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Active Thermal Control of Power Electronic Modules
Dustin A. Murdock, Jose E. Ramos Torres, Member, IEEE, Jeffrey J. Connors, and Robert D. Lorenz, Fellow, IEEE

Abstract—Active thermal control techniques make it feasible
to regulate the steady state and transient thermal–mechanical
stress in power electronic modules for applications such as motor
drives. Online junction temperature estimation and manipulation
of the switching frequency and current limit to regulate the losses
are used to prevent overtemperature and power cycling failures
in insulated gate bipolar transistor (IGBT) power modules. The
techniques developed in this work are used to actively control the
junction temperature of the power module. This control strategy
improves power module reliability and increases utilization of
the silicon thermal capacity by providing sustained operation at
maximum attainable performance limits.

Index Terms—Active thermal control, loss control, operation in
limits, power cycle control, reliability control.

I. INTRODUCTION

INSULATED gate bipolar transistor (IGBT) power modules
are used extensively in industry, power electronics, and

traction applications [1]. It is necessary to develop more reliable
power modules to satisfy the demands of these applications.
In order to do this, a thermal–mechanical approach to reduc-
ing stresses within the power module has been proposed. By
actively controlling the thermal operating performance, poten-
tially damaging stresses in the module can be avoided. At the
same time, the overall power conversion performance of the
module increases, because it is able to “safely” operate contin-
uously at the maximum allowable temperature and temperature
cycle limits.

Previous research has identified several types of failures
related to IGBT power modules and has begun to address
means to mitigate such failures. The most common failures
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Fig. 1. Typical IGBT average junction temperature profile [5].

occur between the wire-bond-to-silicon, silicon-to-direct-bond-
copper (DBC), and DBC-to-baseplate connections and are
all likely regions for thermal-overtemperature- and thermal-
cycling-induced failures [2]. The focus of this research is to
improve the reliability of power electronics by limiting thermal
and thermal–mechanical stresses in the module. This work
is meant to extend prior work [3], which controlled against
overtemperature, to now also include power cycling failures
by extending the method for actively manipulating the IGBT
losses [4]. The active thermal control techniques developed
in this work are also designed to be extended to thermal and
thermal–mechanical stress regulation in other power module
interfaces and components in the drive. These control methods
should also be useful to improve reliability for general power
electronic applications that operate with fluctuating loads. The
control laws for a region-based control structure will be dis-
cussed with experimental results used to help illustrate the
effectiveness of these control algorithms [5].

Another component that is necessary for successful imple-
mentation of active thermal control is high-fidelity thermal
modeling. To achieve this, development of detailed three-
dimensional models can be facilitated by use of the finite-
element method (FEM). Such high-fidelity models can be
used to extract parameters for the real system that are then
used in the simulations and the closed-loop controller. Using
the transient results of the FEM, an efficient electrothermal
model that closely represents the FEM and physical system can
be developed to reduce computation and analysis time. This
model is also an integral part of the closed-loop controller and
future sensor replacement technologies (closed-loop observers)
[6], [7] for junction temperature control and estimation.

II. ACTIVE THERMAL CONTROL

A. Power Modules Thermal Failures

Two of the main reasons for power module failures are
related to overtemperature and power cycling. An overtempera-
ture failure of the power electronic module can occur when the
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Fig. 2. Power cycling results showing the number of cycles to failure Nf as a
function of Tm and ∆Tj [9].

module is continuously operated such that the maximum safe
operating temperature of the junction is exceeded [1], [3]. In
contrast, power cycling failures are the result of accumulated
fatigue damage from physical stress cycles over the lifetime
of the module. The wire-bond interfaces and the die-attach
solder joint are prone to such failures [4]. Fig. 1 helps define
the critical temperature variables that must be controlled in
order to increase power module reliability in the presence of
both overload-induced overtemperatures and excessive power
cycling loads.

Power cycling tests usually use temporal cycling of the
“average” IGBT junction, ∆Tj , as the critical variable for wire-
bond and die-attach interfaces for thermal–mechanical stress
levels. Moreover, proper control of ∆Tj improves reliability
two to five times more effectively than Tm, since ∆Tj is more
closely related to the life span of the module than the mean
temperature Tm [5]. Fig. 2 shows the established power cycling
characteristics relating Tm to both overtemperature and power
cycling limits.

Due to the strong relationship between the mean temperature
Tm and the change in temperature ∆Tj to overtemperature
and power cycling failures, a region-based controller designed
to regulate these two variables was implemented to mitigate
the thermal–mechanical stresses and protect the die from over-
temperature and power cycling failures.

B. Region-Based Controller for Active Thermal Control

This section briefly summarizes the work done in [5] to
achieve active thermal control of IGBT power modules. Fig. 3
shows the relationship between switching frequency and output
current to power loss in the module at a junction temperature
of 125 �◦C�.

From this information, it is possible to see that by manipulat-
ing these two variables, we can control the amplitude of the loss
and therefore regulate the temperature inside of the module [3].
It is also possible to use adjustable turn-on and turn-off rates for

Fig. 3. Impact of (a) output current and (b) switching frequency on IGBT
module power loss [5].

Fig. 4. Region definitions for region-based active thermal controller.

voltage and current as viable methods for controlling the device
losses during operation.

The region-based controller (a design-oriented variant of
fuzzy logic) is divided into regional sets that define the different
thermal operating modes (see Fig. 4). The first set of regions
contains the normal operation region, overtemperature region,
and the shutdown region. This regional set is based on the mean
operating temperature and protects the module from overtem-
perature failures. The second set of regions contains the power
cycling high region and power cycling low region. This regional
set is based on the change in measured junction temperature
∆Tj and protects the module from power cycling failures.

In the normal operation region, the current limit is set at two
times the nominal current, and the switching frequency is set
to the nominal design value (i.e., 15 kHz for the laboratory
system).

The overtemperature region is defined as the region when
the temperature of the module exceeds the nominal operating
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Fig. 5. Block diagram of controller implemented for the overtemperature region [5] (where Fsw_normal = 15 kHz, Ilim_normal = 120 Arms, T ∗
j1 = 108 ◦C,

T ∗
j2 = 110 ◦C, and I∗ is the commanded load current).

Fig. 6. Block diagram of the controller implanted in the power cycling high region [5]. The same topology applies to the power cycling low region (where
Fsw_normal = 15 kHz, Ilim_normal = 120 Arms, ∆T̂ ∗

j_fast1 = 13 ◦C, ∆T̂ ∗
j_fast2 = 15 ◦C, and I∗ is the commanded load current).

temperature limit, approximately 110 ◦C. The controller was
designed with two proportional–integral (PI) regulators to re-
duce the switching frequency and current in order to prevent the
junction temperature from rising above 110 ◦C. Fig. 5 shows
the block diagram associated with the overtemperature region
of the controller. A small temperature difference between the
switching frequency and the current limit controller is selected
to reduce the switching frequency first and then reduce the
output current to minimize the impact on the load.

The shutdown region was designed to protect the drive from
overtemperature conditions that result from extreme operat-
ing conditions. The control law turns off the drive output
when the minimum switching frequency and minimum current

limit have both been reached and the measured temperature
exceeds 120 ◦C.

To increase the thermal space of the power cycling controller,
power cycling high and power cycling low controls laws were
implemented.

The power cycling high controller is activated when ∆T̂j_fast

is above its limit based on the device characteristics as shown in
Fig. 2 (set at +15 ◦C in the laboratory system). The lower limit
for the current is set based on minimum acceptable performance
limits of the drive. In the laboratory system, this lower bound
has been set to 1.0 pu (60 Arms), ensuring that minimum current
can be guaranteed from the drive unless it is a risk of an
immediate failure from overtemperature conditions.
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Fig. 7. IGBT junction temperature response to an extended current command
of twice rated current with overtemperature region control laws implemented
[5] (where Tj is the measured junction temperature T̂j , Fsw is the switching
frequency, Ilim is the current limit, and Istar is the current command; base
values: Ibase = 60 Arms and Fsw_base = 15 kHz).

Negative deviations in ∆T̂j_fast, below −15 ◦C, activate the
power cycling low region when the load demand decreases.
Consequently, there is no benefit from increasing the current
limit in this region. The switching frequency is manipulated
by a PI control loop with a controller using a topology similar
to Fig. 6.

During implementation of the power cycling control laws,
two factors limited the generation of suitable state variables.
One is the dependency of ∆T̂j on load cycle period and the
second is the practical limitations related to calculation of the
mean junction temperature T̂m. To address these limitations,
power cycling control is divided into two parts. The fast dynam-
ics are regulated by controlling the measured junction temper-
ature T̂j relative to its average value T̂j . The average junction
temperature T̂j equals the mean temperature for sufficiently fast
load cycles.

The temporal differential is controlled during fast load
changes. The instantaneous power cycling temperature differ-
ence is controlled during fast load changes and is given by the
following equation (in degrees Celsius): ∆T̂j_fast = T̂j−
T̂j . To increase the reliability and maintain consistency with
the power cycling reliability data, ∆T̂j_fast was regulated be-
tween +15 ◦C and −15 ◦C, which makes a total of 30 ◦C for
∆Tj . In order to allow variations in T̂j during slow load
changes, a slow thermal filter was modeled as a first-order low-
pass resistance–capacitance (RC) network. Proper selection of
the RC constant in the T̂j filter can produce ∆Tj that guaran-
tees the useful life of the power module for at least ten years.

C. Region-Based Controller Experimental Results

The experimental results were obtained using an Allen-
Bradley 1336 frame with a 150-A 1200-V Fuji Semiconductor
IGBT [8]. An Analog Devices thermocouple interface board

Fig. 8. IGBT junction temperature response to a fan failure with overtemper-
ature region control laws implemented [5] (base values: Ibase = 60 Arms and
Fsw_base = 15 kHz).

and isolated thermocouple amplifier module (5B47-J-02) were
used in conjunction with a microthermocouple mounted on the
top surface of the IGBT to obtain the junction temperature of
the IGBT in the power module [9]–[11]. The thermocouple
isolation module has a built-in 4-Hz low-pass filter. Although
this filtering was helpful in reducing the electromagnetic inter-
ference (EMI) noise levels on the signals, the controller per-
formance is limited. Ideally, a clean high-bandwidth junction
temperature sensor would be required to achieve full protection.
The region-based control laws were implemented using an
Analog Devices digital signal processor (DSP) [11].

As discussed previously, two groups of regions for tempera-
ture control of the power electronic module were implemented.
Fig. 7 shows the results for overtemperature control of the
IGBT temperature.

The normal operating region corresponds to the time before
the junction temperature rises to 108 ◦C. After the measured
temperature reaches 108 ◦C, the overtemperature region control
laws reduce the switching frequency and clamp T̂j at 108 ◦C.
If the measured junction temperature rises above 110 ◦C after
the switching frequency reaches the lower bound of 10 kHz, the
current limit successfully maintains T̂j at 110 ◦C. Fig. 8 verifies
the shutdown function of the overtemperature controller during
a simulated fan failure condition. It is observed that almost
immediately after the fan shutdown, the overtemperature region
controller reduces the current limit to keep the temperature
below 110 ◦C. At around 200 s, the current limit reaches a
lower limit (about 0.75 pu) and the junction temperature begins
to rise. The region-based controller switches to the shutdown
region when T̂j reaches 120 ◦C. After shutdown, the current
limit is set at 0 A and the IGBT cools to 60 ◦C, which allows
the system to go back online.

The experimental results for the power cycling control laws
are illustrated in Fig. 9. A balanced load cycle with a current
command of 90 Arms for 50% of the time and 20 Arms for
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Fig. 9. Performance of the power cycling control laws for a 200-s period load
cycle [5] (where T̂j is the measured junction temperature T̂j , T̂j_bar, is the
average junction temperature T̂j , Fsw is the switching frequency, Ilim is the
current limit, and Istar is the current command; base values: Ibase = 60 Arms

and Fsw_base = 15kHz).

Fig. 10. Performance of the power cycling and overtemperature control laws
for a 200-s period load cycle [5] (base values: Ibase=60 Arms

and Fsw_base =

15 kHz).

50% for the other half of the time was applied to the power elec-
tronic module. The ∆T̂j_fast control in the power cycling high
and power cycling low regions work properly. It is observed
that T̂j stays within ±15 ◦C of T̂j over the cycle.

The compatibility between the power cycling high and
overtemperature regions is shown in Fig. 10 toward the
later portion of the ON pulse where the controller transitions
smoothly from the power cycling high region to the overtem-
perature region.

From the figure, it was determined that the total change in
junction temperature ∆T̂j for the load cycle is approximately
32 ◦C; which is more conservative than the target value of 37 ◦C
presented in [1].

Fig. 11. Representative FEA model for simplified power module.

Fig. 12. Typical temperature versus time results from the ANSYS model.

The experimental results demonstrated the ability of the
control laws to actively control the thermal operating levels of
the power electronics module. The performance of the region-
based controller was also demonstrated in the different regions
of the thermal operating space and showed an expected increase
in the reliability of the power modules to at least ten years of
power cycling operation [2], [3], [12].

III. FINITE-ELEMENT ANALYSIS (FEA)

Finite element analysis provides estimated temperature
information about the internal layers of the power module
structure that are otherwise immeasurable yet necessary for
calculating lumped parameter values of each layer. A simplified
three-layer FEM model was developed for transient thermal
analysis of the silicon power devices based on the higher
fidelity model created in [5]. This higher fidelity model is
based on the geometry and boundary conditions present in the
experimental test setup using an Allen-Bradley 1336 frame ac
drive in which a single-phase leg Fuji power module is mounted
to a large heat sink that is cooled through natural or forced
air convection. For modeling purposes, the bottom surface of
the heat sink was assigned a constant heat transfer coefficient
that was experimentally determined in [5]. A constant thermal
flux of 103 W/m2, also experimentally determined in [5],
was assigned to the upper active surface of the IGBT. Fig. 11
illustrates the three layers that were modeled and the three
locations selected to monitor temperature.

As a starting point, the lumped parameter values are deter-
mined for the three-layer model for initial testing and sim-
ulation of the observer capabilities as a sensor replacement
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Fig. 13. Observer structure for a simplified three-layer model.

technology. Eventually, this technique will be expanded to
include a more detailed model of the power module structure
to include all of the layers present in typical integrated power
modules.

Under the conditions previously listed, the transient ther-
mal response of the simplified system was analyzed with
the ANSYS FEM software. The results from this transient
thermal analysis (Fig. 12) are used to develop the resistance,
capacitance, and propagation delay terms used in the resistor/
capacitor component model (RCCM) as in [13].

The resulting resistance and capacitance values of the
reduced-order system can then be included in the observer
model. Fig. 13 shows the general structure of the three-layer
observer structure including the physical system and estimated
parameter values for the observer model.

This technology can then be used as a sensor replacement
technique for estimating junction temperature using a baseplate
temperature sensor in the module.

IV. CONCLUSION AND FUTURE WORK

This paper has presented the development and evaluation of
active thermal control algorithms designed to protect the power
module from overtemperature and power cycling failures as
well as to increase utilization of the full thermal capacity of
the silicon. It was demonstrated that by controlling the thermal
operating performance of the module, it is possible to obtain op-
timal utilization of the semiconductor die while simultaneously
mitigating thermal–mechanical mean and cyclical stresses, thus
leading to an expected increase in the reliability of the power
modules.

The experimental results showed that the region-based con-
troller is well suited for the defined operating thermal space. It

protects the power module from overtemperature and power cy-
cling failures resulting from sustained operation at the physical
limits of the power electronic module.

A new approach for junction temperature estimation is cur-
rently being investigated using an enhanced-Luenberger-style
closed-loop observer. This new technology will be used to
replace the actual temperature sensor at the junction used
to provide temperature information for the region-based con-
troller. Closed-loop observers are expected to provide accurate
junction temperature estimates (with reduced noise effects) for
feedback signals to the new active thermal control algorithms
in development.
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