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Abstract. For designing power electronics, especially
high-power-density systems, power loss estimation is
a very important step in the design process. The esti-
mation of losses without using a mathematical method,
but instead using a simulation approach can signifi-
cantly lower design time. In this paper, the estima-
tion of the power losses by the simulation method us-
ing MATLAB Simulink is presented. The main goal
of this paper is the estimation of the worst-case sce-
nario of the inverter losses powering the three-phase
asynchronous motor. Simulation is using real parame-
ters of the used semiconductors to accurately estimate
power losses. The simulation model consists of two
main parts. The first one calculates power losses in
semiconductors based on the provided parameters and
his temperature. The second part calculates the tem-
perature of the system based on the cooling model and
losses calculated by the first system. Results in the form
of the losses are used in the Fusion 360 software to sim-
ulate the temperature distribution of the heatsink. This
simulation is supported by the calculation of the con-
vection coefficient of the heatsink in different airflows.
Additionally, two types of heat transfer were simulated,
convection only and convection plus radiation type of
heat dissipation.
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1. Introduction

Innovation in the field of power electronics leads to
a significant reduction of the power device dimensions.
This results in much higher heat flux generated by

semiconductors. For ensuring the reliability and per-
formance of the design, the recommended junction
temperature of the semiconductor cannot be exceeded.
Therefore, electrical and thermal modeling is of great
interest to ensure the proper function of the device [1],
[2], [3] and [4]. There is a lot of options to estimate
power losses generated by power semiconductor, from
which can be chosen.

The first direct calculation can be used, involving
RMS and AV values of voltage and current. By this
method, all types of power losses can be estimated [5].
Secondly, the indirect calculation of the losses using
instantaneous values of the voltage and current can be
used [6]. For better estimations, static and dynamic
models of the used switch can be used to accurately
estimate power losses. The precision of this result de-
pending on the accuracy of the used model [7]. An-
other approach can be selected using a finite element
approach to estimate temperature and flux distribu-
tion [8], [9] and [10]. Finally, the experimental mea-
surement can be used to estimate losses and cooling,
but this requires a physical sample of the design [11]
and [12].

Many publications use only equations or only the
static parameters of the used semiconductor. In [13],
the forward voltage curve of the IGBT and diode is
linearized. This linearized formula is used to calcu-
late conducting power losses. In [14], energies for
the switching losses are scaled to the target applica-
tion using the values from datasheet given by man-
ufacturer and values given by the target application.
In [15] and [16], the authors calculate the dynamic re-
sistance of the diode and IGBT from the datasheet
curves. Average and RMS values of current are es-
timated, and losses are calculated by the well-known
formula P = VF ·IAVG+RD ·IRMS , where VF and RD

are the forward voltage and dynamic resistance, respec-
tively. These methods are not suitable for the dynamic
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system analysis, for example, in the step change of the
load current. In this publication, instantaneous values
of the collector current IC and collector-emitter volt-
age VCE are used for conductive losses calculation. For
switching losses, instantaneous values of turn-on and
turn-off switching losses are used. For heat dissipa-
tion, the thermal model is created in the next step.
This model uses values of thermal resistance of the
IGBT device from the manufacturer’s datasheet, and
the value of thermal resistance of the used heatsink.
In MATLAB-Simulink, these two models are fused.
The output of the electrical model, which is the total
power loss of the device, is fed into the thermal model.
The thermal model uses this value of power loss to cal-
culate the temperature of the components presented in
the thermal model. The output of the thermal model is
fed back to the electrical model, so the simulation could
use actual temperature for losses calculation because
parameters of the semiconductor switch are tempera-
ture dependent. Finally, the average steady-state losses
produced by MATLAB-Simulink simulation is used in
the next software. For the heat distribution with con-
sidering convection and radiation, the software Fusion
360 is used.

This paper focuses on electro-thermal simulation in
three-phase inverters based on IGBT semiconductor
switches. It should be noted that the presented electro-
thermal model can be used for any converter topology
and transistor. The results of all the simulations and
calculations are in this paper.

2. Loss Estimation Using
MATLAB Simulink

For loss estimation in the three-phase inverter, the
electro-thermal model in MATLAB-Simulink was cre-
ated. The main part of the model is a three-phase
inverter build from IGBT semiconductors. For control-
ling inverter and generating proper firing pulses, Field
Oriented Control (FOC) is used. For load, induction
motor fed by this inverter is considered. For loss cal-
culation, characteristics of used semiconductors were
added to the switch model. Included characteristics are
collector current as a function of saturation voltage and
temperature IC = f(VTce, T ), and switching losses vs.
collector current and temperature, EOFF = f(IC , T )
and EON = f(IC , T ). For the body diode losses, char-
acteristic of forward voltage vs forward current and
temperature IF = f(VDf , T ) involving recovery losses
was used. All characteristics consist of two curves
for different temperatures, in this case, for 25 ◦C and
175 ◦C. Different temperatures can be used too, de-
pending on manufacturer specifications. Losses gener-
ated by this model are used by the thermal model.

The classical model of the IGBT transistor is rep-
resented by the resistor substitution. So, when the
transistor is on, the model is represented by the on-
resistance, and when the IGBT is turned off, the model
is represented by the snubber resistance and snubber
capacitance. This is a basic Simulink IGBTmodel from
the library powerlib. From the measured values of the
current and the voltage, basic look-up tables are used
to estimate the turn-on/turn-off energies with consid-
eration of the temperature too. Look-up tables are
generated from the provided data from the datasheet
shown in Fig. 2.

Fig. 1: Simulink model of the IGBT power loss calculation.

The thermal model uses thermal resistance of the
heatsink and heat-conducting pad to estimate the tem-
perature at different parts of the model, as junction,
case, and heatsink. The value of the actual junction
temperature is fed back to the electrical model, as
shown in Fig. 1, where it is used to estimate turn on
and turn off energies and forward voltages of IGBT
and internal diode from previously mentioned char-
acteristics. This inverter will be powering the induc-
tion motor for simulation of electric vehicle movement.
Because of the character of the induction motor and
the fact that the motor is variable load and can be op-
erated at different speeds and different loads, a crucial
step to investigate power losses in the inverter is de-
termine in what conditions power losses are highest.
The heatsink of the device must be designed for the
worst-case scenario of the inverter operation. For this
purpose, the parametric simulation was created.
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Fig. 2: IGBT data used in the simulation.

At this point, it should be noted that the operation of
the electric motor at lower frequencies is less efficient.
Even the operation of an electric vehicle in the city
is not at speed around zero but runs at one-third of
the nominal speed, except the start of the car. The
parameters for simulation were the speed of the motor
and load torque. Therefore, the motor speed values
(1400 1250 1000 750 500) RPM and the torque values
(10 20 30 40 50) Nm were chosen.
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Fig. 3: Diode data used in this simulation.

In total, 25 simulations must be performed to gather
all necessary data. MATLAB script was written, con-
taining two loops, one loop is for speed selection and
the second for the torque selection. Then, parametric
simulation is running through the command line auto-
matically.

When the simulation model in Simulink is started,
the motor is running at speed defined by the script.
After two seconds, the load is attached to the shaft
of the motor. When all monitored values reach the
steady-state, the mean value is gathered from the last
10000 samples. All monitored data are stored in the
array variables. Then, a new simulation with new pa-
rameters is started, and the process is repeating.

After the process is finished, results from simulations
are analyzed. The most important are the steady-state
inverter losses in Fig. 4.
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Fig. 4: Simulated power losses of the inverter.

As expected, the results show that power losses of the
inverter are not highest at nominal speed and nominal
torque, but at the lowest simulated speed and maxi-
mum torque. Power losses at lower speeds are higher
because of lower back EMF of the motor and higher
current at full torque. Because of that, the heatsink
must be designed for the worst-case scenario. In this
case, the power loss is about 87 W.

In the thermal model, a heatsink with a thermal re-
sistance of 0.65 ◦C·W−1 was used. This value of ther-
mal resistance was measured at real heatsink with the
use of power resistors. The power resistors were sim-
ulating power losses from transistors. The heatsink
was closed to the enclosure to avoid airflow and main-
tain uniform conditions. Resistors were powered by the
known current to generate known power losses. Multi-
ple temperature sensors were mounted to monitor the
temperature of the heatsink at different points. When
the steady-state is reached, the thermal resistance of
the heatsink is calculated by the following formula:

Rha =
Th − Ta
PTOT

, (1)

where Rha represents heatsink thermal resistance,
Th and Ta are the heatsink and ambient temperature,
respectively. Finally, PTOT represents power losses.
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In Fig. 5, the heatsink temperature of the inverter
at different speeds and torque is shown. All values are
shown for heatsink thermal resistance 0.65 ◦C·W−1.
This is the value with no airflow around the heatsink.
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Fig. 5: Simulated temperature of the heatsink.
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Fig. 6: Simulated inverter efficiency.

From simulation data, the efficiency of the inverter
can be calculated too. The results of the simulation for
the inverter efficiency can be seen in Fig. 6.

The efficiency of the inverter is lowest at the lowest
speed and lowest torque. The losses are quite high,
but inverter output power is low, which means low
efficiency of the inverter about 64 % at this condi-
tion. The highest efficiency is at speed 1400 RPM and
shaft torque 50 Nm. This means output motor power
approximately 7400 W and inverter efficiency about
99.2 %.

The values of the temperatures at different points of
the system from the thermal simulation were gathered
too. In Fig. 7, the temperatures at different points of

the system can be seen. The exponential rise of the
temperature is given by the thermal capacitance of the
heatsink. This simulation was made at 500 RPM and
50 Nm load because of the highest power losses.

Fig. 7: Temperatures from the simulation at 500 RPM and
50 Nm.

The steady-state temperature of the heatsink
is 76 ◦C, the junction temperature oscillates around
90 ◦C, and the case temperature around 88 ◦C. The os-
cillation is caused by the thermal capacity of the used
transistor.

3. Heat Distribution
Simulation Using
the Fusion 360

Recently, a new feature was added to the Fusion 360
3D modeling software. This function can calculate
and simulate temperature and heat flux distribution
in drawn 3D models. The first step is to draw a model
of the used heatsink in the sketch mode. Another part
that needs to be drawn is the IGBT model. For this,
we choose the three-part model, case, junction, and
backplate as different parts. This leads to a better
determination of the heat spreading through the com-
ponent. When all parts are modeled, they are joined
to the one final model used in the thermal simulation
shown in Fig. 8.

For this simulation, the next step is the material
definition. Materials need to be defined for each com-
ponent. The program offers a wide range of used mate-
rials. The material has defined all necessary properties
needed for the simulation. For the heatsink, aluminum
material was chosen. IGBT case was defined as epoxy
resin and the IGBT junction and heatsink as copper.
This definition is made based on [17], where copper
leads to similar features as the IGBT construction.
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The next step is the definition of the places and ar-
eas where heat is generated and where it is dissipated
in the simulated system. The junction of each modeled
IGBT was set as an internal heat source with a value of
14.5 W. This is a place where heat is generated in the
simulated system. Next, areas where heat can be dis-
sipated are defined. The area of the heatsink is a place
where heat can be dissipated to the surrounding air,
and in this place, convection heat transfer occurs. For
this constant, different values can be selected based on
material temperature and airflow around heatsink ribs.
For no airflow, the value of convection was calculated
with the use of [18].

Fig. 8: Fusion 360 3D model of the heatsink and IGBT struc-
ture.
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Fig. 9: The result from the convection coefficient estimation.

This document uses the physical dimensions of the
heatsink to estimate the value of the convection. This

method is iterative, so the script in MATLAB was writ-
ten. In total, ten iterations were performed to precisely
estimate heatsink convection value. A graph of the con-
vection value as a function of iteration can be seen in
Fig. 9.

Based on this estimation, the value of 4.64 W·m−2.
K was used as convection value for the Fusion 360 simu-
lation. The iteration method is capable of temperature
calculation too. In the first step, the heatsink temper-
ature is estimated. With this temperature, the Nusselt
number is calculated. With Nusselt number known,
convection value and new heatsink temperature are cal-
culated. Then, with a new heatsink temperature, the
Nusselt number is recalculated again. These steps are
made until the result is a steady-state number. The
result of calculated heatsink temperature using the it-
erative method can be seen in Fig. 10.
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Fig. 10: Heatsink temperature calculated by the iteration
method.

It is important to remember, this estimation consid-
ering only convection heat transfer from the heatsink
to air. So, the simulation in Fusion was made only
with convection transfer too. The results can be seen
in Fig. 11.

The average heatsink temperature was estimated to
be 75.8 ◦C. The program offers point probe placing
to investigate temperature at different places at the
heatsink. For further investigation, another type of
heat transfer was used. The emissivity coefficient for
the heatsink and IGBT case was used based on well-
known values for materials. For the shiny aluminum
emissivity coefficient, 0.08 was used. IGBT case is
usually made from black epoxy, so the emissivity co-
efficient was set to 0.98. With another type of heat
transfer, the simulation was run again, and the results
can be seen in Fig. 12.
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As can be seen, temperatures at the heatsink surface
drop. The average temperature of the heatsink was
estimated to be 69.4 ◦C.

The value of the convection coefficient is airflow de-
pendent too. If forced air circulation needs to be simu-
lated and investigated, the value of the convection must
be adjusted accordingly.
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Fig. 11: The result from the simulation using only convection
heat transfer.
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Fig. 12: The result from the simulation using convection and
radiation heat transfer.

4. Heat Transfer Coefficient
Estimation with Airflow

With the use of [19] and [20] based on heatsink di-
mensions and air constants, convection constant can

be calculated. Derived formula from [19] for Nusselt
number Nu was used:

Nu =

 1(
Reb · Pr

2

)3+

+
1(

0.664 ·
√
Reb · P 0.33

r ·
√

1 +
3.65√
Reb

)3


−0.33

, (2)

where Pr represents Prandtl number, and Reb repre-
sents the modified channel Reynolds number calculated
as:

Reb =
U · b
v
· b
L
, (3)

where U represents air velocity, b is the heatsink chan-
nel width, v is the kinematic viscosity of the air, and
L represents heatsink length. In Eq. (2), Prandtl num-
ber Pr is calculated as:

Pr =
µ · Cp

k
, (4)

where µ represents dynamic viscosity of the air, Cp is
the specific heat of the air, and k is the thermal con-
ductivity of the air. With all these equations, the script
was created in MATLAB to calculate the dependency
of the heat transfer coefficient at air velocity. The heat
transfer coefficient is calculated based on the Nusselt
number calculated in Eq. (2) as:

h = Nu ·
k

b
, (5)

where Nu represents a Nusselt number calculated in
Eq. (2), k represents thermal conductivity of the air,
and b is the heatsink channel width. The results of the
calculations can be seen in Fig. 13.

These calculated values can be used in the Fusion
360 to visualize heat spreading in the heatsink at dif-
ferent air velocity. When the thermal resistance of the
heatsink from Eq. (5) is known, temperature can be
calculated too. The result is in Fig. 14.

The value from Fig. 14 and visualization from Fig. 15
shows a good correlation between the calculated and
simulated temperature by considering the value of air
velocity 1 m·s−1. An average simulated temperature
at the heatsink, considering only convection, is shown
in Fig. 15. The average temperature of the heatsink is
54.8 ◦C. On the other side, the temperature, consider-
ing also radiation, is depicted in Fig. 16.

c© 2020 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 165



POWER ENGINEERING AND ELECTRICAL ENGINEERING VOLUME: 18 | NUMBER: 3 | 2020 | SEPTEMBER

0 1 2 3 4 5 6

Air velocity (m s-1)

4

6

8

10

12

14

16

18

20

H
ea

t t
ra

ns
fe

r 
co

ef
fic

ie
nt

 (
W

m
-2

K
)

Heat transfer coefficient vs air speed

h=f(v)

Fig. 13: The calculated dependency of the convection coeffi-
cient.
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Fig. 14: Heatsink temperature vs. air velocity.
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Fig. 15: Simulated results at air velocity 1 m·s−1 - convection
only.
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Fig. 16: Simulated results at air velocity 1 m·s−1 - convection
and radiation.

5. Discussion

The difference between the proposed methods is that
the first-mentioned one needs the value of heatsink
thermal resistance for temperature calculation. The
other method (Fusion 360) uses the geometry of the
heatsink, the estimated power losses, and the convec-
tion coefficient to simulate heat spreading. The worst-
case scenario losses were estimated to be 87 W, and
this value was used to estimating the heat spreading of
the heatsink.

The MATLAB simulation considers only convection
for temperature calculation as well as the iterative
method. The Fusion 360 can utilize both the convec-
tion and radiation. By comparing Fig. 7 and Fig. 11,
we can see that the calculated (76 ◦C) and visualized
(75.8 ◦C) temperatures of the heatsink are nearly the
same. The same results occur for the junction and case
temperature. It should be noted that the mentioned re-
sults are for the convection analysis. The convection
coefficient was calculated with the use of the heat trans-
fer formula [19] and iterative method as well, Fig. 9.
This coefficient includes heatsink dimensions and no
forced airflow, only natural convection. The simula-
tion in Fusion 360 then shows heat spreading in the
heatsink, Fig. 11. Another simulation includes radia-
tion in addition to convection, Fig. 12.

If forced airflow is required, Eq. (2), Eq. (3), Eq. (4)
and Eq. (5) were used to calculate the heat transfer co-
efficient at different airflows. The results are shown in
Fig. 13. According to Fig. 14, the steady-state temper-
ature of the heatsink can be designed depending on the
air velocity. The value of the heat transfer coefficient
can be then used to visualize heat spreading at differ-
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ent air velocity in Fusion 360. In case the convection
and radiation are considered, the average temperature
is 52.9 ◦C, as shown in Fig. 16.

Therefore, if the natural convection is used, the
MATLAB method is satisfactory for the fast design
of the heatsink. If the forced cooling is required,
the MATLAB method is complemented by the finite
element method using Fusion 360 and the iteration
method. It must be said that the presented model can
be used for any converter and any transistors. How-
ever, the converter topology must be modified, and the
characteristics of the transistor must be specified.

6. Conclusion

This paper discusses IGBT power loss estimation in
three-phase inverter using the simulation method in
MATLAB Simulink. The main advantage of this
method is fast loss estimation, where different IGBT
models can be added fast. The model calculates all
losses, switching and conducting in transistor and in-
ternal diode too. Based on this, the power loss of
the three-phase inverter at different working conditions
was investigated. The main goal of this investigation
was the worst-case scenario loss estimation. For this
aim, the parametric simulation was used. The highest
losses were at the lowest RPM and highest simulated
torque, because of low BEMF and high inverter cur-
rents. The selected heatsink is capable of the inverter
cooling in the worst-case scenario, but forced airflow
is needed to ensure that the semiconductors will have
lower temperatures, which can improve lifetime and re-
liability.

The proposed MATLAB Simulink method is a fast
way to determine losses in different converters topolo-
gies because the model can be reconfigured to the re-
quired topology as well as calculating the heatsink,
case, and junction temperature. The design of the
heatsink using Fusion 360 software is a tool to visu-
alize the temperature, but the value of the convection
coefficient must be known. The comparison of the two
methods gives a good match of results, and therefore,
the proposed method can be used as a basis in the
design of power converters ant its cooling solutions.
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