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Abstract: -A scheme of automated multi-level electro-thermal modeling of power PCB modules using software
tools Comsol at the device construction level, SPICE tool at the circuit level, and Asonika-TM tool at board level
was proposed to improve the conventional design approach. The effectiveness of the proposed methodology is
demonstrated in the example of electro-thermal analysis of real power MOSFET driver circuit realized on PCB.
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1 Introduction

To provide effective thermal management of power
electronic systems from the reliability viewpoint, the
electro-thermal simulation of the device/circuit
system in package placed on PCB with cooling
conditions is required, [1], [2]. To realize the electro-
thermal simulation flow, two approaches are used:

1) circuit analysis tool (SPICE like) is coupled
with 3D thermal numerical simulation tool (AnSYS,
[3], Comsol, [4], [5], [6]), for modeling of electro-
thermal processes in the 3D construction of the
electronic module under test;

2) only the circuit-based tool (SPICE like) is used
for electro-thermal simulation of the power PCB
modules. The electronic devices are described by the
electro-thermal SPICE models and packages/heatsinks
are described by the RC thermal networks according
to the thermo-electric analogy, [3], [7], [8], [9], [9],
[10].

The first approach provides the complete electro-
thermal solution for electronic modules. However, its
realization is difficult because of detailed description
of the 3D PCB module construction and much time
spent on numerical simulation of the 3D construction
using the finite-element (FEM) method.

The second approach is more understandable and
convenient for circuit designers because the approach
requires only the circuit simulator, [11]. Its advantage
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is the possibility of fast analysis of electrical
characteristics, power, and temperature.

The acceleration of the motor rotor can cause high
current or voltage jumps in output circuit load that
increases the power loss and device junction
temperature. Therefore, the problem for designers is
to predict the junction temperature in the dynamic
operation. The main task is to minimize the CPU time
of transient response simulation in PCB modules.

Several studies have been done in the direction of
realizing the fast electro-thermal technique for
dynamic analysis. In, [4], the joint ELDO-COMSOL
tools for electro-thermal dynamic simulation of power
MOSFET in the package were used. Unfortunately,
the electrical circuit of the test module was not
considered and the passive device with equivalent
power loss instead of a real MOSFET was used for IR
thermal measurement.

The thermal Cauer networks of IGBTs, [12], and
MOSFETs, [13], were used to minimize the CPU time
for the dynamic analysis. Additional work needs to be
done to further verify the models with junction
temperature measurements.

In, [14], the fast ET simulation model for long
real-time thermal simulation of a three-phase IGBT
inverter power module was presented. The design
technique is original and does not use the standard
commercial tools like SPICE, COMSOL, ANSYS,
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etc. So it is not easy for the engineers to implement
the new technique in the real design system for
practical use.

The authors of, [15], [16] have analyzed different
approaches to electro-thermal design and proposed
simple ET SPICE models of power semiconductor
transistors in packages to minimize simulation time.

Summarizing the critical analysis of the
publications we can conclude that the problem of fast
and easy for implementation electro-thermal
simulation technique is as usual under consideration.
Especially the works with the real practical solutions
that were proposed are required.

In this connection, the presented paper describes
the effective ET solution scheme for the dynamic
behavior of motor driving power module. The
complete chain is discussed: 1) compact SPICE ET
model of power MOSFET in package; 2) package Rr
determination using Comsol solution; 3) coupled
SPICE-ASONIKA-TM technique for ET transient
analysis of PCB electronic module; 4) thermal models
verification by comparison with the results of IR
measurement of the module surface temperature; 5)
MOSFET junction temperature analysis and probable
failure detection; 6) improvement of the module
construction to guarantee the reliability of the driver
circuit and motor winding of coils.

2 Methodology

To provide an effective electro-thermal analysis of the
PCB electronic modules we used multi-level electro-
thermal simulation and both of the mentioned
approaches with addition of infra-red thermal
analysis, [17]. Furthermore, to automize and simplify
this procedure we have developed the special
software tools ST1, ST2, ST3, [18], which were
integrated into the electro-thermal iteration loop in
Figure 1.

Our important innovation in improving the electro-
thermal design process is the automation of the next
processes:

- circuit component powers calculation from the
SPICE analysis,

-transfer the component powers from the SPICE
tool to the thermal simulation tool,

- temperature values transfer from the thermal
simulation stage to the circuit SPICE simulation
stage,
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- power electronic devices and ICs case thermal
subcircuit generation for SPICE electro-thermal
simulation.

For the first three tasks the special software tool
ST2 was developed. For the last task a special Table
with thermal parameters of standard component cases
was formed (Figure 1). The table contained standard
component case names and corresponding parameters
of the case thermal subcircuit. The data in the table
were taken from the components datasheets or the
universal 3D physical software tool Comsol was used
to generate Ry, and Ci elements when the required
thermal parameters were not presented in component
data sheets. The required thermal parameters were
selected from the Table using developed ST1 tool.

As a result the multi-level design methodology,
using Comsol at device construction level, SPICE at
the circuit level, and ASONIKA-TM at board level
was developed.

The tools Comsol, [19], and SPICE, [20], are well
known.

ASONIKA-TM software tool, [21], developed at
Moscow Institute of Electronics and Mathematics was
used for PCB thermal simulation. The tool has the
following advantage: very quick calculation of PCB
thermal mode due to using analytical thermal models
for components thermal and cooling parameters and
numerical simulation for analysis of temperature
distribution along PCB surface.

2.1 Special Software Tools Developed for

Processing  Simulators Data  and
Transferring Information between
Simulators

The details of the developed -electro-thermal

simulation scheme are the next.

The tool ST2 (at the right in Figure 1) provides,
[18]:

- automated, user-controlled calculation of the
circuit element powers in SPICE tool;

- component power values transfer from SPICE to
thermal analysis packages (Comsol, ASONIKA-TM
etc.);

- component temperature values transfer back from
the thermal analysis packages to the SPICE analysis
tool.

The software tool ST1 (at the left in Figure 1)
provides automated generation of thermal subcircuits
for the power component cases and packages, [18], as
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was described upper.

The tool ST3 (at the right in Figure 1) provides
automation of power- temperature transfer between
electrical and thermal subcircuits during SPICE
electro-thermal simulation (it will be illustrated later).
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Fig. 1: Scheme of software tools interactions for electro-thermal modeling and simulation of power circuits on
PCBs used in the present paper

3 Joint Spice, Comsol, Asonika-TM
Simulation and Analysis of Electro-
Thermal Modes of Stepper Motor

Control Circuit
The described scheme of interactions of software
tools in Figure 1 was used by us for electro-thermal
modeling and simulation of power PCB modules and
analysis of power MOSFETs junction temperature
jumps for a power 4-phase stepper motor control
circuit realized on PCB (Figure 2). The circuit is a
bridge with 4 IRFB4615 DMOS transistors for one
phase control, [22]. The four output DMOS
transistors were placed on OMNI-UNI-30-50-D heat
sink, [23], with thermal resistance R¢=4.06 °C/W
under natural convection conditions.

The values of IRFB4615 channel resistance Ras on=
35 Ohm and supply voltage 24 V were used.

E-ISSN: 2224-266X

3.1 Electro-thermal Simulation of the Step
Motor Driver Circuit using the SPICE
Analysis Package

For the electro-thermal simulation of DMOSFET

temperature jumps of the mentioned driver circuit

using the SPICE simulator, the electro-thermal SPICE
model for IRFB4615 DMOSFET has been built. The
model consisted of two interconnected parts:

- the electrical part for the IRFB4615 DMOSFET
with temperature dependent parameters for the
threshold voltage, mobility, and MOSFET channel
Ron and

- the thermal subcircuit for the IRFB4615
DMOSFET case with the current source describing
the dissipated power of the DMOSFET .

Parameters of the electro-thermal model were
defined wusing measured static and dynamic
characteristics of IRFB4615 DMOS FET with
account for the measured MOSFET temperature.
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Fig. 2: Simplified schematic (a) and PCB realization (b) of stepper motor driver circuit
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The hardest (from the electro-thermal point of
view) mode of the motor driver circuit is the motor
holding position mode — the maximum constant DC
current is consumed by the motor in this mode.
Furthermore, this maximal current is provided by the
same MOSFET in this mode. So the motor driver
circuit was simulated and analyzed by us in this mode
of work.
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Fig. 3: Electro-thermal model of IRFB4615 DMOSFET
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Our measurements showed that the driver circuit
reaches a stationary thermal mode for about 50
minutes. Electro-thermal simulation of the driver
circuit with SPICE tool using the original electronic
circuit and with additional thermal sub-circuit (Figure
4) did not allow to reach a stationary thermal mode,
because the time step in SPICE simulation was about
1 us (due to the operating frequency of the circuit 30
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kHz) , but the time constant for the thermal part was
many orders larger (due to large values of thermal
capacitances of transistor case and heat sink). This
problem with very large differences of time constants
for electronic and thermal parts is well known, [24]).
We applied the following simple approach,
accelerating electro-thermal calculation.

Fig. 4: Thermal subcircuit for 4 output power
transistors mounted on heatsink
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Fig. 5: SPICE simulated temperature-time
dependences for power transistor cases in the circuit
Figure 2 after the 4th iteration (the motor is in the

holding position mode)
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The process of temperature and power transfer
was repeated automatically several times (using ST3
tool). This iterative process was finished when small
changes of the power transistor temperature values
(0.5 °C) were reached from one iteration to the next
iteration. In our case it took 4 iterations. Figure 5
shows SPICE simulated temperature dependences of

E-ISSN: 2224-266X

130

Konstantin O. Petrosyants,
Igor A. Kharitonov, Mikhail S. Tegin

output power transistors cases on time after the 4-th
iteration. The y-axis displays power transistor (tvt8,
tvt2, tvt9, tvt3) cases and heatsink (trad) temperatures
in degrees Celsius as the voltage’s values. The x-axis
displays time of the driver working in ksec after its
switched on.

3.2 Electro-thermal Simulation of the Motor
Driver Circuit on PCB using SPICE and
Comsol Packages

To check the correctness of the thermal subcircuit

(Figure 3 and Figure 4) electro-thermal simulation of

the motor driver circuit on PCB was performed using

SPICE and Comsol packages/ The power values of

the output transistors (VT2, VT3, VT8, VT9) of the

circuit Figure 2 were automatically determined from

a SPICE analysis of the circuit when a stationary

thermal regime was reached (see previous paragraph).

Figure 6 (a) shows a 3D image of the power
transistors placed on the heatsink package in Comsol
tool, and Figure 6 (b) shows Comsol simulated
temperature distribution in the power transistors and
heatsink. The temperature values of power transistors
were close to the values obtained from SPICE
analysis of the circuit. A detailed comparison of
thermal analysis results obtained using different
simulation tools will be presented below.

(b)
Fig. 6: 3D view (a) and thermal simulation results of
stepper motor driver power MOSFETs (1 phase) (b)
using Comsol software tool

3.3 Electro-thermal Simulation of the Motor
Driver Circuit on PCB using SPICE and
ASONIKA-TM Software Packages

ASONIKA-TM tool allows quick (few seconds)

thermal analysis of circuits realized on PCB with
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account for real PCB construction features: layer
thicknesses, PCB and electronic component sizes,
convection conditions and more details . The power
values of the transistors (VT2, VT3, VT8, VT9) were
determined from the SPICE analysis of the operation
of the circuit when a stationary thermal mode was
reached (as described in the previous section) and
were transferred from SPICE to Asonika-TM tool,
(using ST2 tool) and the temperature values of power
elements were transferred back to SPICE tool using
the same software tool, at the right in Figure 1).

=
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(b)
Fig. 7: 3D view (a) and thermal simulation results (b)
of all 4 phases of stepper motor driver using Asonika
TM software tool
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Figure 7 (a) presents a 3D image of power transistors
placed on heatsink (for all 4 phases) in Asonika-TM
software package. Powers were supplied to 2 bridges
of 4. Figure 7 (b) presents the simulated temperature
distribution in power transistors and PCB.

3.4 Infrared Thermal Analysis of the
Thermal Mode of the Stepper Motor
Driver Circuit

Flir A-40 thermal imaging camera was used for study
of the thermal model of the stepper motor control
circuit and for verification of the simulation results.
The obtained temperature distribution on power
transistors (of one phase) in a steady state thermal
mode and the motor in the holding position mode is
presented in Figure 8.

78.0°C
70
60
50
30

240°C

Fig. 8: Temperature distribution in 1 phase of stepper
motor driver (Figure 2) measured with Flir A40
thermal imaging camera (in a steady state thermal
mode when the motor is in the holding position
mode)

&

3.5 Analysis of the Obtained Results

Table 1 presents the comparison of the power
transistors temperature values (circuit Figure 2)
obtained by the IR measurement method and by the
simulation methods with the different tools (SPICE,
Comsol u Asonika-TM).

It is seen that the results obtained using the
different thermal analysis packages are quite close to
each other and are confirmed by the results of thermal
IR camera imaging that confirms the correctness of
our electro-thermal simulation process.

3.6 Analysis of the Power MOSFETSs
Temperature Jumps

The most important parameter of PCB driver module

directly related to thermal condition is the reliability.

From this point of view, the motor driver module was
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analyzed in the most hard electro-thermal mode:
ambient temperature 40°C, maximal value of
IRFB4615 channel resistance Rgs on= 39 mOhm,
supply voltage 28 V and the stepper motor has to be
in the holding position mode.

Table 1. comparison of the power transistor
temperature values IR measured and simulated with
SPICE, Comsol and Asonika-TM tools

Tran

sistor T, °C T, °C T, °C o
/ Po\\;//er, (IR (Spice (Asonika ( gz)miol)
heat- measured)| )

sink

VT8 3,04 |72, 70,7 66,76 | 69,2
VT9 | 191 |72,7 68,6 55,35 672
VT2 |0 67,7 64,9 52,37 634
VT3 |4 74,5 72,5 77,84 70,9
Heat-

sink |0 67,3 64,9 - 63,9

For comparison, the conventional operational
mode was simulated with the following PCB module
parameters: Tamb=25°C, Rus on- 35 mOhm, supply
voltage 24 V and the motor is in the holding position
mode too.

Since the MOSFET parameters and power depend
on junction temperature value it is necessary to use
the developed and verified the electro-thermal SPICE
models for power MOS FETs to get the maximal
temperature estimation.

SPICE simulated temperature values of IRFB4615
MOSFET for the most hard electro-thermal mode are
presented in Figure 9 (a). At the upper picture, the y-
axis displays DMOS FETs powers (pavg tvtS,
pavg tvt2, pavg tvt9, pavg tvt3) as the voltage
values. At the bottom picture, the y-axis displays
power transistor (tvt8, tvt2, tvt9, tvt3) cases and
heatsink (trad) temperatures in digress Celsius as the
voltage values. The x-axis displays the time of the
driver's work in ksec after it was switched on. The
circuit entered the holding mode at 6 msec. It is seen
from the Figure 9 (a) (V(tjvt8) curve) that VT3
MOSFET junction maximal temperatures were nearly
115°C — it could result to the MOSFET failure.
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Fig. 9: SPICE simulated DMOSFET powers and
DMOSFET junction temperature jumps for the
hardest thermal mode (a) and for enhanced cooling
conditions - the larger heat sink with R¢=2.5 °C/W

(b).

To guarantee more reliability of the driver circuit
and to enhance MOSFET cooling conditions, a larger
heat sink with less thermal resistance R¢=2.5 °C/W
(instead of 4.06 °C/W) under natural convection
conditions was used Figure 9 (b) presents SPICE
simulated results for this case. It is seen that the
DMOSFET junction maximal temperature (top
graphs on Figure 9 (b)) decreased to 84°C, which
enhances reliability.

4 Conclusion

1. The scheme for multilevel joint electro-thermal
design of power electronic circuits on PCBs using
software tools Comsol, SPICE, ASONIKA-TM and
IR thermal analysis was realized and verified.

2. The special software tools and data table with
the power component thermal properties including
the names of the component cases and the parameters
of their thermal subcircuit (Rri, Cri) were developed
to atomize and simplify the forming thermal models
for power components.
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3. The significant acceleration of electro-thermal
SPICE-ASONIKA-TM simulation process was
achieved (more than 10 times in comparison with the
conventional electro-thermal simulation technique
using coupled SPICE-Comsol tools).

4. The effectiveness of the proposed methodology
was demonstrated at the example of real PCB
construction for motor driver with power MOSFETs.

5. The results obtained using the different thermal
analysis packages were quite close to each other and
were confirmed by the results of thermal IR camera
imaging.

6. The probable thermal failures were detected and
the ways to reduce the MOSFET junction
temperature were proposed.
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