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Temperature-Controlled Power Semiconductor
Characterization Using Thermoelectric Coolers
Georges Engelmann , Michael Laumen , Jan Gottschlich, Karl Oberdieck, and Rik W. De Doncker

Abstract—Accurate characterization of power semiconductors
over wide operating ranges is a necessity to accomplish better elec-
trical and thermal designs of power converters. Especially, switch-
ing losses of power devices are rarely given sufficiently detailed
in their datasheets, since they also depend strongly on the driving
circuitry and design of the power converter itself. A means to ex-
tract the switching losses are double pulse measurements where
the desired operating points can be freely chosen. This paper in-
troduces a temperature conditioning unit that allows the adjust-
ment of the junction temperature between −40 °C and 200 °C
using thermoelectric coolers (TECs). The unit is for an automated
double pulse test bench with dc-link voltages of up to 1 kV and
switching currents of up to 1 kA. Up to 1 kW of electrical power is
required to power the TECs. The design of the power converter is
shown as well as the control scheme. An algorithm, which automat-
ically extracts the switching losses of the measured double pulse
waveforms is presented. An exemplary characterization of an In-
fineon EconoDual power module is conducted and the results are
presented.

Index Terms—Control systems, power semiconductor devices,
semiconductor device measurements, temperature control, test
equipment.

I. INTRODUCTION

MOST DESIGN processes of power electronic convert-
ers are based on simulation models. The more accurate

these simulation models are, the more optimized designs can be
developed, which are required for electric vehicles or in gen-
eral future power electronics applications to enable compact
solutions with a high integration level [1]–[4]. Various models
are usually used in several chained simulations [5] that allow
a optimization on the system level. Finding accurate models of
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different components is the challenge to which this study will
contribute.

Besides the electrical design of the converters, the thermal
aspect cannot be neglected. For the accurate thermal simula-
tion of power modules, as, e.g., presented in [6], good thermal
models for the different components, e.g., heat sinks and power
semiconductors, are needed. However, such models are rarely
given in the datasheets

A solution to this is to extract thermal models from mea-
surements. In this study, the power semiconductor losses are
of interest. Therefore, it is shown how to extract semiconduc-
tor switching losses from measurements over wide operating
ranges of dc-link voltage UDC = 0 kV. . . 1 kV, load current
IDC = 0 kA . . . 1 kA, and junction temperatures ϑj = −40 °C
to 200 °C. Further measurement dimensions can be imagined,
e.g., a variation of the gate resistance using a programmable
gate driver [7], but this would go beyond the scope of this paper.
A special focus is given on the temperature control unit.

First of all, the semiconductor switching losses are measured
using a double pulse test bench [8]. As the switching behavior
is temperature dependent [9], [10], a temperature control unit is
necessary to set the junction temperature ϑj to the desired value.
Three different temperature control systems are commonly used
with power semiconductor modules: compressor based, liquid
nitrogen, or thermoelectric cooler (TEC) modules. Full auto-
matic controllability including positive to negative temperatures
are a requirement for the temperature control unit. A flexible ex-
change of the device under test (DUT) with different packages
is required. Thus, liquid nitrogen cooling is not considered, be-
cause its handling requires too much effort and a separate setup
for heating would be necessary. Several compressor-based liquid
cooling systems are available that fulfill the required features,
however, there is always the risk of a leakage and contamina-
tion of the test bench and the expensive equipment with cooling
liquid.

Finally, only a TEC remains as a possible solution. The TEC
allows cooling and heating with the same setup by simply revers-
ing the current. TECs are already widely employed in electrical
applications due to the aforementioned properties, for example,
in high-frequency applications [11], [12], for the laser diode
cooling [13], superconducting magnets [14], or integrated in-
side chips [15] to improve the accuracy of on-chip reference
elements. TECs are used to build calorimeters [16] or to mea-
sure the heat flow out of a DUT as shown in [17]. A temperature
control unit based on TECs, which are operating on the Peltier
effect [18], got developed and presented in [19]. This study
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Fig. 1. Double pulse test bench topology.

uses the same hardware, although with an updated control algo-
rithm to achieve improved heat-up and cool-down sequences. A
good control algorithm is crucial to achieve short settling times
without overshoot. The extracted switching losses of an Infi-
neon EconoDual FF600R12ME4C_B11 insulated-gate bipolar
transistor (IGBT) power module over a temperature range of
ϑj = −10 °C· · · 125 °C, dc-link voltage UDC = 0 V. . . 800 V
and an emitter current IE = 0 A . . . 600 A is given as an appli-
cation example. Further work using the presented hardware has
already been published [10], [20].

II. DOUBLE PULSE TEST BENCH

Fig. 1 depicts a simplified schematic of the modular double
pulse test bench topology, which has also been presented in
[8]. Contrary to the traditional double pulse test setups [21],
[22], the generation of the test voltage and the test current are
separated. Thus, the energy stored in capacitors can be sig-
nificantly reduced and an independent adjustment of the test
current and the test voltage for the DUT (SDUT and DDUT) over
the full current and voltage range of the test bench is possi-
ble without any modifications to the test setup. Particularly,
the voltage source or capacitor bank UHV does not need to be
capable of supplying the energy required to establish the test
current. The test voltage is provided by the voltage source UHV,
while the test current is generated by the low voltage source
ULV, the auxiliary switch SLV, and the inductor L. Fig. 2 de-
picts the timing of the test procedure. First, SLV and SDUT are
turned ON and the current in L increases to the required value
during the interval denoted by t1. For measurement of the turn-
off losses, SDUT is turned OFF (hard turn-off) after t2, and the
current commutates to DDUT. After t3, the auxiliary switch SHV

is turned ON to provide a freewheeling path for iL. Before the
turn-on switching loss measurement, SHV is switched OFF after
t4 and iL flows through DDUT again. When SDUT is turned ON

after t5, the turn-on losses can be measured. Losses are mea-
sured by sampling the voltage uDUT across SDUT and the current
iDUT. The test bench that was used for the measurement pre-
sented in this paper can supply test currents of up to 1 kA and
test voltages of up to 1 kV.

Fig. 2. Signal timing of the double pulse test.

Fig. 3. Photograph of the control unit connected to the TEC unit.

III. THERMAL CONTROL HARDWARE

A photograph of the temperature control system used to set
the case and junction temperature of the power semiconductor,
is shown in Fig. 3. The system consists of a control unit and the
TEC unit. A modular concept is chosen so that the TEC unit
can be exchanged easily to allow the use of different TEC units
that are adapted to various power packages. The presented TEC
unit is designed for power modules of the size of an Infineon
HybridPACK 2.

The achievable temperature range of the presented TEC unit is
−40 °C. . . 200 °C, which allows for characterization of devices
for automotive traction applications as well as wide band gap
devices that can exhibit junction temperatures of up to 200 °C.
The following sections show the overall functionality of the
different units. The detailed design is described in detail in [19].

A. TEC Unit

In the thermal steady state, a certain thermal power is required
as the DUT is not packed in an hermetically closed enclosure as
physical accessibility is required (e.g., for wiring or measuring
probes). As the heating power of the TEC is usually around one
decade higher than the cooling power, the design is carried
out for the minimum temperature of −40 °C. The required
thermal cooling power Q̇cool of the temperature unit including an
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Fig. 4. Lateral cross section of the TEC stack [19].

Fig. 5. Heat sink with four TEC stacks [19].

additional safety margin of 30% is determined experimentally
to Q̇cool = 58.5 W [19].

Taking into account the minimum temperature of −40 °C
and a maximum heat sink temperature of about 45 °C, a total
temperature difference of Δϑ = 85 °C has to be created by
the stack. The literature shows that when using a temperature
difference of around 90 K, at least two modules in series should
be used [23]. Using three stacked modules could result in a
higher efficiency, however a drawback of thermally connecting
several modules in series is the additional thermal resistance at
the contacting surfaces. Therefore, two stacked TECs (ns = 2)
are chosen to avoid a fourth thermal junction.

A lateral cross section of the heat sink and two stacked TECs
is shown in Fig. 4. It shows the locations of the Type-K thermo-
couple sensors that are used for the temperature control. Each
TEC requires individual control to achieve the maximum per-
formance, which makes it necessary to measure the temperature
in the middle of the TEC stack.

As the total geometric dimension is given by the base plate
area of the HybridPACK 2 of around 210 mm × 100 mm and
the TECs generally have a quadratic shape, a total of four stacks
in parallel is used (np = 4). A Computer-aided design draw-
ing of the setup is shown in Fig. 5. The bottom TEC (TEC1-
24116T200), which is connected to the heat sink, is rated for
a maximum hot-side temperature of 180 °C, while the hot-side
of the upper module (QC-127-1.4-8.5MD) is rated for a tem-
perature up to 200 °C. Considering the given efficiencies of the
TEC, a total loss power of Q̇stack = 188 W is generated by each
stack.

A heat sink (SK-441-200-SA) with a thermal resistance of
Rth,ha = 0.032 K/W using a forced air cooling speed of

Fig. 6. Main control board [19].

Fig. 7. DC–DC converter topology [19].

v = 5 m/s is chosen. This limits the maximum temperature
increase of the heat sink with respect to 24 K to the ambient
temperature.

B. Control Unit

The control unit consists of a main control board and four
dc–dc converter boards to individually control up to eight
TECs. The TECs are powered using an external power supply
Usupply = 30 V with a current rating of Isupply = 35 A.

The main control board is shown in Fig. 6. It includes the
user interface, a controller area network (CAN) bus interface as
well as the temperature front end. The user interface, which
consists of a liquid crystal display (LCD) and several but-
tons, allows manual as well as remote configuration of the
system. Remote controllability is enabled via a RS232 serial
communication over fiber lines. This board acts as a master de-
vice on the CAN bus to control the remaining dc–dc converter
boards. The analog front end implemented on this board con-
sists of a ten channel Type-K thermocouple measurement cir-
cuit. To ensure accurate temperature measurements, a dedicated
analog-to-digital converter ADS1118, which is optimized for
K-type temperature measurements, is used. Although the
ADS1118 has an integrated temperature sensor for cold-junction
compensation, an auxiliary cold junction compensation is re-
quired in this setup as the Type-K thermocouples are connected
to copper wires at the TEC unit, which is at a different tempera-
ture than the ADS1118. A dedicated digital temperature sensor
DS18B20 is placed inside the connector that connects to the
TEC unit.
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Fig. 8. PCB of the dc–dc converter [19].

Fig. 9. Photograph of the control unit.

The TECs are powered using a buck converter topology
as shown in Fig. 7. The switches S1–S8 are operated with a
switching frequency fsw = 200 kHz, whereas the switches
SA1 and SA2 have a constant state depending on the opera-
tion mode, i.e., heating or cooling. The smoothing inductances
L1–L4 are mounted on the printed circuit board (PCB), the resis-
tors RP1–RP4 represent the TECs. As there are eight TECs that
have to be powered, the shown topology is implemented twice.
The metal–oxide–semiconductor field-effect transistors S1–S8

are mounted on the PCB with a heat sink directly attached to
their case using the double-sided gluing thermal interface mate-
rial Bond-Ply 100 [24]. One of these boards is shown in Fig. 8.
Two half bridges are implemented on each PCB, which results
in a total of four dc–dc converter PCB. A current sensor Sensitec
CDS4010 is installed for each half bridge. Each dc–dc converter
PCB features a microcontroller that fulfills three main functions:
generation of pulsewidth modulation signals for the switches,
control of the output current, and communication to the main
control board via a CAN bus. The static switches SA1 and SA2

are mounted directly on copper sheets to allow higher current
and cooling capability. The control unit is shown in Fig. 9.

IV. CONTROL

An improved temperature control, compared to the previously
implemented control in [19], is presented. For a fast control and

high stability, state-space decoupling based on [25] is used for
the temperature controller. The current controller consists of a
proportional-integral-differential controller [19]. The improved
controller structure is shown in Fig. 10.

A precise model of the plant is of major importance for a
precise control. Beneath the TEC, the thermal capacitance Cth

of the copper base plate including the HybridPACK 2 and ther-
mal resistances to ambient and heat sink are considered as the
determining values of the plant.

The inner part of the temperature controller consists of a
conventional proportional-integral (PI) controller that controls
the thermal power (positive for heating, negative for cooling)
of the thermoelectric elements, and thus, the temperature of
the copper plate. To ensure that no wind-up will occur in the
integrator, a trajectory filter is used to limit the input value to
the PI controller.

The trajectory filter consists of a virtual model that represents
the plant with its thermal capacitance and the resistances. As
these values cannot be measured directly, estimated values for
̂Cth, ̂Rth,amb, and ̂Rth,hs are used. In a first step, the difference
between the temperature of the virtual model and the desired set
point is scaled with Kp to get a value for the thermal power. As
the TEC can only provide a certain maximum thermal power, the
desired power has to be limited to the maximum possible value.
Given the temperature difference Δϑ across the TEC and the
cold-side temperature Tc, the maximum power can be calculated
according to [26], with the maximum achievable cooling power
Q̇c, the Seebeck coefficient S, the inner thermal resistance Rth

of the TEC and the electrical resistance R as

Q̇c = S · I · Tc − RthΔϑ − 1
2
I2R. (1)

The temperature ϑ∗ of the virtual model is obtained by inte-
grating the thermal power and scaling the result with ̂Cth. This
value is subsequently used as the set point for the PI controller.
To increase the speed of the controller, a feed-forward of the
thermal power to the input of the modulator is used to bypass
the PI controller. Furthermore, the power required during the
steady state to compensate for the losses to the ambient or to the
heat sink are also fed directly into the modulator. The required
power is calculated using the measured temperatures ϑAmbient,
ϑHeat-sink, and ϑModule and estimations of the thermal resistance
̂Rth,hs between module and heat sink and ̂Rth,amb between module
and ambient.

A. Modulator

As the TECs are controlled using a current signal, a modula-
tor is used to calculate the current for each TEC based on the
set point of the thermal power and the current temperature dif-
ference Δϑ. The total thermal power Q̇tot is equally distributed
to each of the four stacks of the TEC

Q̇stack =
Q̇tot

4
.

The power for the upper TEC in the stack is equal to Q̇stack. The
respective current Iupper can be calculated by solving (1) for I
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Fig. 10. Developed control structure of a single stack of two TECs.

as follows:

I =
S

R
· Tc ±

√

(

S

R
· Tc

)2

− 2
R

·
(

RthΔϑ + Q̇c

)

. (2)

The lower TEC does not only have to be able to transfer the
thermal power Q̇stack at the upper side of the stack but also the
additional ohmic losses P = I2

upper · Rupper of the upper TEC.

Given the total thermal power Q̇lower = Q̇stack + I2
upper · Rupper

of the lower TEC, its current Ilower can be calculated according
to (2).

Due to the relation of current, thermal power, and tempera-
ture difference across a TEC given by (1), a positive feedback
of, e.g., temperature difference and current exists. In practice,
small errors in the current or temperature measurement as well
as a nonuniform thermal power distribution will lead to small
deviations of the temperature difference across each TEC. Due
to the positive feedback of the modulator, this error is further in-
creased. To counteract this behavior, a negative current feedback
Ifeedback is applied to the current set point of the TEC as

Ifeedback = (Δϑlower − Δϑupper) · Kp,feedback. (3)

To achieve a good efficiency, the temperature ϑMidpoint at the
midpoint of the stack should be at around half of the total tem-
perature difference across the whole stack.

V. MEASUREMENT RESULTS

The correct operation of the implemented control structure is
verified on conducting a heat-up and a cool-down process at an
ambient temperature ϑAmbient ≈ 30 °C. The temperature values
measured at the sensors are plotted in Figs. 11 and 12.

The measurement shows that the midpoints of the TECs are
at slightly different temperatures. As the controller assumes the
same thermal load for all four stacks, differences in thermal load,
or production variations of the modules will lead to deviations
in the midpoint temperatures.

The copper plate on which the DUT is mounted is isolated
using polystyrene to increase resistance between copper plate
and ambient. When a DUT is placed on the copper surface,

Fig. 11. Measured temperatures during a heat-up process.

Fig. 12. Measured temperatures during a cool-down process.

the thermal isolation cannot be totally guaranteed as the power
semiconductor needs various wiring and measuring probes to
be connected. This includes the gate driver, power cables, cur-
rent, and voltage measurements. Consequently, when a DUT is
installed, more cooling power will be required to compensate
for the additional power device to ambient thermal power flow.

VI. ANALYSIS TOOL

Due to multiple parameters and high resolutions, the amount
of a complete double pulse measurement for one DUT easily
tends toward a few thousand recorded waveforms. Because such
a high number of measured waveforms cannot be evaluated
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Fig. 13. Exemplary waveforms of a double pulse measurement.

manually, a MATLAB tool for automated evaluation has been
developed. An overview of the individual operating steps is
given in the following.

A. Waveform Consistency

At first, each double pulse measurement waveform is checked
for erroneous measurements to provide the following stages with
good measurements only. This mainly consists in checking if
no measurement clipped due to higher peak voltages or currents
than the measurement tool or the scope channel is specified for.
This is mainly required for the reverse-recovery peak current,
which, depending on the device used, can be several times higher
than the nominal current.

B. Switching Events Detection

After basic validity checks are accomplished, the switching
events are localized. A peak detection algorithm on the power
losses p = uCE · iE is carried out. An exemplary double pulse
test waveform is shown in Fig. 13.

C. Switching Energy Calculation

Several algorithms on switching loss calculation are available
and can be selected by the user. A first algorithm applies the
switching loss definition according to the standard IEC-60747.
A second possibility is to use the 5% borders of the peak power
of a switching instant as shown in [20, Sec. II].

D. Post Analysis

After the extraction of the switching losses is completed,
each measurement point can be analyzed individually to verify
correct operation of the algorithm. The switching waveforms
for the turn-on and the turn-off event are plotted by selecting a
single result as exemplarily shown in Fig. 15.

E. Saving of the Results

The final results are stored in a MATLAB .mat file. Informa-
tion about the nominal and the actual set points is included as
well as a PLECS-compatible data field for the switching losses.

Fig. 14. Photograph of the power module mounted on the TEC unit.

Fig. 15. Turn-on losses Eon at ϑj = 80 °C.

VII. APPLICATION EXAMPLE

An application example for the presented characterization
methodology is shown for an Infineon EconoDual IGBT power
module (FF600R12ME4C_B11). The given power module is
rated for a collector–emitter voltage UCE = 1200 V and a nomi-
nal current IC = 600 A. A turn-on gate resistance Rg,on = 1.5 Ω
and a turn-off gate resistance Rg,off = 2.5 Ω are chosen. A Power
Integrations gate driver 2SC0435T with the respective turn-on
and turn-off gate voltages UCC,on = 15 V and UCC,off = −10 V
is used. A photograph of the power module mounted on the
temperature control system is shown in Fig. 14.

Using the temperature control system in combination with the
double pulse test bench introduced in Section II, the switching
losses of the power module can be measured depending on the
junction temperature. The measurement ranges with the corre-
sponding step sizes are shown in Table I. A minimum tempera-
ture of ϑj = −10 °C could be achieved. A further reduction of
the temperature could not be achieved using this setup, because
it was not possible to thermally isolate the DUT sufficiently
from the ambient. A total thermal isolation is hardly possible
as voltage and current sensing probes needs to be connected
and placed close to the DUT. A total of 8 × 24 × 10 = 1920
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TABLE I
MEASUREMENT RANGES

Quantity Range Step Measurements

UDC 0 V. . . 800 V 100 V 8
IDC 0 A . . . 600 A 25 A 24
ϑj −10 °C. . . 125 °C 15 °C 10

Fig. 16. Turn-off losses Eoff at ϑj = 80 °C.

Fig. 17. Turn-off losses Eoff over temperature at IDC = 250 A.

measurements have to be conducted. Knowing that the test
bench achieves around 90 measurements per hour, a total time
of 48 h is required to conduct all measurements.

The resulting switching losses for a junction temperature
ϑj = −10 °C are plotted in Figs. 15 and 16. It is possible to
create various plots to show temperature-dependent parameters,
such as the switching losses as shown in Fig. 17.

VIII. CONCLUSION

A modular temperature control system employing TECs that
can be used in combination with a double pulse test bench has
been presented. Automated sweeping through voltage, current,
and temperature is possible by the given test setup. Besides the
detailed hardware description of the TEC unit, a refined control

structure is presented and implemented. A heat-up process to
the maximum temperature of 200 °C and a cool-down process
to a temperature of −20 °C is shown. A minimum temperature
of −10 °C could be reached for tests with a HybridPACK 2
IGBT module.

In combination with the automated double pulse test bench,
an exemplary characterization of an Infineon EconoDual power
module has been conducted and the temperature-dependent re-
sults have been shown.
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