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Nonlinear Compact Thermal Model of the
IGBT Dedicated to SPICE

Krzysztof Gérecki

Abstract—In this article, the problem of modeling the thermal
properties of the IGBT using a nonlinear compact thermal model is
considered. This model has the form of an electrical network. In the
proposed model, the influence of the internal temperature of this
transistor on the efficiency of heat dissipation is taken into account.
The elaborated model form is presented and the estimation method
of this model parameters is described. The correctness of the new
model is verified experimentally for different cooling conditions
and different values of ambient temperature. Additionally, some
results of calculations are compared to the results of calculations
performed using selected models given in the literature.

Index Terms—Insulated gate bipolar transistors, modeling,
semiconductor device modeling, thermal management, thermal
resistance.

I. INTRODUCTION

NSULATED gate bipolar transistors (IGBTs) are very of-
I ten used in modern power electronic circuits as electronic
switches [1]-[5]. During the operation of these transistors, as in
other such semiconductor devices, a self-heating phenomenon
is observed. This phenomenon is caused by the conversion of
power dissipated in the considered device into heat at non-
ideal cooling conditions. As a result of self-heating an increase
of internal temperature of these devices is observed [6]-[12],
which may even exceed the maximum allowable value of this
temperature given in the datasheet. Such a high value of the
device internal temperature could cause changes in the course
of characteristics of these devices [6], [7], [12]-[18] and shorten
their life time [16], [19]-[21].

A very important step in designing electronic networks is a
computer simulation. In such simulation, dedicated software for
the analysis of electronic circuits, e.g., SPICE or PLECS, is
commonly used [2], [3], [22]-[29]. On the other hand, in order
to calculate the internal temperature of electronic devices their
thermal model is indispensable. Such a kind of model makes
it possible to calculate the value or the waveform of internal
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Fig. 1. Cauer structure of a compact thermal model.

temperature of the considered semiconductor device at the well-
known waveform of power dissipated in it [8], [13], [30]-[35].

Thermal models of electronic devices can be formulated in
two forms. There are 2-D and 3-D models [35]-[38] or compact
models [30], [34], [39], [40]. Two-dimensional and 3-D thermal
models make it possible to calculate the time-spatial temperature
distribution in semiconductor devices [41], [42], whereas in
compact models uniform temperature distribution is assumed
and only one value of the internal temperature of such devices
is used [30], [34].

The 2-D and 3-D thermal models have complicated forms
and they are formulated for a chip of semiconductor devices
only. Therefore, they are typically used by designers of semi-
conductor devices, who require detailed information about the
time-spatial temperature distribution of the device structure. In
contrast, designers of electronic circuits typically use compact
thermal models, which provide information about one internal
temperature of the device structure in a relatively short time.
In order to shorten time indispensable to obtain the results of
calculations linear thermal models of electronic components,
whose parameters have fixed values, are used [7], [9], [10], [15],
[30]. These models can be expressed by analytical equations
or they have the form of an electrical network, which uses an
electro-thermal analogy. In this analogy, voltage corresponds to
temperature, current—to electrical power and RC networks—to
the transient thermal impedance of the modeled devices.

Compact thermal models of semiconductor devices [13], [30],
[31], [43], [44] make it possible to calculate the internal tem-
perature of such devices and they typically have the form of the
RC Cauer network [3], [7], [8], [30], [39] shown in Fig. 1.

Asitis visible, the RC elements used in the presented structure
are linear, which means that they have a constant value.

In turn, as it is commonly known, the heat generated inside
semiconductor devices can be removed to the surroundings using
three mechanisms: conduction, convection, and radiation. As
it is known, e.g., from [39], [43], [45], and [46], efficiency of
all mechanisms nonlinearly depends on temperature [31], [39],
[43], [47] and on the cooling system used [33], [43], [48]. For
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example, the efficiency of conduction decreases with an increase
in the difference between the device internal temperature and
temperature of its case. In turn, the efficiency of convection
increases when the difference between the case temperature
and ambient temperature increases. Finally, the efficiency of
radiation increases with an increase in the case temperature [33],
[39]. Also, in the articles [31]-[33], [47], [49], [50], it was shown
that the device thermal resistance depends on power dissipated
in this device.

In order to take into account the influence of the mentioned de-
pendence, the use of a nonlinear thermal model is indispensable
[31],[33], [50]. In such akind of model dependence of efficiency
of heat removal on dissipated power is taken into account. For
example, in the article by Goérecki and Zargbski [31], a nonlinear
compact thermal model of semiconductor devices is proposed.
In the considered model, based on the linear Cauer network,
dependencies of thermal resistances and thermal capacitances of
the heat transfer path elements depend on dissipated power [39].
Unfortunately, the description of these dependencies is very
complex and it is a result of experimental results approximation
with the sum of exponential functions.

In the article by Gérecki and Zargbski [32], it was shown that
in the nonlinear thermal model of the IGBT, thermal capaci-
tances very weakly depend on dissipated power and neglecting
this dependence does not result in worsening accuracy of the
thermal model.

Nonlinear compact thermal models of semiconductor devices
described in [31] and [32] take into account the only influence of
dissipated power on the efficiency of heat removal generated in
these devices. Meanwhile, the efficiency of physical phenomena
deciding about heat removal depends not on dissipated power,
but on the value of the device internal temperature and ambient
temperature. Because of thermal inertia (caused by thermal
capacitances) changes in the values of the device internal tem-
perature cannot be so fast as changes in the values of dissipated
power. Therefore, nonlinear compact thermal models using the
dependence of thermal resistance on dissipated power can be
used only in the situation, when the waveform of this power has
the shape of the Heaviside step and ambient temperature has
the fixed value, for which this model was formulated. For other
shapes of the dissipated power waveform differences between
the measured and calculated values of the device, the internal
temperature can exceed even 20 K [32], [33].

It is visible that a very important problem is to formulate
a nonlinear compact thermal model of the IGBT which takes
into account the influence of changes of the device internal
temperature and ambient temperature on the efficiency of the
heat removal dissipated in this device.

In this article, which is an extended version of the confer-
ence paper [33], a new form of the nonlinear compact thermal
model of the IGBT is proposed. This model takes into account
the influence of the device internal temperature and ambient
temperature on the efficiency of the device cooling. The new
model characterizes the efficiency of heat transfer between the
semiconductor chip and the surroundings taking into account
all the mechanisms of heat transfer. The form of the elaborated
model is presented with the adequate formulas, the method
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Fig. 2. Network form of the nonlinear thermal model of the IGBT.

of model parameters estimation is described and the results
of the model experimental verification for selected transistors
are shown. This verification is performed for different cooling
conditions of the tested transistor in a wide range of ambient
temperature values and dissipated power values.

II. FORM OF THE MODEL

The proposed nonlinear compact thermal model of the IGBT
has the form of an electrical network and it is dedicated to the
SPICE software. In this model, all mechanisms and all paths
of heat transfer between the semiconductor structure and the
surroundings are taken into account. The dependence of thermal
resistance of the heat flow path components on their temperature
is proposed. The network form of this model is shown in Fig. 2.

The structure of the proposed model is based on the classical
linear Cauer RC thermal model, but the influence of the internal
device temperature and ambient temperature on thermal resis-
tances existing in the heat flow path from the semiconductor
structure to the surroundings is taken into account. This structure
is an electrical analog of the heat transfer equation [30].

In this model, the device internal temperature is equal to
voltage in node 77, whereas ambient temperature 7, is modeled
by voltage source V.. The values of temperatures of particular
components of the heat flow path (semiconductor chip, mounting
base, case, heat-sink, PCB, etc.) are represented by voltages in
particular nodes. The power dissipated in the device is described
by the controlled current source GP, whereas temperature differ-
ences between each element of the heat flow path are represented
by controlled voltage sources F1, Fo, ..., E,.

Equations describing values of the mentioned voltage sources
present dependencies of thermal resistance between the consid-
ered components of the heat flow path on the device internal
temperature. Thermal capacitances of these elements are repre-
sented by capacitors C, Cs, ... C),.

The values of thermal capacitances of particular heat flow path
components depend on density, specific heat, and volume of par-
ticular heat flow path components [39]. Such parameters slightly
depend on temperature. Therefore, in the model constant values
of thermal capacitances are used. These values for different types
of the considered transistors depend on the volume of particular
heat flow path components and on materials used to construct
such components. In turn, the output value of each controlled
voltage source E; is described with the following equation:

Ei=d;-ig
' (Rthl “(1—a- (T, —Tp)) -exp (—(T; — T,) /TZ))
+ Rino - (1 =b- (T, — Tp)) '
(D
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In (1), d; is the quotient of thermal resistance of ith element of
the heat flow path and the device thermal resistance Ry}, whereas
ig; 1s current of source F;. Ry represents the minimum value of
thermal resistance at an ambient temperature equal to reference
temperature Ty. Ry,1 denotes the maximum change in the value
of thermal resistance while changing the value of the device
internal temperature and T, = Ty. Coefficients a and b describe
the influence of ambient temperature on thermal resistance,
whereas T, determines the slope of dependence Ry, (7).

The presented form of (1) is formulated by the authors on
the basis of the described in literature [45] dependencies of
heat flux on the gradient of temperature (heat conduction), on
differences between the temperature of the cooled surface and
temperature of cooling fluid (heat convection) and on absolute
temperature (heat radiation). The measured dependencies of
thermal resistance of semiconductor devices on dissipated power
presented in literature [31]-[34], [43], [46], [51] are also taken
into account.

In comparison to the article [32], the influence of the device
internal temperature 7’; instead of dissipated power on the device
thermal resistance is taken into account. In turn, in comparison
to the article [33], the influence of ambient temperature on the
device thermal resistance is additionally taken into account. The
form of (1) is proposed by the authors basing on the results of
many measurements of transient thermal impedance waveforms
corresponding to different types of the IGBT operating at differ-
ent cooling conditions and different values of the device internal
temperature and ambient temperature.

Analyzing the form of (1), it is visible that thermal resistance
decreases when the difference between the device internal tem-
perature and ambient temperature increases. Such a character
of the considered dependence correlates with the measurement
results of semiconductor devices thermal resistance on dissi-
pated power presented in the literature [32]-[34], [39], [43].
In the cited articles, it is shown that the difference between
internal temperature and ambient temperature is proportional
to dissipated power. It is also visible that an increase in ambient
temperature causes an increase in the device thermal resistance.
Additionally, it is well known that convection is a mechanism
deciding about the efficiency of heat removal generated in these
devices. The efficiency of convection is proportional to the
difference between the device case temperature and ambient
temperature [39]. The efficiency of heat radiation also increases
with an increase in the device internal temperature [39].

III. ESTIMATION OF MODEL PARAMETERS

In order to estimate values of parameters existing in the
proposed model, waveforms of transient thermal impedance
Zn(f) measured at different values of power dissipated in the
tested transistor and different values of ambient temperature are
needed.

These measurements could be performed with the use of an
indirect electrical method using a cooling curve [32], [52]. In
literature, e.g., [53]-[56], the problem of selecting a proper
thermally sensitive parameter of IGBTs is considered. In the
article by Dupont et al. [55], it is shown that using such thermally
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Fig. 3. Block diagram of the used measurement setup.

sensitive parameters as gate-emitter voltage, collector-emitter
voltage or saturation current, the same accuracy of measure-
ments of the IGBT internal temperature as for the infrared
method can be obtained. In the article by Dupont and Avenas
[54], it is shown that using thermo-sensitive parameters internal
temperature of the IGBT can be measured with the error not
higher than 10 °C. Of course, typically this error is much smaller
and does not exceed several Celsius degrees [51]. In the article
by Goérecki et al. [34], set-ups to measure the transient thermal
impedance of the IGBT using gate-emitter voltage or forward
voltage of the reverse diode as thermally sensitive parameters
are discussed.

In the method used in this article, the forward voltage of the
reverse diode is used as a thermally sensitive parameter [44],
[51]. This method is realized in the measurement setup of the
block diagram shown in Fig. 3.

In this measurement setup, the following components appear:
the measured transistor (DUT) situated in the thermostat, two
current sources Iz and Iy, voltage source V¢, resistor R¢,
the ammeter, the voltmeter, switches S; and S», diode D,
the analogue-to-digital (A/D) converter and the PC. Both the
switches are made with the use of power MOSFETs. Diode D,
protects current source /g against shortening when switch Sy
is closed. The used A/D converter contains a measurement
amplifier that makes it possible to obtain a resolution of voltage
drop measurements on the reverse diode equal to 0.2 mV. This
resolution corresponds to the resolution of the measurement of
device internal temperature equal to about 0.15 °C.

The considered measurements are performed in four steps.
In the first step, thermometric characteristics Vp(T) describing
the dependence of the freewheeling diode (build-in in the tested
transistor) forward voltage on temperature are measured at a
fixed, small value of forward current /,,. The problem of select-
ing the proper value of this current is considered in the article
by Zargbski and Gérecki [57]. In this step, switch Sy is closed
and switch Sy is opened. The thermostat makes it possible to
regulate values of temperature 7. After this step, the slope ay
of thermometric characteristic Vp (7') is calculated.

In the second step, switch Sy is opened and switch Ss is closed.
Power is dissipated in the tested device operating in the active
range. This power is equal to the product of voltage Vo between
the collector and the emitter of the tested transistor and heating
current /. The internal temperature of this transistor increases
as aresult of selfheating until the steady-state is obtained. Values
of Vg voltage are measured at the steady state.
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The third step starts at time r = 0, when switch S; is closed and
switch Sy is opened. In this step, the tested transistor is cooled
and the analogue-to-digital converter with the PC registered
waveform of voltage Vp (t) is registered until the steady-state is
obtained. Finally, transient thermal impedance Zi,(¢) is calcu-
lated according to the following formula [33]:

V() - Vp (t=0)
ay Iy -Veg

(@)

Zin (1)

Due to the fact that in this method a cooling curve is used, it
is possible to obtain the shape of dissipated power in the form
of a step.

The measured waveform of Z;},(f) can be approximated by the
following equation [13], [30], [31], [43]:

N
Zin () =R+ (1= _ai-exp (i) )
i=1

Tthi

In (3), Ri1, denotes thermal resistance, N is the number of
thermal time constants 71,;, whereas a; are coefficients of the
sum equal to 1.

With the use of the measured waveforms of Z;,(f) obtained
at different values of dissipated power and different values of
ambient temperature fixed by the thermostat, values of param-
eters Ry, N, a;, and 7yp; existing in (3) are estimated with the
algorithm described in the article by Gorecki et al. [39]. Next,
values of thermal resistances R; and thermal capacitances C;
existing in the Cauer network are calculated using the method
described in the article by Gérecki et al. [39] separately for each
result of measurements.

Values of thermal capacitances C; used in the thermal model
are equal to the average values of the considered capacitances
estimated at all the measured values of dissipated power and
ambient temperature. Parameters d; values are equal to the
quotient of resistance R; and thermal resistance corresponding
to the highest values of power dissipated in the tested device.

The value of temperature T is calculated as the sum of
ambient temperature and the product of the measured value
thermal resistance and dissipated power, at which this value of
Ry, was measured. Then, coefficients Ryy1, Ripo, d;, and T,
Tz, a, b describing dependencies of each thermal resistance on
the transistor internal temperature are estimated by matching the
obtained dependencies Ry, (T, T,,) with the following equation:

Rin=Rui-(1—a-(To —Tp)) -exp (— (T} — Ta) /T%)
+ Riwo- (1 =0 (T, — Tp)) - 4)

At first, using the measurements results obtained at 7, = T}
the value of parameter Ry is estimated as the minimum value
of Ryp. Next, values of Ri,; and 7., are estimated using the
least-squares method for the dependence of the form

In (Ren — Reno) = In (Remt) — (T — Tu) /T2 (5)

The value of parameter b is calculated using the lowest values
of Ry}, obtained at two values of ambient temperature 7}, and
T,2. Finally, the value of parameter a is estimated using the
previously estimated parameters and the measured values of Ry,
at two different values of ambient temperature.
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Fig. 4. View of the tested transistor mounted on the heat-sink.
TABLE I
PARAMETERS VALUES OF THE NONLINEAR THERMAL MODEL OF THE
IRG4PC40UD TRANSISTOR

. . Transistor
Transistor situated . .
Parameters . operating without any
on the heat-sink .
heat-sink
C, [J/K] 0.25 0.05
C, [J/K] 240.2 3.21
C; [J/K] 553.75 27.745
d; 0.09 0.19
d, 0.488 0.488
d; 0.422 0.322
a 5.6x107 2.4x107
b -5.7x10° 2.4x107
Ruo [K/W] 2.57 20.73
Rt [K/W] 1.62 11.35
Tz [K] 48 48
Ty [K] 298 298

IV. INVESTIGATION RESULTS

Using the measurement method described in the previous
section, waveforms of the transient thermal impedance of the
IRG4PC40UD transistor by International Rectifier operating at
different cooling conditions are measured for different values
of dissipated power at different values of ambient temperature.
The tested transistor is situated in the case TO-247 [58].

The considered transistor includes two semiconductor chips
in the common case. The firstis an IGBT and the other is a diode.
The distance between these chips is very small. Therefore, the
difference between temperatures of these structures is negligibly
small and the measurement method described in Section III can
be used. Of course, the values of the device internal temperature
obtained with this method correspond to the internal temperature
of the diode.

Two kinds of cooling conditions of this transistor are con-
sidered: operation without any heat-sink and operation with the
heat-sink, on which this transistor is mounted. In Fig. 4, a view of
the tested transistor mounted on the heat-sink is shown. As it is
visible, the tested transistor is connected to the other parts of the
measurement systems with the use of typical laboratory wires
with the cross-section equal to 1.5 mm?. It is the proper value
of the mentioned parameter for the transistor of the maximum
allowable collector current equal to 40 A [58].

Investigations were performed for the transistor situated in
the thermostat of volume equal to 60 dm?. On the basis of
the performed measurements, the values of model parameters
were obtained. In Table I, the values of model parameters
corresponding to the transistor situated in the thermostat and
operating at different cooling conditions are collected. These
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Fig. 5. Measured (points) and calculated (lines) waveforms of the transient
thermal impedance of the IRG4PC40UD transistor: (a) situated on the heat-sink,
(b) operating without any heat-sink at different values of dissipated power and
the fixed value of ambient temperature.

values are obtained using the estimation method described in
Section III.

Analyzing this table, it is easy to notice that parameter values
that correspond to both kinds of the considered cooling con-
ditions for the tested transistor considerably differ from each
other. For example, the minimum value of thermal resistance
Rin1 in the transistor operating without any heat-sink is even
seven times higher than the value of this parameter for the
same transistor situated on the heat-sink. For both kinds of
the considered cooling conditions, three capacitors C; exist
in the thermal model, but the biggest value of thermal capac-
itance used to describe the thermal properties of the transistor
situated on the heat-sink is even over twenty times higher than
for this transistor operating without any heat-sink. This is a result
of a big difference between volumes of the used heat-sink and
the case of the tested transistor.

It is also worth noticing that the coefficient d; is twice bigger
for the transistor situated on the heat-sink than for the transistor
operating without any heat-sink because in the second case the
shortest thermal time constant plays a bigger role than in the first
case.

In order to show the usefulness of the presented thermal model
for accurate approximation of the measurement waveforms of
the IGBT transient thermal impedances, the results of the calcu-
lation performed with the proposed model (lines) are compared
to the measurements results (points) and shown in Figs. 5
and 6. Fig. 5 illustrates the influence of power dissipated in the
tested device on waveforms of Z,(f), whereas Fig. 6 illustrates
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Fig. 6.  Measured (points) and calculated (lines) waveforms of the transient
thermal impedance of the IRG4PC40UD transistor: (a) situated on the heat-sink,
(b) operating without any heat-sink at different values of ambient temperature
and the fixed value of dissipated power.

the influence of ambient temperature on such waveforms. The
results presented in Figs. 5(a) and 6(a) correspond to the tran-
sistor situated on the heat-sink, whereas the results presented
in Figs. 5(b) and 6(b)—to the transistor operating without any
heat-sink.

As shown in Fig. 5, the results of calculations and measure-
ments obtained for all the considered values of dissipated power
and ambient temperature at both kinds of the considered cooling
conditions of the tested transistor differ very little between
each other. This good agreement proves the correctness of the
proposed model. Additionally, it is worth observing that it is
possible to correctly model the influence of the device internal
temperature on transient thermal impedance waveforms taking
into account the only influence of this temperature on thermal
resistance. Of course, the significant influence of the used cool-
ing conditions on thermal capacitances existing in the proposed
model is also visible.

Comparing the results presented in Fig. 5(a) and (b), it is
worth observing that thermal resistance is a decreasing function
of dissipated power. For the transistor operating without any
heat sink, the thermal resistance value decreases by even 25%
at an increase in the dissipated power value from 1 to 5 W,
whereas for the transistor situated on the heat-sink this decrease
is equal to about 25% at an increase in dissipated power from
5 to 25 W. The observed big changes in the thermal resistance
value justify the use of the considered IGBT nonlinear thermal
model.
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transistor situated on the heat-sink

300 320 340 360 380 400 420
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(a)

transistor without any heat-sink

290 310 330 350 370 390 410 430
T, K]

(b)

Fig. 7. Measured (points) and calculated (lines) dependencies of thermal
resistance of the considered transistor situated on the heat-sink (a) or operating
without any heat-sink (b) on the device internal temperature for selected values
of ambient temperature.

In Fig. 6, it is easy to observe that changes in the value of
ambient temperature can visibly influence waveforms of Z, (7).
At the same value of dissipated power, an increase in the value
of ambient temperature causes an increase in the value of Zy,(¢)
at the steady-state for the transistor situated on the heat-sink
and a decrease in this value for the transistor operating without
any heat-sink. In the considered range of ambient temperature
changes and fixed values of dissipated power the value of Z, ()
at the steady-state changes from about 10% for the transistor
situated on the heat-sink to even 20% for the transistor operating
without any heat-sink.

In Fig. 7, the measured (points) and calculated (lines) depen-
dencies of the tested transistor thermal resistance on the device
internal temperature for selected values of ambient temperature
are shown. The results presented in Fig. 7(a) correspond to the
transistor situated on the heat-sink, whereas the results presented
in Fig. 7(b) correspond to the transistor operating without any
heat-sink. The device internal temperature value is equal to the
sum of ambient temperature 7, and the product of dissipated
power and thermal resistance.

As can be seen, for both situations, the transistor situated on
the heat-sink and the transistor operating without its dependence
Rin(Tj) is a decreasing function. In the considered range of
changes in the device internal temperature, the value of thermal
resistance decreases even by 30% for the transistor operating
without any heat-sink and even by 25% for the transistor situated
on the heat-sink. It is worth noticing that the cooling condi-
tions of the tested transistor improve when the device internal
temperature increases. In this situation, smaller values of thermal
resistance are obtained. Using the proposed in this article, an
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@
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Fig. 8. Measured dependencies of the device thermal resistance on ambient
temperature for selected values of dissipated power in the transistor situated on
(a) the heat-sink and (b) operating without any heat-sink.

analytical description of the dependence Ry (7)) good agree-
ment between the results of measurements and calculations is
obtained.

In turn, Fig. 8 illustrates the dependencies of the device
thermal resistance on ambient temperature for fixed values of
dissipated power p.

It is clearly visible that dependence R;,(T,) is nearly linear
and curves obtained for different values of dissipated power are
practically parallel. This dependence slope is positive for the
transistor situated on the heat-sink [see Fig. 8(a)] and negative
for the transistor operating without any heat-sink [Fig. 8(b)].
This difference in the sign of the considered dependence slope
is connected with a different mechanism of heat dissipation,
which dominates in the considered cooling conditions. This is
heat conduction—for the transistor situated on the heat-sink and
convection—for the transistor operating without any heat-sink.
It is worth noticing that for all the considered cooling conditions
and all the used values of dissipated power and ambient tem-
perature, good agreement between the measurement results and
modeling is obtained. It proves the correctness of the proposed
model. The observed in Fig. 8(a) differences in the measured
and calculated values of thermal resistance for power p = 10 W
differ from one other no more than 3%. It could be a result of
the measurement error connected with fluctuations of ambient
temperature during measurements.

In order to show the practical usefulness of the elaborated
nonlinear thermal model, some calculations and measurements
are performed. In Fig. 9, the measured and calculated waveforms
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Fig. 9. Calculated (lines) and measured (points) waveforms of internal tem-

perature of the IRG4PC40UD transistor when it is cooled for (a) the transistor
operating without any heat-sink, and (b) the transistor situated on the heat-sink.

of the internal temperature of the IRG4PC40UD transistor op-
erating at different cooling conditions while being cooled are
presented. These results correspond to different values of power
dissipated in the considered transistor before starting the cooling
process and to selected values of ambient temperature. In this
figure, the results of calculations performed with the proposed
nonlinear thermal model, as mentioned in this article, are marked
with solid lines, whereas the results of measurements - with
points. Additionally, dashed lines denote waveforms of the de-
vice internal temperature calculated with the model given in the
article by Gorecki and Goérecki [32], whereas dotted lines—the
results obtained with the classical linear thermal model. For
the linear thermal model values of RC elements existing in the
Cauer network are estimated for dissipated power equal to zero
and the smallest value of ambient temperature (separately for
the transistor situated on the heat-sink and for the transistor
operating without any heat-sink).

As it is visible, both the considered nonlinear thermal models
assure good agreement between the calculations and measure-
ment results, while for the linear model the obtained results of
calculations overstate the measurement results. For higher val-
ues of dissipated power, differences in the results of calculations
and measurements are even over 40 °C. This justifies the use of
a nonlinear thermal model of the IGBT.

The calculations results presented in Fig. 9 and obtained using
both the considered versions of nonlinear thermal models are
nearly the same. This is a result of the considered transistor
stimulation by the power of the Heaviside step shape. In order
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Fig. 10. Calculated waveforms of internal temperature of the IRG4PC40UD

transistor stimulated by power of a rectangular pulses train for the transistor
situated on the heat-sink.

to show the differences in the results of calculations of the
IGBT internal temperature obtained using these models, in
Fig. 10, the calculated waveforms of their internal temperature
at the thermally steady state are shown. The tested transistor
situated on the heat sink is stimulated by the power of the
shape of a rectangular pulses train of frequency equal to 2 mHz
and the duty cycle equal to 0.5. These conditions correspond
to the tested transistor operation as a switch with a resistive load.
The amplitude of these pulses is equal to 60 W. Calculations are
performed at ambient temperature 7, equal to 77 °C. In this
figure, red lines denote the results of calculations using the new
nonlinear thermal model, blue lines—the results of calculations
using the nonlinear thermal model described in [32], whereas
black lines—the results of calculations using the linear thermal
model.

As it can be observed, differences between the results of
calculations obtained using both the nonlinear thermal models
exceed even 30 °C. Using the nonlinear thermal model given in
the article by Goérecki and Gérecki [32] the obtained results of
the device internal temperature are underestimated. This could
result in inappropriate design of the cooling system and short life
time of the tested device. In turn, using the linear thermal model
we could obtain overestimated values of the device internal
temperature and have unjustifiably high costs of the cooling
system.

For the considered transistor operating as a switch with re-
sistive load at frequency typical for power electronic circuits,
the shape of the waveform of the device internal temperature
at the steady-state is nearly constant. Using the considered
models, values of such temperature at the steady-state for the
transistor situated on the heat-sink were calculated. For ambient
temperature equal to 77 °C, frequency equal to 20 kHz, the duty
cycle equal to 0.5, and amplitude of power equal to 60 W, we
obtained the following values of the device internal temperature
at the steady-state, for the new model this temperature was equal
to 181 °C, for the model given in [32]—154.5 °C, whereas for
the linear thermal model—202.5 °C. The observed differences
between the obtained values of the considered temperature show
that the use of the IGBT compact thermal model proposed in
this article can make it possible to most accurately estimate this
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temperature and consequently properties of the analyzed power
electronic circuits.

Additionally, we performed measurements of thermal param-
eters of the tested transistor using gate-emitter voltage as a
thermally sensitive parameter. These thermal parameters values
correspond to the IGBT die. For the tested device differences
between values of thermal resistance measured for the IGBT die,
and for the diode die included in the common case are nearly
constant and they belong to the range from 0.9 to 1.1 K/W. So,
in order to determine the thermal resistance of the IGBT die
only simple addition is needed. The constant equal to 0.9 K/W
should be added to the value of thermal resistance measured with
the use of the method shown in Section III. In this case, in the
presented thermal model, the value of parameter R;1,o should be
increased by 0.9 K/W.

Similar investigations were performed also for different IG-
BTs types. For each tested device influence of the device,
internal temperature on thermal resistance and transient thermal
impedance had the same character as it was presented for the
tested IGBT of the type IRG4PC40UD.

V. CONCLUSION

This article presents a new form of the IGBT nonlinear
thermal model. This model has a simple form and it takes into
account the influence of the device internal temperature and am-
bient temperature on the cooling process efficiency. The descrip-
tion of this model proposed by the authors takes into account
physically observed slow changes of thermal parameters values
with changes in the device internal temperature instead of fast
changes in such parameters with changes of dissipated power
used in the previously formulated thermal models. The model
parameters values estimation is easy and it requires performing
some measurements of the considered transistor transient ther-
mal impedance and the measured dependence approximation
of thermal resistance on the transistor internal temperature and
ambient temperature with the function proposed in this article.

The presented calculations and measurement results prove
that an increase in the device internal temperature can signifi-
cantly improve the cooling process efficiency of the considered
transistor (a decrease in thermal resistance). On the other hand,
an increase in ambient temperature can improve this efficiency
(a decrease in thermal resistance) for the transistor operating
without any heat-sink (when a dominating mechanism of heat
dissipation is convection) or it causes worsening (an increase in
thermal resistance) of this efficiency for the transistor operat-
ing with the heat-sink (when a dominating mechanism of heat
dissipation is conduction). The observed differences in thermal
resistance values corresponding to different values of internal
and ambient temperature can exceed even 25%. In contrast,
the influence of these temperatures on thermal capacitances is
negligibly small.

The correctness and usefulness of the proposed model are
verified experimentally for the selected type of the IGBT op-
erating at different cooling conditions and different ambient
temperatures. On the basis of the obtained calculations and
measurement results, superiority of this model over the selected
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model given in the literature is shown. The discrepancy between
the calculations and measurement results can exceed even 20%
when the classical linear model is used and it does not exceed
5% when the new nonlinear thermal model is used.

The presented calculation results show that the new form of
the IGBT nonlinear thermal model makes it possible to take
into account changes in efficiency of the cooling process with
changes in the device internal temperature. The proposed com-
pact nonlinear thermal model of the IGBT can also be used for
other semiconductor devices. Of course, for these semiconductor
devices, the different values of model parameters should be used.
These values mainly depend on the type of a case, in which this
device is mounted and on the construction of the used cooling
system.

Of course, the efficiency of heat dissipation depends not only
on the device internal temperature. The used cooling system is
also important and such factors as length of removals, cross-
section of the used wires, area of soldering pads, dimensions of
the heat-sink can visibly influence parameters of the presented
models. In further investigations, the authors will work on the
elaboration of a compact thermal model of semiconductor de-
vices, which will take into account all the mentioned factors.

The proposed model can be useful for designers of electronic
and power electronic circuits including IGBTSs. It can make it
possible to more accurately estimate the internal temperature of
this device operating at different cooling conditions in compar-
ison to the classical linear thermal models and other nonlinear
thermal models given in the literature. Such a model will be also
used in electrothermal analyses of circuits including IGBTs.
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