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Modelling and Design of Active Thermal Controls
for Power Electronics of Motor Drive Applications

Ionut Vernica, and Frede Blaabjerg
Department of Energy Technology, Aalborg University
Pontoppidanstreede 101, 9220 Aalborg @st, Denmark

Email: iov@et.aau.dk, and fbl@et.aau.dk

Abstract—One of the major factors that affects the overall
efficiency and reliability of power electronics systems is the
dynamical variation of the thermal stress which occurs in the
power semiconductor devices. Therefore, the main objective of
this paper consists of designing and implementing a series of
active thermal control methods for the power devices of a
motor drive application. The motor drive system together with
the thermal cycling of the power devices have been modelled,
and adverse temperature swings could be noticed during the
start-up and deceleration periods of the motor. Based on the
electrical response of the system, the junction temperature of
the semiconductor devices is estimated, and consequently three
active thermal control methods are proposed and practically
designed with respect to the following parameters: switching
frequency, deceleration slope and modulation technique. Finally,
experimental results are provided in order to validate the
effectiveness of the proposed control methods.

Index Terms—Thermal cycling, active thermal control, power
device, motor drive system, temperature estimation.

[. INTRODUCTION

Power electronics are being widely used in many mission-
critical applications such as renewable power generation,
power transmission, traction applications or motor drives,
and due to their essential role within power systems, the
reliability of the power converter is one of the main factors
that influences the overall efficiency and cost of the system.

As a result, numerous studies have been carried out in order
to identify the main causes of failure in power converters.
In [1] it has been shown that the most fragile components
of the power electronic system are the power semiconductor
devices. According to [2]-[3], the high probability of failure
in the power devices is primarily due to the thermal cycling
which occurs in the device. These adverse temperature swings
are mainly caused by the fluctuating load of the converter or
environmental temperature variations, leading to some of the
most common failure mechanisms which can appear in power
modules, such as bond wire lift-off or solder cracks [4]-[5].

The aforementioned problems can also be frequently seen
in motor drive applications, such as the study case discussed
in this paper. During the start-up and braking periods of the
motor, the large amplitude of the current and the fact that the
machine operates at low fundamental frequency can lead to
high temperature swings in the power semiconductor devices
[6], which can quickly wear-out the connection inside the
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power devices, resulting in unsatisfied reliability performance
and high cost of energy conversion.

Therefore, the analysis and control of the thermal loading of
the power semiconductor devices is of great importance. An
overview of the active thermal control techniques proposed
throughout the literature is given in [7]. Various methods
of controlling the junction temperature of power devices
have been investigated, such as: switching frequency based
hysteresis controller [8], region-based active thermal control
[9] or modulation technique adjustment [10]-[11].

Unlike previously studied thermal control methods, where
junction temperature feedback or complex controller design is
required, within this paper an active thermal control technique
based on the online junction temperature estimation of the
power devices is proposed. In order to achieve the given
objective, the motor drive model together with the thermal
cycling of the power semiconductor devices is modelled, and
the dynamic behaviour of the system is investigated under
typical motor drive mission profiles. Based on the electrical
response of the system, the junction temperature estimation of
the transistor and the power diode is derived.

According to the estimated temperature of the devices,
a thermal controller can thereby be designed in order to
reduce the temperature swings which occur in the power
semiconductor devices by adjusting the switching frequency,
modulation technique or the deceleration slope. Finally, the
simulation results are validated through experimental work.

II. MODELLING OF THE THERMAL CYCLING IN THE
POWER SEMICONDUCTOR DEVICES

A. Motor Drive Model

A typical motor drive application system is first designed
as the study case. The system consists of a Permanent Magnet
Synchronous Motor (PMSM) connect to the grid through a
back-to-back three-level Neutral Point Clamped converter (3L-
NPC), as shown in Fig. 1. The speed control of the motor is
assured by means of Field Oriented Control (FOC), while the
switching sequence of the power semiconductor devices of the
converter is generated by a Sinusoidal Pulse Width Modulation
(SPWM) technique. In this paper only the upper MOSFET
(T) and the clamping diode (Ds) of the machine side converter
will be analyzed. The parameters of the motor drive system
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Fig. 1. Grid connected motor drive with back-to-back 3L-NPC.

are shown in Table I, while the power module choice is an
IGBT module with a rated current of 30 A.

TABLE 1. Motor drive parameters.

Parameter \ Symbol  Value Unit
Output Power Py 9200 [W1]
Nominal Voltage |7 350 4
Max. Current LImax 21.43 [A]
Nominal Torque Th 12.55 [Nm]
Inertia J 0.011 [Kgm?]
Nominal Speed Nn 7000 [rpm]
Nr. Pole Pairs Npp 1 [-]
Supply Voltage Vi 400 [V]
Switching Frequency fsw 16 [kHz]

B. Power Loss Model

Based on the studies carried out in [12]-[14], it has been
concluded that the total power losses of semiconductor devices
are composed of conduction losses and switching losses. The
conduction losses can be determined by using the following
equation:

Peona@ry /15 = Veonde Ty, /5 (Gabe ) tabe-dabe (1)

where, Vionaer, /1 Tepresents the conduction voltage of the
power device at a certain low (77) or high (Tj) reference
junction temperature, i, represents the three-phase current
of the PMSM, and d;. represents the duty cycle.

Similarly, the switching losses can be calculated as follows:

Paery /ma = fsw Eswery /i 2)

where, fs,, represents the switching frequency and Eye1, /7y
is the switching energy of the device at a certain low (717) or
high (1) reference junction temperature.

Due to the dependency between the loss characteristics and
temperature, which was highlighted in [12]-[14], the junction
temperature of the power device can be introduced as a
feedback from the thermal model. Thus, the conduction or
switching losses of the transistor or diode can be computed
by using the following equation:

-Psw/con@TH - Psw/con@TL

Psw ‘con P = T, =T -Psw con
lcon@T); Ty — 1T}, (T} ) + P @(T;)

The total losses of the power semiconductor device can be
found by adding together the conduction and switching losses.

Pdevice@Tj = Pcond@Tj + Psw@Tj (4)

Finally, based on the power loss equations, the loss model
can be build according to the block diagram shown in Fig. 2.

C. Thermal Model

As it has been shown in [15], both Foster and Cauer thermal
network models have limited performance in terms of mapping
the case temperature of the power semiconductor devices.
Thus, a new hybrid thermal model proposed in [15] will be
used in this paper. The RC thermal model is shown in Fig. 3,
and it can be seen that it employs a multilevel RC Foster
network in order to translate the power losses into the junction
temperature of either the MOSFET or the power diode. The
second path has slower dynamics, and by filtering the power
losses through a low-pass filter, respectively by including the
thermal network outside of the power module, the case and
heat sink temperatures of the power devices can be determined.

The thermal resistance (R;) and capacitance (C;) used in
modelling the Foster network have no physical meaning, and
can normally be found in the device datasheet or can be
determined by experimentally fitting the thermal impedance
curve of the device.

Zin(c) = Z Ri(1—e 7i) )]
i=1

where, n represents the number of levels of the network and
7, = R; - C; represents the thermal time constant.
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Fig. 2. Average switching cycle power loss model diagram.
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Fig. 3. RC Foster network used for thermal modelling.

D. Simulation Results

All the above mentioned models have been implemented
in MATLAB/Simulink. The inputs to the system are the
speed and torque mission profiles, which can be seen in
Fig. 5, alongside the speed and torque response of the PMSM
motor drive model. It can be noticed that the speed of the
PMSM follows accurately the speed profile, indicating that the
electrical model of the system together with its control have
been modelled correctly. Similarly, from the current response
of the machine plotted in Fig. 6, it can be noticed that, as
expected, a high amplitude current is present at the terminals
of the motor during the start-up and deceleration periods.

Due to the 3L-NPC inverter topology used in the present
study case and due to its unequal current distribution among
the power semiconductor devices, the current flowing through
the upper MOSFET (T;) and the clamping diode (Ds) placed
on phase A of the machine side converter have been modelled.

The instantaneous and average current in the selected power
devices is shown in Fig. 6. It can be observed that during the
braking period of the PMSM, the amplitude of the average
current through the transistor is almost null, most of the current
flowing through its anti-parallel diode.
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Fig. 5. PMSM speed and torque input mission profiles.
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Fig. 6. Current flowing through the PMSM, T, and Ds.

On the other hand, more stress will be applied on the
clamping diode due to the high amplitude current passing
through the diode throughout the whole mission profile.

The average current flowing through the power devices will
represent the input to the power loss model. Therefore, the to-
tal losses of the devices under the given design parameters and
mission profiles are shown in Fig. 7. The strong dependency
between the power loss distribution in the power devices and
the power flow direction within the system can be highlighted:
during the ’constant speed’ period the power flows from the
DC-link towards the PMSM, resulting in more stress on the
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Fig. 7. Device power losses under the given mission profiles.



transistor, while during the braking period, the PMSM will act
as a generator, and the power will flow towards the DC-link,
thus the clamping diode will be more stressed.

Finally, according to the input power losses of the devices
and the estimated thermal parameters of the Foster network,
the thermal cycles which appear in the power devices can be
determined. At this point, it should be noted that an ambient
temperature of 20°C' is taken into account during the thermal
simulations. As it can be seen in junction temperature plot
of the diode, presented in Fig. 8, some large temperature
swings will occur during the start-up and deceleration periods
of the motor, due to the large current amplitude and the low
fundamental frequency operation of the converter. Similarly,
during the ’constant speed’ operation of the PMSM, the
junction temperature will slowly increase due to the influence
of the heat sink thermal dynamics.
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Fig. 8. Thermal loading of the power devices.
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III. DESIGN OF ACTIVE THERMAL CONTROL METHODS
FOR THE POWER DEVICES

In order to reduce the thermal cycle amplitude AT} and
mean value T},, which occur in the power semiconductors
throughout the whole mission profile (as highlighted in Fig. 4),
three active thermal control methods are proposed within this
paper. Due to the fact that the junction temperature of the
devices is not always available for measurement and use within
a thermal controller, an online junction temperature estimator
is build. Based on the average power losses of the devices,
the junction temperatures can be estimated according to the
following equation:

Tj,estT = PestT . Rth(j—c)T + Tamb (6)
where, R, represents the thermal resistance (junction to
case) of the MOSFET given in the device datasheet, Ty,
represents the ambient temperature, while the average power
losses FestT can be estimated according on the equations
presented in Section II. For a more accurate estimation, and in
order to reduce the required computational power, the losses
are filtered through a low-pass filter with a similar bandwidth
as the thermal network, and the slow thermal dynamics of the
heat sink (which takes into account the ambient temperature)
is introduced. It should be noted that the same procedure
can be applied for estimating the junction temperature of the
freewheeling power diode of the machine side inverter.

The estimated thermal loading of the power devices is
shown in Fig. 10, where it can be seen that the estimated
junction temperature of the MOSFET follows accurately the
thermal loading resulted from the developed thermal model.
On the other hand, in case of the power diode, the thermal
dynamics are correctly estimated, but some inaccuracies in
terms of temperature cycle amplitude and mean value can be
noticed during low frequency operation. Due to the nature of
the thermal control which will be applied to the power diode
junction temperature, these inaccuracies can be neglected.
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Fig. 4. Zoomed view of the junction thermal cycles of the power devices throughout the entire mission profile.
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Fig. 10. Power device junction temperature estimation.

Once the thermal stress on the power devices has been
correctly predicted, a hysteresis controller can be designed,
and thus closing the thermal control loop, as shown in Fig. 9.
The control parameter K represents the output of the hysteresis
controller and it is determined by comparing the estimated
junction temperature of the power semiconductor device to
the temperature limits set by the controller. It should be noted
that the control parameter K represents either the switching
frequency, modulation technique or the deceleration slope,
depending on the selected thermal control method.

*
sw

[1,0]

w*

for Switching Frequency Adjustment
K

(N

for Modulation Technique Adjustment
for Deceleration Slope Adjustment

A. Switching Frequency Adjustment (K = f;, )

By looking at the power loss equations it can be noticed that
the switching frequency has a great influence on the switching
losses generated by the power semiconductor devices, and
inherently on their thermal loading. Therefore, by controlling
the switching frequency of the inverter, the thermal cycling of
the transistor can be significantly improved. On the other hand,
the impact of this method on the thermal loading of the power
diode is minor due to the small reverse recovery energy of the
diode. Another drawback of this particular method is that, for
motor drive applications, reducing the switching frequency can
lead to higher current ripple, hence increasing the power losses
on the PMSM [10].

The Temperature Estimation and Control block shown in
Fig. 9, has been implemented in MATLAB/Simulink, and
the hysteresis controller has been designed for adjusting the
transistor thermal loading, with an upper temperature limit of
Tiim,u = 25°C and a lower temperature limit of Ty, =
23°C. Additionally, due to synchronisation reasons, the control
parameter K can only have values multiple integers of the
nominal switching frequency, thus K € {16,8,4}kH z.

The effect of the Switching Frequency Adjustment thermal
control method on the junction temperature of the power
devices is shown in Fig. 11. It can be seen that after approx-
imately 2.6 s, during the ’constant speed’ operating period
of the PMSM, the estimated junction temperature of the
MOSEFET reaches the upper limit of the hysteresis controller
and the switching frequency is reduced to 8 kHz. Even though
the thermal cycle amplitude of the transistor appears to be
similar to the nominal operating case, a significant decrease
in the mean value can be observed, resulting in an increased
lifetime expectancy of the transistor. As expected, no major
improvement on the thermal cycling of the freewheeling diode
can be noticed for the given thermal control method.
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B. Modulation Technique Adjustment

A similar thermal control method can be developed by
adjusting the modulation technique used on the machine side
inverter. The modulation technique chosen as an alternative to
the SPWM method employed during the nominal operating
case is the Discontinuous Pulse Width Modulation technique.
The main reason for opting for DPWM1 is due to its reduced
switching losses which occur on the active semiconductor de-
vices, as a consequence to the fact that for 60° the modulation
wave will be clamped [10], [16].
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The hysteresis controller has been modelled in a similar
manner as for the Switching Frequency Adjustment method,
with an upper temperature limit of Tj;, 7y = 25°C and a
lower temperature limit of 1}, 1, = 23°C.

The junction temperature of the power devices resulting
from the given thermal control method are plotted in Fig. 12,
alongside the thermal loading of the devices under nominal
operating conditions. Once the estimated temperature of the
transistor reaches the upper limit of the controller, the mod-
ulation technique is switched from SPWM to DPWMI. It
can be seen that the DPWMI1 method has a slightly better
performance in terms of reducing the thermal cycle mean value
than the previously design method, but no major improvements
can be noticed.

C. Deceleration Slope Adjustment (K = w*)

One of the main parameters that affect the thermal loading
of the power devices is the amplitude of the load current
flowing through the power converter. Thus, the amplitude of
the thermal cycles can be adjusted by controlling the output
current of the PMSM. This can be achieved by increasing the
deceleration slope of the speed mission profile, leading to a
slow stop of the motor, and therefore a lower current amplitude
during the braking period of the machine.

It should be noted that this method will have a higher impact
on the freewheeling diode than on the upper transistor of the
machine side converter. This is mainly due to the fact that
during the braking period the electrical machine acts as a
generator, and the power will flow from the PMSM towards
the DC-link. Therefore, most of the current will pass through
the freewheeling diode (Ds), and only a very small amount of
current will flow through the transistor (T}).

Consequently, the hysteresis controller has been designed in
order to adjust the thermal cycling of the power diode, with
with an upper temperature limit of 7}, y = 30°C.
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By decreasing the deceleration slope of the motor speed, the
transition from operating state to full stop state of the PMSM
will be more smooth, and will results a lower amplitude current
generated during the braking period. Therefore, the power
losses which occur on the power diode will be significantly
reduced and will lead to lower thermal cycles amplitude and
mean value, as shown in Fig. 13. As expected, this method
has no influence on the thermal cycles of the MOSFET.

IV. EXPERIMENTAL VALIDATION

In order to validate the active thermal control methods,
a dSpace-controlled 10 kW NPC H-bridge with an open
IGBT module is being used. The setup allows the emulation
of different mission profiles of various real-life applications,
among which, motor drive systems. Therefore, the motor drive
load conditions will be emulated on the inductive load of the
setup and inherently on the power semiconductor devices of
the 3L-NPC H-bridge. This will eliminate the need for an
actual motor drive system, and will facilitate the measurement
of the thermal behaviour of the power devices. The ’long-
term’ thermal cycles of the freewheeling diode and the upper
transistor are obtained with an OpSens thermal fiber optic
sensor system. The experimental setup is shown in Fig. 14.

Initially, the nominal operating conditions are emulated on
the power module and the current and voltage response are
shown in Fig. 15. It can be observed that the current flowing
through the inductive load of the setup matches the simulated
current loading of the PMSM. In Fig. 16, the thermal loading
of the freewheeling diode and upper transistor of the 3L-
NPC are shown. As expected, the thermal stress on the power
diode is more severe than for the MOSFET. Similarly to
the simulation results, some adverse thermal cycles can be
noticed during the acceleration and deceleration periods, while
during the ’constant speed’ period the junction temperatures
are slowly rising due the effects of the slow thermal dynamics
of the case and heat sink.

Open IGBT Module

Fig. 14. Mission profile emulator - Experimental setup.
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Fig. 15. Electrical response for the nominal operating case.
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Because of the low sampling frequency of the thermal
measurement unit, the high frequency thermal cycles are not
visible. Additionally, some minor inaccuracies might appear
due the thermal coupling between the devices, factor which
was not taken into consideration in the simulations. But, as it
can be seen in Fig. 16, the experimental results fit well the
simulation results in terms of cycle amplitude and mean value.

In the following, the Deceleration Slope Adjustment method
has been implemented into dSpace. The resulting current and
voltage mission profile can be seen in Fig. 17. The thermal
response of the power semiconductor devices is shown in
Fig. 18, where it can be seen that the thermal cycles which
occur during the deceleration period in the freewheeling diode
have been almost completely removed, in comparison with the
nominal operating case.

Tac (10A/div)

Fig. 17. Deceleration Slope Adjustment - Mission profile.
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V. CONCLUSIONS

In this paper the thermal behaviour of the power electronic
devices of a motor drive system has been analyzed, and
consequently three active thermal control methods have been
proposed. The electrical model of the drive and thermal load-
ing of the power devices have been modelled and investigated
under given mission profiles. Based on the electrical parameter
feedback, a simple and computational friendly power device
junction temperature estimator has been designed. According
to the estimated thermal loading of the devices a hysteresis
controller has been implemented for each of the three thermal
control methods: switching frequency adjustment, modulation
technique adjustment and deceleration slope adjustment. The
proposed thermal control methods have been investigated in
terms of thermal cycle amplitude and mean value, and it has
been concluded that the switching frequency and modulation
technique can be successfully controlled in order to reduce the
thermal loading of the transistor, while the deceleration slope
adjustment methods has the most impact when controlling
the freewheeling diode thermal stress. Finally, the thermal
behaviour of the power devices under nominal operating con-
ditions and deceleration slope adjustment have been validated
through experimental work.
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