, in the other three cases measured by the thermal camera
PS610 is shown in Fig. 27. The maximum mismatch between
the transient cosimulation and experimental results is still within
5%, which verifies the high accuracy of the proposed cosimula-
tion method.
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Fig. 27.  Variation curve of chip M2 junction temperature with time obtained
by infrared thermal camera and adaptive CTSP cosimulation in other cases.
(Case2: 400-V dc input voltage, 100-kHz switching frequency, 0.5 duty cycle;
Case3: 400-V dc input voltage, 100-kHz switching frequency, 0.8 duty cycle;
Case4: 450-V dc input voltage, 50-kHz switching frequency, 0.8 duty cycle.
Sim. stands for simulation while Exp. represents experiment.).
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Fig. 28.  Variation curve of chip junction temperature with time obtained by
cosimulation with the adaptive CTSP.

D. Speed Verification of Field-Circuit Coupling Simulation

The temperature curve of chips obtained by the adaptive CTSP
cosimulation following the setup of Fig. 14 in Case 1 is shown
in Fig. 28. It can be seen that the absolute slope in the early stage
of the temperature curve is relatively large. After two iterative
analysis, the derivative | L, (¢;)| (MOSFET My) stays outside the
upper limit of CTSP judgment threshold range. According to the
adaptive adjustment strategy, CTSP should be shortened. Since
the minimum time step is 0.05 s, the system iteration time step
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by infrared thermal camera and cosimulation in Case 1.

TABLE III
COSIMULATION SOLUTION TIME AND MAXIMUM ERROR

Step size Simulation time Maximum error (%)
A.T.S 2h 54min 35
F.T.S:0.05 10h 38min 2.7
F.T.S:0.5s 6h 15min 4.1
F.T.S:2s 4h 32min 52

is set to the minimum value of 0.05 s. At the end of the 128th
simulation iterative cycle, | L, (¢;)| falls below the lower limit of
CTSP judgment threshold for the first time, causing a growing
iteration time step until the maximum CTSP is reached. Then
CTSP remains unchanged.

The cosimulation with fixed time step (F.S.) 0.05, 0.5, or 2,
respectively, is conducted for comparison purposes. Take the
chip My as an example, temperature curves with the adap-
tive time step (A.S.) sequential coupling method and the fixed
time step coupling method are illustrated in Fig. 29. The total
cosimulation solution time and maximum mismatch during the
transient simulation process are given in Table III. The transient
simulations are performed on a computer with 32-GB RAM.

It can be seen from Fig. 29 and Table III that both the adaptive
step sequential coupling method and the sequential coupling
method with a fixed and small CTSP can effectively solve
transient problems. However, the adaptive method dynamically
adjusts CTSP and enables a significant improvement in com-
puting efficiency (3—5 times higher). When a fixed and large
CTSP is used, despite less time, the accuracy of the transient
simulation process is unsatisfactory. The adaptive cosimulation
method proposed in this article can achieve a good balance
between simulation accuracy and speed.

V. CONCLUSION

In this article, an automated field-circuit coupling simulation
software platform is proposed for multichip SiC power module
design. It is worth noting that the software platform is also appli-
cable to other power system designs. This software platform pro-
vides a software interface that can realize the automatic cosim-
ulation of multisoftware. It helps overcomes the incapability of
single simulation software. The developed software interface
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adopts an indirect and bidirectional coupling strategy to realize
real-time, multirate field-circuit coupling simulation. Moreover,
this adaptive time step adjustment strategy can dynamically
adjust the CTSP and achieve high simulation accuracy and
efficiency simultaneously. Simulation and experiments on a buck
converter are conducted to verify the accuracy and efficiency
of the interface-based cosimulation approach. The mismatch
between cosimulation and experimental results is within 5%,
and the simulation efficiency can be improved by 3-5 times.
Future work involves the optimization design of SiC power
modules and heatsinks using the proposed multiphysics cosimu-
lation method and artificial intelligence optimization algorithms.
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