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Abstract: This paper proposes and investigates the application of the gradient heat flux sensor (GHFS)
for measuring the local heat flux in power electronics. Thanks to its thinness, the sensor can be placed
between the semiconductor module and the heat sink. The GHFS has high sensitivity and yields
direct measurements without an interruption to the normal power device operation, which makes it
attractive for power electronics applications. The development of systems for monitoring thermal
loading and methods for online detection of degradation and failure of power electronic devices is a
topical and crucial task. However, online condition monitoring (CM) methods, which include heat
flux sensors, have received little research attention so far. In the current research, an insulated-gate
bipolar transistor (IGBT) module-based test setup with the GHFS implemented on the base plate of
one of the IGBTs is introduced. The heat flux experiments and the IGBT power losses obtained by
simulations show similar results. The findings give clear evidence that the GHFS can provide an
attractive condition monitoring method for the thermal loading of power devices.
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1. Introduction

Alongside the growing complexity and power density of the modern power systems, the thermal
management of these systems becomes crucial. A considerable proportion of the power loss in
the system is converted into heat, which leads to a temperature rise of the power components.
An insulated-gate bipolar transistor (IGBT) power module as a key component of the wind power
converter is particularly prone to a number of potential failure modes because of the thermal stress.
As it experiences high voltages and currents, the IGBT module suffers from high switching and
conduction losses. Moreover, such extreme conditions as wind gusts and high reactive power injection
during low-voltage ride-through can significantly increase the losses [1,2].

Power cycles generated in the IGBT module induce local temperature excursions over the
multilayered structure of the device. Besides the vertical temperature gradient due to the thermal
resistance of the module at a steady state, the dynamic temperature excursions of different magnitudes
take place between the layers due to the different thermal capacitances of the materials. The latter
causes the cyclic thermo-mechanical stress in the module, which induces wear-out mechanisms.
The research of the failure mechanisms caused by the reason of different thermal expansion properties
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is carried out in [3–6]. However, the structural deformation of the module and the change in thermal
parameters of the device result in changed heat conduction properties and the heat flux distribution
pattern in the IGBT module.

To ensure a high reliability performance of the component, efficient measurement tools and
an appropriate design of the cooling system are needed. Currently, the IGBT junction temperature
measurement methods, such as optical methods, temperature sensors implemented inside the module,
and methods applying temperature sensitive electrical parameters (TSEP), are widely studied. The use
of the optical methods (infrared (IR) sensors, optical fibers, IR microscope, and IR camera) gives the
possibility of capturing a device temperature map. However, the optical systems cannot be used if the
device is packaged. Thus, it is not possible to perform online temperature measurement during the
device operation. Considering the physical contact methods, temperature sensors are usually soldered
onto the chip or mounted on the direct copper bonded (DCB) substrate. Depending on the type of
physical contact, either the point or multiple, the sensors can provide the local or spatial temperature
measurements. The disadvantage of the physical contact method is the need for a mechanical access to
the chip [7,8]. The TSEP methods use the predefined relationship between the electrical parameters,
such as the internal gate resistance RGint, the collector-emitter saturation voltage VCEsat, the gate-emitter
voltage VGE or the saturation current Isat, and the IGBT junction temperature [7,9,10]. However, the TSEP
approach involves implementation of additional measurement circuitry and a need for calibration.

Considering conventional methods of estimating the IGBT loss, high-precision estimation of
the IGBT on-state voltage and current is required to obtain accurate results [11,12]. The approach
based on power loss calculation calls for knowledge of the thermal impedance to achieve the
loss/temperature profiles, because the IGBT electrical characteristics are functions of junction
temperature [5]. Therefore, the practical implications of this method in a multi-device system are
highly complicated because of the excessive use of data and short sample time [13].

Thus, the need for real-time and direct monitoring of the thermal load cycles of IGBT devices
has made the heat flux sensor (HFS) an attractive approach to be adopted in wind power converters.
The HFS allows online monitoring of the dissipated power of the IGBT module without interrupting
the operation of the converter. Moreover, the HFS provides an opportunity to optimize the thermal
performance by regulating the heat transfer [14].

Various HFS technologies have been developed so far. However, there are only two possible
principles of operation: measuring the flux based on spatial temperature distribution or temporal
temperature variations.

Currently, one of the available HFSs is the thermopile heat flux sensor [15,16]. Its operation
is based on a spatial temperature gradient, where the temperature difference is measured by
thermocouples bonded on both the upper and lower surfaces of the sensor. Thermocouples can
be connected in series, thereby obtaining several thermoelectric junctions in order to amplify the
voltage output.

A heat measuring method based on temperature transients is adopted by thin film resistance
temperature devices (RTD), coaxial thermocouples, and calorimeters [17,18]. In order to measure the
heat flux as a function of time, it is necessary to manage the temperature history by the methods
discussed in [19]. The basic principle of the methods in [19] is based on the proportionality of the heat
flux to the temperature gradient. However, it is difficult to obtain reliable measurements using these
methods, since they assume a one-dimensional heat transfer and uniform temperature distribution as
it changes only with time.

The present technologies associated with the HFS and heat measuring methods are implemented
in a wide variety of industrial and research applications. Usually, the method of implementation
involves mounting the sensor into or onto the surface of a solid material. Depending on the area of
application, heat flux sensors are selected based on individual characteristics such as response time,
sensitivity, experienced levels of temperatures, and heat flux.
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The aforementioned heat measurement techniques are widely used in the industry. However, their
disadvantage is the indirect information of the heat flux. Either the temperature measured in the
transient or the spatial temperature distribution require additional interpretation of the data. This study
aims to adopt the heat flux measurements in a power device using a gradient heat flux sensor (GHFS).
The GHFS allows direct measurements of the heat flux based on the Seebeck effect of the tilted
layered materials. The structure of the sensor is provided by anisotropic thermoelements so that the
thermoelectric electromotive Force (EMF) along the length of the sensor is achieved.

In this paper, the HFS is used to monitor the thermal stress of an IGBT module.
Sine-wave-modulated current is applied to induce thermal load dynamics similar to the operation of
the module in the wind power converter. Several steady state conditions are tested to compare the
measured heat flux and the estimated IGBT power loss.

Section 2 describes the technology and basic characteristics of the GHFS. In Section 3, the focus
is on the modeling of the spatial heat flux distribution within the module and possible heat power
dissipated through the GHFS attached to the base plate of the IGBT. The application of the heat flux
sensor in the test setup and an analysis of the test results are described in Sections 4 and 5, respectively.
Interpretation and practical application of the obtained results are discussed in Section 6.

2. Gradient Heat Flux Sensor Technology

The thermoelectric effect induced in the material with a temperature gradient is called the Seebeck
effect. Heat flux sensors based on the Seebeck effect are classified into longitudinal and transverse
ones according to the direction of the induced thermo-EMF (Figure 1) [20,21]. In the longitudinal

HFS (Figure 1a), the heat flow vector
Ñ
q and the vector of the thermo-EMF

Ñ

E|| are collinear. Thus, to
increase the volt-watt sensitivity, the thickness of the sensor should be large enough (e.g., 1–2 mm).
A relatively large thickness leads to two main drawbacks: a high thermal resistivity, which can reach
the order of 10´3 m2¨ K/W, and a slow time response (e.g., 10–100 s) [21].
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Figure 1. Heat flux sensors: (a) longitudinal; (b) and transverse [21]. Copyright Springer 2012.

The operation principle of the GHFS is based on the transverse Seebeck effect (Figure 1b).

The sensitivity of the GHFS depends on the length of the sensor as the thermo-EMF
Ñ

E is induced in
the direction normal to the heat flow

Ñ
q . This effect is achieved by highly anisotropic thermoelements,

whose crystallographic axis does not coincide with the geometrical axis of the sensor plate.
The current study focuses on the GHFS made of single-crystal bismuth. The artificial tilted layered

material of the sensor yields the anisotropic properties of thermoelectric conductivity and the EMF
induced in the material. The volt-watt sensitivity of such a sensor can be expressed as:

S0 “
E

qAsensor
, (1)
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where E is the thermoelectric EMF, q is the heat flux density, and Asensor is the area of the sensor
plate. The sensitivity of the GHFS has been tested under different heat flux values and environmental
conditions. The obtained sensitivity was constant, and the maximum calibration error was 0.64%.
The details of calibration process are described in [21].

The sensor is constructed of series-connected bismuth strips, where the width of a single strip is
0.1–0.2 mm (Figure 2) [22]. The thermo-EMF induced in a single bismuth plate is relatively low, and
thus, the sensitivity can be increased by series connection.
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The thermo-EMF of such a sensor (Figure 2):

Etot “ qES0n, (2)

where n is the number of bismuth plates.
With the thermal conductivity of the bismuth material 7.45 W/(m¨ K) and the thickness of the

plate 0.1–0.2 mm, the thermal resistivity is in the order of 10´5 m2¨ K/W. The maximum working
temperature is limited by the melting point of bismuth, which is 544 K.

In the tests performed in the current study, the GHFS has the thickness of 0.2 mm, the volt-watt
sensitivity of 15.9 mV/W, and the area of 0.85 cm2. The response time of the sensor is in the range
of 10´9–10´8 s [20,22]. However, considering the IGBT module as a system with a specific thermal
impedance, the bandwidth of the measured heat flux dynamics is limited by the thermal transients
associated with the heat flow from the chip to the base plate.

3. Heat Flux Sensor Application in an IGBT Module for a Wind Power Converter

The thermal load fluctuations of IGBTs in the modern large-scale wind power converters can be
classified into several time domains with a specific time constant range and loading behavior [23,24].
In Figure 3a, the wind profile and the corresponding IGBT power loss dissipation in an Infineon
FZ400R17KE4 IGBT module of a 3L ANPC converter prototype are shown. The results were obtained
based on the 100 kW wind turbine modelled in Matlab Simulink. The thermal performance of the IGBT
was analyzed using PLECS Blockset [25]. The dissipated heat power is averaged by the fundamental
frequency of 50 Hz. In Figure 3b, the instantaneous IGBT power losses in the steady state at the
converter nominal power and the switching frequency of 2 kHz are shown. Obviously, the IGBT
thermal stress during the wind turbine operation is significant even for the dynamics associated with
the stress drivers in different time domains.

In order to investigate the temperature and flux distribution inside the switch, the Finite Element
Method (FEM) model of the module placed on an aluminum heat sink was generated in Comsol
Multiphysics. The mesh of the FEM model has 920407 tetrahedral elements and the run time is 120 s.
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The cross-section of the model is shown in Figure 4, and the characteristics of the materials used in the
simulation are listed in Table 1.Energies 2016, 9, 456  5 of 14 
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Figure 4. Cross-section of the model.

Table 1. Properties of the materials in the model.

Layer Material Thickness, mm Thermal Conductivity, W/(m¨ K)

1 aluminum 120 205
2 thermal grease 1 1
3 copper 3 400
4 solder 0.08 50
5 copper 0.15 400
6 Al2O3 0.42 27
7 copper 0.15 400
8 solder 0.08 50
9 silicon 0.22 130

In the model, the HFS is located in layer 2 and attached to the base plate. The thickness of the
sensor is 0.2 mm, and the thermal conductivity is 0.8 W/(m¨ K). Thermal grease is applied on both
sides of the sensor so that it will be possible to attach the sensor to the surface of the base plate and the
heat sink. Such a thick thermal grease layer was obtained because the practical task is also to attach
the thermocouple of rather thick diameter, as discussed in Section 4.
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It is pointed out that the heat flow modeled here assumes that all heat from the chip is dissipated
through the heat sink. In practical applications, as a result of the conduction heat transfer within the
IGBT and the smaller thermal resistance in the direction from the chip to the heat sink, the majority of
heat dissipates through the bottom side of the base plate. Furthermore, considering the path in the
direction to the edge of the base plate, which has a smaller area than the bottom surface of the base
plate, the heat transfer is determined by free (or natural) convection, and thus, the thermal resistance
is much higher in this direction. The FEM modelling of the heat flux has shown that only 2% of
the heat dissipates through the sides of the IGBT module, thus the free convection at the rim of the
baseplate can be omitted. These facts makes it reasonable to attach the HFS to the bottom surface of
the base plate.

In the FEM modelling, the ambient temperature is assumed to be 25 ˝C. The heat generated in the
IGBT (13.2 W) is dissipated from all four chips by forced convection from the fins of the heat sink, and
the convective coefficient is 5 W/(m2¨ K). The surface temperature distribution is shown in Figure 5.
The heat flux density through the thermal grease is shown in Figure 6, where the nonuniformity of
the heat flux is observed. Thus, 13.2 W of the dissipated power in the IGBT corresponds to 33.2 ˝C of
the chip temperature and 1870 W/m2 of the heat density dissipated through the HFS. The average
heat flux density over the base plate surface is 2025 W/m2. Because the thermal conductivities of the
thermal grease and the sensor are not the same, the heat flux through the HFS has an 8% lower density
than the average density over the base plate. Obviously, the thermal conduction under the chip where
the HPS is located is disturbed. In order to mitigate the disturbance of the heat conduction, a possible
solution would be to place the HFS between the IGBT chips. However, in this case the influence of the
other chips on the HFS should be considered. Another solution could be integrating the sensor close
to the chip, but relatively low thermal conductivity and inappropriately high thickness of the sensor
makes this solution unacceptable.

The thermal model of the IGBT is presented in Figure 6. It includes the thermal impedances of the
junction to the case Zj-c, the case to the heat sink Zc-h, and the heat sink to the ambient Zh-a. Because the
HFS is attached on the surface of the base plate, the location of the heat flux measurement point is as
indicated by Qmeas in the thermal model. The thermal impedances of the FZ400R17KE4 IGBT module
are presented in Table 2.
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Table 2. Thermal impedances of the FZ400R17KE4 IGBT module.

Thermal Impedance
Zj-c

Zc-h
Layer 1 Layer 2 Layer 3 Layer 4

RiIGBT, K/kW 2 9.2 42.6 6.3 18
τiIGTB, ms 0.8 13 50 600 –

4. Heat Flux Sensor in the Test Setup

The HFS has been tested to monitor the dissipated power of the Infineon FZ400R17KE4 IGBT
module. Two IGBT modules are connected in parallel to the direct current (DC) voltage source
(Figure 7). The operating switching algorithm of the IGBT is based on sinusoidal pulse-width
modulation (PWM) with a 1 kHz carrier and the fundamental frequencies of 0.1 and 7 Hz. The gate
driver provides inverse operation of two IGBTs. Numerical modeling of the scheme in Figure 7 is
carried out using PLECS blockset in Matlab Simulink (Figure 8).

The DC voltage, the corresponding DC current, and the fundamental frequency of the IGBT
control algorithm are the input parameters of the circuit, which were varied to achieve several steady
state operating points. The fundamental frequency signal of the IGBT control algorithm is a rectified
sine wave. Thus, the power loss in the IGBT S2 averaged by switching frequency is formed as half-wave
sinusoids with the fundamental frequencies of 0.1 and 7 Hz. Since, the IGBT S1 operates in an inverse
mode, the corresponding power loss in S1 is formed as the inversed half-wave sinusoids.

The measurements obtained in the test were the collector-emitter voltage Vce, the collector current
Ic of the S2 IGBT module, and the heat flux density q measured by the GHFS. These signals were
observed by a DL850 Scope Corder. In addition, the IGBT case temperature was measured using a
T-type thermocouple, which was attached to the base plate using the thermal grease. The temperatures
were observed in the LabView interface by a Keithley 2700 data logger.
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The collector-emitter voltage Vce and the collector current Ic of the IGBT were measured to obtain
the instantaneous IGBT power loss Ploss and to make a comparison with the heat flux Q.

Two IGBT modules were placed on the air-cooled heat sink. The GHFS was attached on the
surface of the base plate of the S2 IGBT module using thermal grease (Figure 9). The position of the
sensor was predefined based on the location of the four IGBT chips inside the module so that the
sensor was placed under one of the IGBT chip positions.

Energies 2016, 9, 456  8 of 14 

 

were observed by a DL850 Scope Corder. In addition, the IGBT case temperature was measured using 

a  T‐type  thermocouple,  which  was  attached  to  the  base  plate  using  the  thermal  grease.  The 

temperatures were observed in the LabView interface by a Keithley 2700 data logger. 

The collector‐emitter voltage Vce and the collector current Ic of the IGBT were measured to obtain 

the instantaneous IGBT power loss Ploss and to make a comparison with the heat flux Q. 

Two  IGBT modules were placed on  the air‐cooled heat sink. The GHFS was attached on  the 

surface of the base plate of the S2 IGBT module using thermal grease (Figure 9). The position of the 

sensor was predefined based on the  location of the four IGBT chips  inside the module so that the 

sensor was placed under one of the IGBT chip positions. 

 

Figure 9. Attachment of the sensor to the base plate. 

The induced EMF of the GHFS is in the range of millivolts. Thus, in order to detect the results 

by the DL850 Scope Corder, an amplifier connected to the GHFS terminals was used. The EMF was 

also measured by the Keithley 2700 data logger to record and visualize the heat flux density q in the 

LabView interface. 

Therefore, the induced thermoelectric EMF of the GHFS should be interpreted to the heat flux Q 

determined from Equations (1) and (2) as follows: 

ܳ ൌ  ୠୟୱୣ୮୪ୟ୲ୣܣݍ (3)

ݍ ൌ
୲୭୲ܧ

ܵ଴ܣୱୣ୬ୱ୭୰
  (4)

where Q is the heat flux (W) and Abaseplate is the area of the IGBT base plate (m2). The extrapolation of 

the heat flux density in Equation (3) could cause an error in case of nonuniform heat flux distribution 

over the baseplate. The comparison of the heat flux test results with the numerical calculations are 

presented in Section 5. 

The parameters used in the test are presented in Table 3. 

Table 3. Heat flux sensor and IGBT parameters used for the heat flux calculation. 

Parameter Value

Abaseplate, cm2 65.3

Asensor, cm2 0.85

S0, V/W 15.9 × 10−3

5. Analysis of the Test Results 

The IGBT heat flux dissipation  is observed  in three steady state conditions, that  is, with  load 

currents of 15, 30, and 60 A, which respectively correspond to 6.9, 13.7, and 29.5 W of the average 

Figure 9. Attachment of the sensor to the base plate.

The induced EMF of the GHFS is in the range of millivolts. Thus, in order to detect the results
by the DL850 Scope Corder, an amplifier connected to the GHFS terminals was used. The EMF was
also measured by the Keithley 2700 data logger to record and visualize the heat flux density q in the
LabView interface.

Therefore, the induced thermoelectric EMF of the GHFS should be interpreted to the heat flux Q
determined from Equations (1) and (2) as follows:

Q “ qAbaseplate (3)

q “
Etot

S0 Asensor
(4)

where Q is the heat flux (W) and Abaseplate is the area of the IGBT base plate (m2). The extrapolation of
the heat flux density in Equation (3) could cause an error in case of nonuniform heat flux distribution



Energies 2016, 9, 456 9 of 14

over the baseplate. The comparison of the heat flux test results with the numerical calculations are
presented in Section 5.

The parameters used in the test are presented in Table 3.

Table 3. Heat flux sensor and IGBT parameters used for the heat flux calculation.

Parameter Value

Abaseplate, cm2 65.3
Asensor, cm2 0.85

S0, V/W 15.9 ˆ 10´3

5. Analysis of the Test Results

The IGBT heat flux dissipation is observed in three steady state conditions, that is, with load
currents of 15, 30, and 60 A, which respectively correspond to 6.9, 13.7, and 29.5 W of the average
dissipated IGBT power. Unfortunately, due to the voltage limit of the power source used, one
cannot apply higher currents in the test setup. The heat flux density and the IGBT case temperature
performance are visualized in a LabView interface (Figure 10). The case temperature and the heat flux
have transient dynamics, due to the total thermal capacity of the system. It includes the convection
properties of the cooler air and the thermal impedance from the case to the heat sink, and from the
heat sink to the ambient environment.
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15, 30, and 60 A switching current with fundamental and switching frequency of 0.1 Hz and
1 kHz, correspondingly.

In Figure 11, the measured heat flux densities at 0.1 and 7 Hz fundamental frequencies are
presented. The heat flux density has a form of half-wave sinusoids with the periods of 10 and 0.14 s,
respectively. The heat flux density at 0.1 Hz was measured by the Keithley 2700 data logger with an
average sampling time of 0.13 s, and the heat flux density at 7 Hz was recorded by a DL850 Scope
Corder with a 0.2 ms sampling time. Thus, significant noise content is visible at 7 Hz.

The IGBT collector-emitter voltage Vce and the collector current Ic, measured within a 5 ms time
to cover the IGBT switching are shown in Figure 12. The corresponding instantaneous and average
power losses calculated based on Vce and Ic and the measured heat loss Q are presented and shown
to be equal. In Figure 13, the waveforms of the IGBT power losses modeled in PLECS (Figure 9),
averaged by the switching frequency at 15, 30, and 60 A load current, are presented. Here, the power
losses are formed as half-waves of sinusoids. The average values at 15, 30, and 60 A are 6.9, 13.7, and
29.5 W, respectively.
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No high switching frequency variation can be observed in the measured heat power because of
the thermal impedance Zj-c of the IGBT from the junction to the case (Figure 6). Therefore, to compare
the performance of the heat flux in steady state conditions, it is advisable to define both the heat flux Q
and the power loss Ploss averaged by the fundamental frequency.

The calculated IGBT power losses Ploss and the measured heat flux Q, both averaged by the
fundamental frequency of 0.1 Hz, are presented in Table 4. Thus, in the 15, 30, and 60 A steady states,
the differences between Ploss and Q are 1.1%, 3.5%, and 3.7%, respectively.

Table 4. Comparison of the heat flux test results with the power loss defined by numerical modeling in
Matlab PLECS.

Compared Signals
Steady State Conditions, DC Current

15 A 30 A 60 A

Power loss Ploss averaged by fundamental
frequency, W (modeled by Matlab PLECS) 6.90 13.68 29.50

Measured heat flux Q averaged by
fundamental frequency, W 6.98 13.20 28.40

The measured heat flux density q is compared with the results of the FEM modeling in Table 4.
The modeled results indicate that the heat flux through the HFS has a 6.6%–8% lower density compared
with the density averaged over the whole base plate (Figure 6). As mentioned in Section 3, this finding
can be explained by the difference in the thermal conductivities between the HFS (0.8 W/(m¨ K)) and
the thermal grease (1 W/(m¨ K)), which results in the distortion of the heat flux distribution over the
base plate. However, the measured heat flux density results are similar to the modeled averaged
density (Table 5).

Table 5. Comparison of the heat flux density test results with the numerical modeling.

Compared Signals
Steady State Conditions, DC Current

15 A 30 A 60 A

Heat flux density (FEM
model), qFEM W/m2

Through HFS 992 1870 4060
Average over base plate 1075 2025 4332

Measured heat flux density q, W/m2 1074 2025 4347

Notes: HFS refers to heat flux sensor.

It should be noted that the small variations in the model parameters and the test setup, such as the
thickness of the grease layer and the thermal conductivities of the material, could produce significant
deviation to the chip temperature and the heat flux density distribution over the base plate.

6. Interpretation and Practical Application of the Results

According to the experimental results, it can be concluded that the heat flux variations have a
limited bandwidth that depends on the IGBT thermal impedance and the module package properties.
The results observed at 7 Hz support the latter statement because of the extremely small amplitude of
the sine-wave heat flux density. Therefore, the IGBT power loss oscillations corresponding to the IGBT
switching and the variations in the 50 Hz load current cannot be tracked by the HFS. However, modern
variable-speed wind turbines involve the operation of the generator-side inverters at lower frequencies.
In doubly-fed drives, in particular, the rotational speed and the corresponding fundamental frequency
of the load current are limited to around ˘30% of their synchronous values [26]. Thus, at low operating
frequencies, the IGBT thermal impedance has a lower attenuation effect on thermal cycling than at the
50 Hz operating frequency.
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The HFS can be applied to indicate an IGBT failure associated with degradation. As mentioned
above, the typical package-related failure mechanism, such as solder degradation, induces localized
heating as a result of a rise in the thermal resistance [27]. The voiding effect, both under the silicon
chip or the ceramic substrate, causes an uneven heat distribution over the chip or base plate surface,
which may lead to a higher localized heat flux density. Measured heat flux density can be compared
with the expected power losses of an appropriately functioning IGBT in order to observe a possible
deviation. However, in order to provide online calculation of the expected power loss, knowledge
of the current operating point is required. For this purpose, the electrical variables from the wind
turbine data acquisition system, such as load current, the DC link voltage, the power factor, and the
fundamental and switching frequencies, are needed. The measurement of all electrical parameters
can be avoided if the correlation between the load current and the heat flux can be determined in
advance. The deviation from the correlations would mean the degradation of the device. Because of the
difference in the time constants of the IGBT power losses and the heat flux, it is reasonable to compare
the signals averaged by the fundamental frequency. If a deviation is detected, one can conclude that
degradation has taken place. This deviation can also be a result of another failure mechanism observed
in actual systems [28,29], which is thermal grease degradation. The mechanisms such as the grease
pump-out and dry-out also induce an increase in the grease thermal resistance [30] and the heat flux
through the HFS.

As mentioned in Section 5, another attractive application of the HFS is the option to optimize the
IGBT thermal performance. In particular, heat flux measurements can be used as a feedback signal for
a cooling control system. In [14], the power losses of the device measured by the HFS were used to
control the fluid flow rate in the liquid cooling systems. The purpose of the study [14] was to smooth
the heat sink temperature during the variable load and thereby prolong the lifetime.

7. Conclusions

In this paper, an application of the HFS based on the transverse Seebeck effect in wind power
electronics was described. The operation of the sensor was tested in an IGBT-based test setup.
The control algorithm for the IGBT switches was programmed to generate output IGBT power
loss dynamics resembling the operation in a wind turbine converter. In order to implement direct
measurements of the heat flux dissipation of the IGBT, an HFS was attached onto the surface of the
IGBT base plate using thermal grease. The HFS was placed under one of the four chips on the base
plate. The heat flux performance was tested in steady state conditions. DC currents of 15, 30, and
60 A induced sine-wave IGBT heat dissipation of 6.98, 13.2, and 28.40 W, respectively, averaged by
fundamental frequency. The measured average IGBT power loss deviates from the thermal model
calculated in Matlab PLECS by 3.7% at the maximum.

The measured and FEM simulation results were compared in terms of heat flux density based on
the model analyzed in Comsol Multiphysics, where the heat flux dissipation from the chip to the heat
sink was assumed. The measured heat flux density was 8% higher than the density of the modeled
heat flux through the sensor. However, the averaged heat flux density over the base plate was equal to
the measured one. Here, it is pointed out that the distribution of the heat flux density over the base
plate is highly dependent on the thermal conductivities, and the thickness of the thermal grease and
the HFS.

The paper shows good results of direct measurements of the IGBT heat dissipation using the
HFS, which can be an attractive and innovative approach to the thermal stress condition monitoring
(CM). Heat flux measurements provide an opportunity to improve the reliability performance of the
IGBT and provide online detection of the device aging or failure during wind turbine operation. By
heat flux measurements, the thermal performance can be optimized and the lifetime of the device can
be extended.
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The following abbreviations are used in this manuscript:

CM Condition Monitoring
CTE Coefficients of Thermal Expansion
DC Direct Current
DCB Direct Copper Bonded
EMF Electromotive Force
FEM Finite Element Method
GHFS Gradient Heat Flux Sensor
HFS Heat Flux Sensor
IGBT Insulated-gate Bipolar Transistor
IR Infrared
PWM Pulse-Width Modulation
RTD Resistance Temperature Device
TSEP Temperature Sensitive Electrical Parameter
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