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Abstract—Large temperature jumps in the structures of power semiconductor devices when they are turned
on and off significantly reduce the reliability of power circuits. The widely used electrothermal modeling
approaches for thermal circuits have a number of disadvantages: the use of interconnected Spice simulators
and the numerical 3D thermal field modeling tool requires a detailed description of 3D structures and signif-
icant computer time; the use of only Spice-like simulators of electrical circuits for mixed electrothermal mod-
eling requires the creation of electrothermal models of power components and significant CPU time costs
due to the large difference in the time constants of the electrical and thermal parts. In this study, an improved
scheme of multilevel automated electrothermal modeling and simulation of power electronic components
using the Comsol software at the semiconductor device level, Spice simulation at the circuit level, and the
Asonika-TM system at the printed circuit board (PCB) level is proposed and implemented. The developed
additional software tools for the implementation of the proposed route are described, providing automation
of the power calculation processes of components of power circuits, transferring the obtained values to a ther-
mal simulation tool, and forming electrothermal models of the circuit components. The correctness of the
proposed modeling scheme is confirmed by the results of thermal-imaging analysis using an IR camera. The
effectiveness of the proposed methodology is demonstrated through the example of a real PCB design with
high-power MOSFETs for controlling a power stepper motor. In the analyzed circuit, a possible thermal fail-
ure of the output DMOSFETs due to their overheating is revealed. To improve the conditions for reducing
their temperature, it is proposed to use a larger electrode radiator with lower thermal resistance.

Keywords: power component, power circuit, MOSFET, PCB, Spice simulator, electrothermal modeling,

thermal circuits, IR measurements
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INTRODUCTION

Temperature jumps in the structures of semicon-
ductor devices due to switching them on and off are
one of the main causes of the failure of power compo-
nents in high-power circuits on printed circuit boards
(PCBs) designed to control motors and other actua-
tors. Accordingly, to ensure the reliable operation of
power circuits installed on PCBs, it is necessary to
estimate and predict the electrothermal transient
characteristics in power circuit components taking
into account the cooling conditions. Traditionally, two
main approaches are used for electrical thermal mod-
eling at the PCB and block levels.

The first approach is the use of interconnected
Spice-like electrical circuit simulators and 3D numer-
ical thermal field modeling packages based on the
AnSYS, Flotherm, Comsol, etc., packages [1—4]. In
this case, a complete solution to the problem of elec-
trothermal modeling of power electronic circuits is
provided, but its implementation is complex due to the

need for a 3D description of the design and the time
costs of obtaining an iterative numerical solution.

The second approach is to use only Spice-like cir-
cuit simulators for mixed electrothermal modeling of
the original electronic circuit and electrothermal sub-
circuits for power electronic components. Component
housings and cooling radiators are described by the
thermal parameters [5—8]. This approach uses simpler
descriptions of the thermal parameters of components,
requires less time, and the thermal conditions of the cir-
cuit components can be assessed at the circuit develop-
ment stage, which is convenient for developers [8]. This
approach is used in some Spice simulators [9—11], but
for a very limited set of components. In addition, the
generation of thermal circuits of electronic compo-
nents in [9—11] is not automated.

Thus, to date there is no universal solution for ana-
lyzing the electrothermal modes of components of
high-power circuits. The aim of this study is to sim-
plify and automate the electrothermal calculations of
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Fig. 1. Scheme of interaction of software tools in electrothermal modeling of power circuits on PCBs (developed software tools

are highlighted with a dotted line).

power electronic circuits implemented on PCBs. To
solve the problem, the following steps are proposed:

— use of the faster Asonika-TM software tool [12]
for 2.5D thermal analysis of PCBs instead of tradi-
tional 3D thermal analysis packages;

— implementation of additional software for auto-
mating the transfer of power values and component
temperatures between the Spice analysis package and
the Asonika-M package;

— automation of the process of calculating the
power of components of a power circuit.

SOFTWARE TOOLS
AND OBJECT OF RESEARCH

LTSpice was used as an electrical circuit simulator.
To simplify the process of electrothermal modeling of
power circuits mounted on PCBs, specialized software
tools were developed for processing data and transfer-
ring it between simulators [13—16] (Fig. 1).

The ST1 software tool provides automatic genera-
tion of thermal subcircuits for power component
housings of the circuit, taking into account the con-
nected cooling radiator. ST1 uses thermal parameters
of component packages from a specially created Excel

RUSSIAN MICROELECTRONICS

table with detailed thermal parameters of widely used
power transistor and diode packages.

The ST?2 software tool has the following capabilities:
automated and user-controlled power determination of
P; circuit elements in the Spice analysis program; trans-
fer of power P; components from Spice to thermal anal-
ysis packages Comsol, Asonika-TM, etc.; and transfer
of temperature values 7; of components from thermal
analysis packages to the Spice analysis program.

The ST3 software tool provides automation of a
two-stage iterative electrothermal calculation of a cir-
cuit using only Spice analysis:

— launches the calculation of the initial circuit
together with the full electrothermal model in the
LTSpice simulator for several cycles of the circuit
operation, and obtains from it the calculated average
values of the power of the power components;

— launches the LTSpice simulator with a separate
thermal subcircuit for high-power components with
averaged component power values, determines the aver-
age temperatures of component housings in the steady-
state thermal conditions based on the results of the Spice
analysis of the thermal subcircuit and transfers them to
the original circuit along with the thermal subcircuit.
Vol. 54
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Fig. 2. Output section scheme of power motor control circuit (a) and its design on a PCB (b).

The specified iterative process is repeated until the
specified error in calculating the component tempera-
tures is achieved.

In addition to Comsol 3D modeling [13], we used
the 2.5D Asonika-TM thermal modeling tool [12],
developed at Tikhonov Moscow Institute of Electron-
ics and Mathematics (MIEM). The program has the
following advantage: fast calculation of the thermal
mode of the PCB due to analytical thermal models for
the board components. A set of software tools (see
Fig. 1) developed and manufactured by OOO Kom-
peks-T (Moscow) were used for the electrothermal
analysis of the control circuit of a power four-phase
stepper motor (Fig. 2). The circuit is a bridge with four
IRFB4615 DMOSFETs per motor phase [17]. Each
DMOSFET was placed on an OMNI-UNI-30-50-D
[ 18] heatsink with thermal resistance of Ry = 4.06°C/W
with natural convection. The IRFB4615 transistor has the
typical on-state channel resistance of Ry, ., = 35 mQ. The
entire circuit is powered by a 24 V voltage source.

ELECTROTHERMAL MODELING
OF STEPPER MOTOR DRIVER CIRCUIT

Spice modeling. To analyze the thermal conditions
of the control circuit board (see Fig.2) using the
Vol. 54
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Comsol, Asonika-TM, and other packages, the values
of the output transistor power in the steady-state tem-
perature mode of the board together with the cooling
radiators are required. The transistors’ power depends
on their temperature, and the driver circuit reaches a
steady-state thermal mode in about 50 min. Detailed
electrothermal Spice modeling of the driver circuit
using the original electronic circuit (see Fig. 2) and an
additional thermal subcircuit for power components
(Fig. 3) did not allow achieving a steady-state thermal
regime due to the unacceptably high processor time
costs, since the time step in Spice modeling was about
1 us due to the operating frequency of the circuit being
30 kHz, but the time constant of the thermal part is
many orders of magnitude greater (due to the large
values of the thermal capacitances of the housing of
the transistor and radiator). This problem of electro-
thermal modeling of circuits with a very large differ-
ence in time constants for the electronic and thermal
parts is well known [7, 19].

The following approach, which significantly speeds
up the electrothermal calculation, is used in this study.
Using the developed ST2 software tool and a prepared
table with thermal parameters of widely used power
element housings, an equivalent thermal subcircuit
was automatically generated for transistors V12, VT3,

2025
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Fig. 3. Thermal diagram of four-output DMOSFETs mounted on a heatsink.

VT8, and VT9, taking into account their housing
parameters and radiator data. From the original Spice
control circuit (see Fig. 2a), using the auxiliary pro-
gram ST1, the average powers of transistors VI2, VI3,
VT8, and VT9 were automatically determined during
the operation of the circuit for =15 ms at a fixed ambi-
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0.6 1.2 1.8 2.4 3.0
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Fig. 4. Spice simulated dependence of the temperature of
the crystals of MOSFETs VT2, VT3, VTS, VT9 (see Fig. 2)
and the radiator on time after the fourth iteration by tem-
perature.
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ent temperature of 40°C. Then the transistor powers
were substituted into the generated thermal diagram
(see Fig. 3) and the temperature of transistors V12,
VT3, VT8, and VT9 in the steady-state thermal mode
was calculated, using Spice analysis only with the ther-
mal circuit. A simple thermal RC-chain is modeled
quickly. Then iteratively using the ST3 program in the
original control circuit (see Fig. 2a), we transmitted
the temperature values of transistors VI2, VI3, VT8,
and VT9, calculated according to the thermal diagram
(see Fig. 3), and we determined the new power values
of these transistors. The process of transferring the
temperature and power values was repeated several
times. This iterative process ended when predeter-
mined small changes in the power and temperature
values of the power transistors (tenths of a degree)
were achieved from iteration-to-iteration. Thus, four
iterations were required. Figure 4 shows the tempera-
ture dependences of the output power transistor
housings on time after the fourth iteration, simulated
using Spice.

Comsol-modeling. The power values of the output
transistors VI2, VI3, VI8, and VT9 of the control cir-
cuit when the circuit entered a steady-state thermal
mode were transferred to the Comsol 3D thermal mod-
eling package, where 3D descriptions of the transistor
housings and radiators were generated. A 3D image of
the power transistors placed on the radiator housing in
the Comsol package is shown in Fig. 5a; and the tem-
Vol. 54
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(b)

Fig. 5. 3D image of power mounted on heat-sink case (a), and temperature distribution in power MOSFETS and heat-sink (b),

simulated in the Comsol package.

perature distribution in the power transistors and
radiator simulated using Comsol, in Fig. 5b. The
obtained values of the power transistor temperatures
are close to the values obtained in the Spice analysis
of the circuit, which indicates the correctness of the
applied thermal parameters of the housings of the
transistors and radiators.

Modeling in the Asonika-TM software package. To
evaluate the temperature distribution on the control
circuit board, the board and the power transistors are
described in the Asonika-TM package. The power val-
ues of transistors VT2, VT3, VTS, and VT9 were deter-
mined in the Spice modeling of the circuit operation
when it reached the steady-state thermal mode and
were transferred from the Spice program to the Ason-
ika-TM program [14], and the temperature values of
the power elements were transferred back to the Spice
program using the ST2 tool.

A 3D image of the power transistors placed on a
radiator (for transistors of all four phases) is presented
in the Asonika-TM software package in Fig. 6a. Power
was supplied to two of the four bridges. The simulated
temperature distribution in the operating power tran-
sistors and PCB is shown in Fig. 6b.

THERMAL IMAGING ANALYSIS
OF THE THERMAL CONDITIONS
OF THE MOTOR CONTROL CIRCUIT BOARD

To study the thermal conditions of the stepper
motor control circuit board and to verify the results of
electrothermal modeling, a Flir A-40 thermal imaging
camera was used. The obtained temperature distribu-
tion on the power transistors (one phase) in the
steady-state thermal mode is shown in Fig. 7.

Table 1 shows the temperature values of high-power
transistors obtained by IR measurements and as a
result of modeling using the Spice, Comsol, and
Asonika-TM software. It is clear that the obtained
results correspond to each other in their values.

The most important parameter of the PCB driver
module, directly related to thermal effects, is reliabil-
ity. In relation to this, the PCB module was analyzed
in a strict electrothermal mode corresponding to the
following operating conditions of the block: ambient
temperature of 40°C, maximum channel resistance
value IRFB4615 Ry ,, = 39 mQ, and supply voltage
28 V. For this purpose, the developed electrothermal
Spice model of the DMOSFET IRFB4615 was used.

Table 1. Temperature values of power transistors of the control circuit

Software
Transistor Power, W IR measurement
Spice Asonika-TM Comsol
VT8 3.04 72.1 70.7 66.76 73.3
V19 1.91 72.7 68.6 55.35 71.0
VT2 0 67.7 64.9 31.37 674
VT3 4 74.5 72.5 77.84 75.2
Radiator 0 67.3 64.9 - 67.4
RUSSIAN MICROELECTRONICS Vol.54 No.7 2025
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MOSFETS and PCB (b), modeled in the Asonika-TM software package.

The temperature jumps of MOSFETs VT2, VT3,
VT8, and VT9 for a hard electrothermal mode, simu-
lated by the Spice program, are shown in Fig. 8a. It
can be seen that the maximum junction temperatures
of the VI3 MOSFET were about 115°C, which can
lead to the failure of the MOSFET. To improve cool-
ing conditions, it is proposed to use a larger radiator
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Fig. 7. Temperature distribution in power transistors (one
phase) in steady-state thermal mode, measured using a
Flir A40 thermal imager.

RUSSIAN MICROELECTRONICS

with lower thermal resistance Ry = 2.5°C/W (instead
of Ry = 4.06°C/W) under natural convection condi-
tions. The results of the Spice modeling of the tem-
perature values for this case are given in Fig. 8b. The
maximum junction temperatures of MOSFETSs reach
lower values (84°C). This is acceptable in terms of the
reliability of the circuit.

CONCLUSIONS

The developed additional software tools provide
the automated determination of the circuit element
powers in the Spice modeling program; transfer of the
element temperature values to the thermal modeling
package (Comsol, Asonika-TM, etc.); transfer of the
circuit element temperature values from the thermal
modeling package back to the Spice circuit modeling
package; and automated transfer of the component
power and temperature values between the Spice cal-
culation of the original circuit and the Spice calcula-
tion of the thermal subcircuit for the circuit’s high-
power components. The created special database of
thermal characteristics for power components, includ-
Vol. 54
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ing the names of component housings and their ther-
mal diagram parameters (R,;, C,), significantly simpli-
fies and speeds up the process of automated formation
of thermal subcircuits of electronic module compo-
nent circuits.

An analysis of the electrothermal regime of a real
PCB for controlling a power stepper motor with power
DMOSFETSs showed the effectiveness of the proposed
method. A significant acceleration of the electrother-
mal modeling process (more than 10 times) has been
achieved compared to manual generation of a thermal
subcircuit for an electronic component circuit. The
proposed and analyzed methods allow us to reduce the
temperature values of the output DMOSFETs when
detecting possible thermal failures.
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