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Abstract: The paper proposes a compact electrothermal model of the IGBT module in the form of a
subcircuit for SPICE. This model simultaneously takes into account electrical phenomena occurring
in the module components and thermal phenomena occurring in this module. In the description
of electrical phenomena, the previously formulated models of the IGBT and the diode are used,
whereas the description of thermal phenomena is original. While describing thermal phenomena,
self-heating in each component, mutual thermal couplings between each pair of these components,
and the influence of the dissipated power on the efficiency of heat removal are taken into account.
The form of the proposed model and the results of its experimental verification for the IGBT module
operating under different cooling conditions are presented. The DC characteristics of the module and
the characteristics of the half-bridge converter containing the considered module are presented.

Keywords: electrothermal models; IGBT modules; modeling; mutual thermal couplings; SPICE;
thermal phenomena

1. Introduction

Power semiconductor devices are important components of DC-DC, DC-AC, and
AC-DC power converters [1-3]. In order to reduce the size of the device and facilitate
the assembly of these devices on the heat-sink, power modules are used which contain
different semiconductor dies in the common case [1,4-6]. Such modules are manufactured
in various configurations, but most often they contain transistors and diodes connected
in a branch of an inverter. They contain such semiconductor devices, as power MOSFETs,
diodes, or IGBTs [7-9].

As itis shown in many papers [10-15], temperature affects properties of semiconductor
devices. Its increase shortens their life time [10,11] and influences the characteristics of
these devices [12—-15]. The junction temperature of any semiconductor device situated on
the common substrate with other devices is the sum of two components. These are the
ambient temperature and a temperature increase caused by thermal phenomena such as
self-heating and mutual thermal couplings. Such couplings occur between the devices
contained in the same case or placed on a common substrate [16-19]. The characteristics of
semiconductor devices, whose every point is measured in the thermally steady state, are
called non-isothermal characteristics [20], and their shape often differs significantly from
the isothermal characteristics provided by manufacturers [14,21].

Non-isothermal characteristics describe the properties of semiconductor devices at the
thermally steady state. In such a characteristic, each point corresponds to a different value
of the junction temperature. Such a characteristic has to be measured using a point-by-
point measurement method and visibly differs from the classical isothermal characteristics
measured using the pulse method and presented in the datasheet. In contrast to non-
isothermal characteristics, in isothermal characteristics, each point corresponds to the same
value of the junction temperature equal to the ambient temperature.
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In order to make the designing process of electronic networks faster and easier, some
computer simulations are typically used [10,11,21,22]. Obtaining the reliable results of
such simulations requires accurate models of the electronic components contained in
the analyzed networks. In the description of semiconductor devices contained in power
electronics, it is very important to take into account thermal phenomena. In order to
perform computer analyses while taking into account these phenomena, the use of a special
kind of model is indispensable. Such models are called electrothermal models. They are
well-described in the literature for semiconductor devices and integrated circuits or power
modules [12-14,20,23].

Compact models of power modules dedicated to network simulations are discussed,
i.e., in the papers [9,24-29]. The second important group of models includes detailed models
formulated, for example, using the FEM or FDM methods [30-32]. They make it possible
to compute the temperature distribution in the module, but they are dedicated to single
devices only and their use in network simulations is complicated [9,25]. Unfortunately,
such analyses require technological data, e.g., the dimensions of individual material layers
of the devices, which are not available to the users.

The paper [28] presents a compact thermal model of an IGBT module containing an
IGBT and a diode. The model was formulated on the basis of the measured transient
thermal impedance waveforms and verified with microscopic computations. Unfortunately,
this model does not take into account mutual thermal couplings between the dies.

On the other hand, in [29], a model is proposed that takes into account the non-
uniformity of temperature distribution in the module. Electrical phenomena occurring in
the module are analyzed in detail, taking into account, e.g., precise determination of internal
inductances of the module and differences in switching losses related to overvoltages and
overcurrents. The process of determining the parameters of such a model is tedious, and
its implementation requires an access to the technological data of the module.

The paper [24] is devoted to the problem of modeling mutual thermal couplings and
their modeling on the basis of the material data, whereas the papers [17,33] describe com-
pact thermal models of dies placed on a common substrate. The thermal models presented
in [9,25-33] are characterized by a simplified description of the electrical properties of the
modeled device. This means that when using such kinds of models, the operating point is
not accurately computed and the device junction temperature can be computed only at the
known values of the dissipated power.

The paper [34] shows the results of measurements of nonisothermal characteristics of
a selected IGBT module and the first version of an electrothermal model of such an IGBT
module. The shape of these characteristics visibly changes due to self-heating and mutual
thermal couplings. This model makes it possible to compute only the DC characteristics
and its verification is performed in one type of cooling condition only. The cited paper
proves that proper modeling of IGBTs in the sub-threshold region is very important.

In the paper [33], it is shown that self and transfer thermal resistances in the IGBT
module depend on the power dissipated in this module. The junction temperatures of the
module components may significantly differ from each other.

In this paper, a new electrothermal model of the IGBT module dedicated for the
SPICE software is proposed. It simultaneously takes into account electrical phenomena
in the components of the module and thermal phenomena occurring in this module. The
description of the electrical phenomena is based on the electrical models of an IGBT and
a diode published previously in [15,17,21], whereas the description of the thermal model
is original. Self-heating in each component, mutual thermal couplings between each pair
of these components, and the influence of the dissipated power on the efficiency of heat
removal are taken into account. The detailed considerations are carried out for the module
containing two IGBTs, two diodes, and a thermistor. The experimental verification of the
correctness of the proposed model was performed both for the DC and transient analyses.
The obtained results of measurements and computations of the DC characteristics of the
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components of the module and the characteristics of the half-bridge converter with the
considered module are presented and discussed.

2. Model Form

The elaborated model describes properties of a typical IGBT module containing IGBTs
and p-i-n diodes connected to the inverter branch and a thermistor as shown in Figure 1.

Th,

Th,

Figure 1. Internal connections of the components of the tested IGBT module.

This module has two control leads (G; and Gy), three high-current leads (Cy, E;, and
E,), and two thermistor leads (Th; and Thy) to monitor the temperature of the module
base. Both the IGBTs and the diodes are electrically connected one to another, whereas the
thermistor is not connected electrically to the mentioned devices. Only thermal couplings
occur between these IGBTs, diodes, and the thermistor.

The formulated electrothermal model of the IGBT module belongs to the group of
compact electrothermal models and takes into account electrical and thermal phenomena
occurring in each component and between them. It makes it possible to determine voltages
and currents of all the components of the considered IGBT module and their junction
temperatures. The block structure of the proposed model is shown in Figure 2.

VCEl, 1c1

__________________________________ ‘

Electrical model

I I
I I
: * : Model for heat
C14>_;, é; Vb, ip1 I generation
Electrical model of Electrical model of !
o—4 I
gl | transistor T diode D, |t } \ 4
IT T ' Pry|Pro| P
| 0 T1|ET2[PD1| P
I Electrical model of [} Thi Ty, YYVY v
T : I
thermistor Th 0O
: ! \ Th, Tpi| Thermal model of
I"| Electrical model of Electrical model of . * ! T the module
Ez O | transistor T, diode D, Y02, In2 I Toa |
2 ?_ - 1
I I
’______“____ ___________________________________ I VeE2, ic T

Figure 2. Block diagram of the electrothermal model of the tested IGBT module.

There are three blocks in this model: an electrical model, a model for heat generation,
and a thermal model of the module. The electrical model describes the dependences
between currents and voltages of the modeled device, taking into account the influence of
its junction temperature. The terminals of this model (G1, G, Cy, E1, and E;) correspond
to the terminals of the actual module. The thermal model describes the dependence of
the junction temperature of each component on the power dissipated in this component
and in the other components contained in the module. Voltages on the terminals of this
model correspond to the junction temperature of transistors (Tt; and Tt,), diodes (Tp; and
Tpy), and the thermistor (Ty,). The model for heat generation contains dependences of the
power dissipated in each of the modeled components on their voltages and currents. These
powers correspond to voltages on terminals Pty and P, (for transistors), Ppy, and Pp; (for
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diodes). The power dissipated in the thermistor is so low that it can be omitted and its
value is not computed in the model.

The parts of this models are described in Section 2.1 (electrical model), Section 2.2
(model for heat generation), and Section 2.3 (thermal model), whereas the method of the
model parameter estimation is described in Section 2.4.

2.1. Electrical Model

The electrical model of the module consists of electrical models of all the components
of this module. These models are connected according to the diagram shown in Figure 1.
Both IGBTs (T and Ty) are described by the same models, similarly as both the diodes (D,
and D,). The used electrical model of the IGBT is described in the papers [15,21] and its
schematic diagram is given in Figure 3a. In this model, the following phenomena are taken
into account:

(a) DC properties of the output bipolar structure and the input MOS structure including
the sub-threshold effect and the dependence of the threshold voltage on its junction
temperature, the dependence of the current amplification factor of the BT structure on
the collector current and temperature, and leakage currents (DC model of the IGBT);

(b) Series resistance of emitter Rg and collector Rc modeled by linear resistors, the
resistance of which linearly depends on the transistor junction temperature;

(¢) The dependence of the capacitance between each pair of the leads of the IGBT on
voltage and the junction temperature represented by the controlled current sources
Gege, Geceg, and Gege-

o i A
. A
Ip1
Re Vs
Rs
Geee C1 Yic1a
L
V . A
CE11] VCEl ‘"Dll
G DC model T Vb11
of the IGBT
Gece DC diode
Geee |E1 model
Re J
iEl O C
E
(@) (b)

Figure 3. Diagrams of electrical models of: the IGBT (a) and the diode (b).

The equations describing the electrical model of the IGBT used in the described elec-
trothermal model of the IGBT module are given in [15]. In this model, both the dependences
describing I-V and C-V characteristics occur. An influence of the junction temperature
of these characteristics is taken into account. While formulating behavioral dependences
describing the influence of temperature on the C-V, the characteristics waveforms of the
collector current of the transistor operating as a switch with resistance load measured
at different values of temperature are used. Such characteristics are presented in the
paper [21].

In turn, the electrical model of the diode, the diagram of which is shown in Figure 3b,
takes into account the following:

e the diffusion and generation-recombination components of the current of this com-
ponent (DC diode model), described using the same equation as for the power LED
presented, i.e., in [17];

e the linear dependence of the diode series resistance on its junction temperature;



Electronics 2023, 12, 4588

50f21

e anonlinear capacitance of the p-n junction depending on the junction voltage and
temperature represented by the current source G¢cp.

The DC model of the diode is represented by the single controlled current source. This
source describes the dependence of diffusion and generation-recombination components of
the DC diode current on voltage vpj; marked in Figure 3b.

In turn, the DC model of the IGBT (occurring in Figure 3a) has a network representation
shown in Figure 4.

r— - - - - - - - ar - - - — — — - — — "
I

MOSFET model | BJT model
I

I
I
I
I
I
I
I I
I
I
o

G

L - I

Figure 4. Network representation of the DC model of the IGBT.

The classical network representation of the IGBT is used in the form of connection of
the input MOSFET structure and the output BJT. In the presented model, resistors Rcg and
Rpg model the leakage currents of the modeled device. The drain current of the MOSFET
structure is modeled by two controlled current sources: Ggt and Gcyy. The first of these
sources describes the drain current in the sub-threshold region. The source Gp describes
the MOSFET channel current.

Current flowing between the base and the emitter of the BJT is modeled by the
controlled current source Ggg. The controlled current source Ggc models the current
flowing between the base and the collector of the BJT. The main current of the IGBT is
modeled by the controlled current source Gcg. All the equations describing the mentioned
current sources are given in the paper [15].

The electrical model of the thermistor contains the controlled current source of the
output current given by the equation of the form:

. A% B B
O R ety ®

where Ry denotes the resistance of this component in the reference temperature Ty, B is a
thermistor parameter describing the slope of the dependence of the thermistor resistance
on temperature Ty,, and Vy, is voltage on the thermistor.

2.2. Model for Heat Generation

The model for heat generation is used to compute values (in the DC analysis) or
waveforms (in the transient analysis) of the active power dissipated in each of the module
component. The power dissipated in each transistor is given by the same equation, which
for transistor T; has the following form:

Pr1 = ici1 - Vegn + Re - i& + Rg - ify @)

where currents icy, igj, and voltage Vg are marked in Figure 3a.
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For each diode the same equation describes the active power dissipated in it. It has
the following form for diode D;:

. )
Pp1 = ip11 - VD11 + Rs - iy ®3)
where currents ip;, ip11, and voltage vpy; are marked in Figure 3b.

2.3. Thermal Model

The thermal model of the module is used to compute the waveforms of the junction
temperature of each component of the module, taking into account self-heating in each
component and mutual thermal couplings between each pair of these components. Tem-
peratures of these components are given by the equations of the same form, which for
transistor Tj is as follows:

t t
Tr1(t) = Ta+ [P (V) - Z'arm (8 = V)AV + [ prp(V) - Z'ewrim2 (t — v)dv+
0 0
t t 4)
+ [ Pp1(V) - Z'wrip1 (t = V)AV + [Py (V) - Zgripa (t — v)dv
0 0

where pr1 (1), p2(t), pp1(t), and ppa(t) denote the waveforms of the powers dissipated in T;
and T transistors and in D; and D, diodes, respectively. Z' g1 (t) is a time derivative of self-
transient thermal impedance of transistor Ty, whereas Zy4,1112(t), Z/ w101 (), and Z/ inrip2(t)
denote time derivatives of transfer transient thermal impedances between transistor Tq
and each of the other components of the investigated module (transistor T, diodes D; and
Dy), respectively.

Both the self and transfer transient thermal impedances Zy, () are described with the
equation of the form [35]:

Zi(t) = Ry -

1—%a--ex <— t > (5)
i=1 . P Tthki

where Ry is thermal resistance, ay; denotes the coefficient corresponding to the thermal
time constant Ty, and Ny is the number of thermal time constants. The parameters
occurring in Equation (5) depend on the cooling system used. Additionally, as it is shown
in [35], the value of thermal resistance is a decreasing function of the dissipated power. In
the proposed model, this dependence is described as follows:

Rink = Renio - [1 4 ¢k - exp(—p/by)] (6)

where Ry, o denotes the minimum value of Ry,y, p is the power dissipated in the heat source,
whereas ¢y and by are parameters, the values of which depend on the cooling conditions.
The Equation (6) is used to describe each of self and transfer thermal resistances.

In the SPICE software, the network representation of each of the equations used in the
model are needed. The network representation of the Equation (4) is shown in Figure 5.
It makes it possible to compute temperature Tt using the subcircuit denoted with the
letter A.

Each of the subcircuits visible in Figure 5 (denoted with letters B, C, and D) describes
one component of the mentioned equation denoted as voltages in the nodes Tr;17 (subcir-
cuit B), Ttip1 (subcircuit C), and Tripp (subcircuit D). These voltages represent an increase
in the junction temperature of transistor T; caused by mutual thermal coupling between
this transistor and transistor Ty, and diodes Dy and Dj, respectively. Subcircuit A consists
of three parts. The first of them, voltage source V,, models the ambient temperature T,.
The second part, the controlled voltage source E;, models the influence of mutual thermal
couplings on the junction temperature of transistor T;. The voltage on this source is equal
to the sum of voltages in nodes Tti12, TTip1, and Ttipp (Subcircuits B, C and D). The
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third part of this network models an increase in temperature Tt caused by self-heating in
this transistor.

GT1T21 GT1T2n

Gripit Gripm Cripin Gripom Cripan

Figure 5. Network representation of Equation (4) dedicated to compute the junction temperature of
transistor T7.

In these subcircuits, current sources Iy, Iy, Ip, and Ip, model the power dissipated
in transistors Ty and T, and diodes D and D, respectively. The controlled current sources
represent the dependences of the adequate part of self or transfer thermal resistance on
the power dissipated in transistor T1, whereas capacitors represent thermal capacitances
occurring in self and transfer transient thermal impedances. The current of these sources is
given by the formula of the form:

V, .
GT1ki (7)

G .=
T Rtk - ag

where Vgr1i; denotes voltage on the considered current source, and Ry,tyy is the self or
transfer thermal resistance modeled in the considered block of the presented network.
Capacitors Cryy; represent thermal capacitance described by:

Criki = Tk /Rinko 8)

The same networks as presented in Figure 5 are used also to compute the junction
temperatures of transistor T, both the diodes and the thermistor. For the thermistor, all the
subcircuits represent transfer transient thermal impedances between the thermistor and
the other components of the module.

In the thermal model, the values of the parameters characterizing self-transient thermal
impedances for both the transistors are identical, and the parameters for both the diodes
are identical. The parameters describing the mutual thermal couplings between each pair
of the module components also have the identical values, e.g., transfer thermal resistances

Riwtip2 = RinpoT1-

2.4. Model Parameter Estimation
There are two groups of parameters in the presented model:

electrical parameters describing I-V and C-V characteristics of the module components;
thermal parameters describing the dependence of the junction temperature of each
module component on the power lost in these components.

The presented model does not use any technological parameters as, e.g., doping
concentration. All the parameters describing the electrical properties of the IGBT and the
diode can be estimated on the basis of electrical characteristics of these devices given by
the manufacturers in the datasheet or some measurements performed by the user.

The values of electrical parameters are determined by the local estimation method [35],
i.e.,, by selecting groups of parameters ensuring a good compliance of a specific fragment of
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the calculated and measured characteristics. The input data for the electrical parameter
estimation procedure are the isothermal I-V and C-V characteristics of the diodes and
transistors contained in the modeled module, measured at two ambient temperatures equal
to about 25 °C and about 100 °C. This data can also come from the module’s datasheet. The
parameters describing the thermistor model are given by the manufacturer in the datasheet.

In turn, determining the value of thermal parameters requires the performance of
measurements of self-transient thermal impedances of one diode and one transistor, and of
the transfer transient thermal impedances between both the transistors, between both the
diodes, between the transistor and the diode, between the transistor and the thermistor,
and between the diode and the thermistor. The measurements should be made using the
indirect electrical method described in [33] in a wide range of changes in the power lost in
the module components. For each of the measured waveforms of self and transfer transient
thermal impedances, values of the parameters appearing in the Equation (5) should be
determined using the method described in [35].

The parameters appearing in Equation (6) are determined by approximating the
measured dependences of self and transfer thermal resistances Ry, in the module on the
power. The values of thermal parameters should be determined separately for each of the
analyzed cooling systems of the modeled module.

First, the measurements of each thermal resistance for selected power values must be
carried out. With the measured dependence Ry (p), the minimum value of this function
Rinko is determined, and then values of parameters ci and by are determined by the least
squares method with regard to the linear function of the form:

In(Repi/Ripko — 1) = —p/by +In(cy) 9

3. Investigations Results

Using the proposed model of the IGBT module, some characteristics of such a mod-
ule are computed and compared with the measurement results. The investigations were
performed for the IGBT module of the type PSI25/06 (PowerSem GmbH, Walpersdor-
fer, Germany). In Section 3.1, the most important parameters of this module are given.
Section 3.2 presents the measured and computed DC characteristics of the module oper-
ating at different cooling conditions, whereas in Section 3.3, the measured and computed
characteristics of the half-bridge converter including the considered module are given. In
all the figures given in Sections 3.2 and 3.3, the points denote the results of measurements,
whereas lines denote the results of computations.

3.1. Investigated Module

The investigated power module includes IGBTs, diodes, and a thermistor [36]. These
IGBTs are characterized by: the maximum collector-emitter voltage Vcgs = 600 V, the
maximum continuous collector current at room temperature Ico5 = 24.5 A, and the thermal
resistance between the chip and the case which amounts to 1.52 K/W [36].

The maximum continuous forward current of the diodes is equal to 18.5 A, and
thermal resistance between the junction and the case is equal to 3 K/W [36]. The thermistor
parameters are as follows: Ry =5 k(Q, Tgp =298 K, and B = 3375 K.

3.2. DC Module Characteristics

In order to illustrate the influence of the ambient temperature on the DC character-
istics of the tested module, Figures 6 and 7 show the isothermal characteristics of diode
D, (Figure 6) and the transfer characteristics of transistor T; (Figure 7). The presented
measurement results are obtained using the pulse method and the Keithley (Cleveland,
OH, USA) 2612 sourcemeter.
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Figure 6. Measured and computed isothermal characteristics of diode D;.
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Figure 7. Measured and computed isothermal transfer characteristics of transistor T;.

As it is visible, an increase in the ambient temperature causes the diode forward
voltage to drop over a wide range of the diode forward current. In the range of high current
values, the characteristics determined for different T, values are practically parallel. This
means that the series resistance of the diode is practically independent of temperature.
Additionally, it can be seen that the temperature coefficient of the forward voltage exceeds
—5mV/°C, which is a much higher value than for the classic p-n diodes.

In Figure 7, it is visible that an increase in temperature causes the transfer characteristic
to be shifted to the left due to the negative temperature coefficient of change in the threshold
voltage. At room temperature, it amounts to 6.8 V. A sub-threshold effect is visible on the
presented characteristics, which causes the collector current to increase at voltage Vgg;
lower than the threshold voltage. It is also visible that for the curves obtained from the
computations, non-smooth points occur. These points are the result of the use a spline
in the description of the current flowing through the input MOS structure of the IGBT.
Such points are visible at the border between the sub-threshold and saturation regions of
operation of these structure.

Figures 8-13 present non-isothermal (solid lines) characteristics of the components
of the tested module. In these figures, dashed lines mark the isothermal characteristics
of the tested transistor. In addition to the current-voltage dependences, there are also
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dependences of the module case temperature Tc equal to the thermistor temperature Ty,
on selected voltages on its terminals. The tests are carried out for a module without a
heat-sink and a module placed on a heat-sink of the dimensions 60 x 140 mm with 11 fins
30 mm high.

0.9 A
0.8
0.7 7
0.6
0.5 1
0.4 -
0.3 -
0.2 4
0.1 4

Ici [A]

module without
any heat-sink
Ve =6.6 V

module without any
heat-sink
Vg1 =6.6 V

Tc[°C]

15 20 25 30 0 5 10 15 20 25 30

Figure 8. Computed and measured nonisothermal output characteristics of transistor T; at
VGE1 = 6.6 V (a) and dependences of temperature Tc on Vcg; voltage (b) at different values of
the power dissipated in the other components of the module operating without any heat-sink.

Ici [A]

module situated
on the heat-sink
Ve = 6.6V

module situated on
the heat-sink
Vo1 =6.6V

70 80 0 10 20 30 40 50 60 70 80
Ver V]

(b)

Figure 9. Computed and measured output characteristics of transistor Ty at Vgg; = 6.6 V (a) and
dependences of temperature T¢ on Vg voltage (b) at different values of the power dissipated in the
other components of the module situated on the heat-sink.

In the computations, the measured values of the parameters characterizing the proper-
ties of the heat removal system in the steady state, given in Table 1, are used.

The measurements of non-isothermal characteristics were carried out with the use of
power supplies Keithley 2260B-30-36, Keithley 2260B-250-4, and laboratory multimeters
Rigol DM3068. All the results presented in Figures 8-13 were determined at the thermally
steady state using the measurement systems shown in [31]. The measured isothermal
characteristics were obtained using the pulse method and the Keithley 2612 sourcemeter.

For the transistor, the output characteristics were measured and computed at voltage
VGE = 6.6 V, which slightly exceeds the threshold voltage of the transistor and at Vgg =15V,
which significantly exceeds the threshold voltage.



Electronics 2023, 12, 4588 11 of 21
9 ; 140 - .
g | |module without any heat-sink , module without any heat-sink . .
Vep =15V 120 41 Veer=15 V . .
7 1 ) .
100 - pn=8W
6 . . .
— 3 — 80 1 '
< e Pry =4 W <
54 060 PPN
-~ & . .
3 -
40
2 1 Pp2=pr2 =0
14 20 o e
0 0 ‘ ; ‘
0 2 0 0.5 1 15 2
Ve [V]
(b)
Figure 10. Computed and measured nonisothermal output characteristics of transistor T; at
VGe1 = 15 V (a) and dependences of temperature Tc on Vcg; voltage (b) at different values of
the power dissipated in the other components of the module operating without any heat-sink.
16 — 120
module situated on the heat-sink P2 module situated on the
144 |V =15V heat-sink Vg, =15V
12 pP=25W
10 -
Zs
3]
- 6
4 B
2 4
0 0 ‘ ‘ ‘
0 0.5 25 0 0.5 1.5 2.5
VCE] [V] VCEI [V]
(a) (b)
Figure 11. Computed and measured output characteristics of transistor T; at Vgg; = 15V (a) and
dependences of temperature T¢ on Vg voltage (b) at different values of the power dissipated in the
other components of the module situated on the heat-sink.
3 140
module without any mUd_“l.e With"“t:"y
254 |heat-sink Vi =5V 120 | [heat-sink Vep, =5V
p=8W
100 4 . aoa o
5 ]
7 80 - _
< 15 4 pp=4W
- ) s = 3
S = 60 -
1 4
40
P =0
0.5 - 20
0 - 0 ‘ ‘ ‘

6
VeelV]

(b)

Figure 12. Computed and measured nonisothermal transfer characteristics of transistor T; at

Vcg1 =5V (a) and dependences of temperature Tc on Vgg; voltage (b) and different values of

the power dissipated in the other components of the module operating without any heat-sink.
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Figure 13. Computed and measured characteristics of diode D, (a) and dependences of temperature
Tc on Vp;, voltage (b) at different values of the power dissipated in diode D; or in transistor Ty for
the module operating without any heat-sink.

Table 1. Parameters values describing thermal resistances in the IGBT module model.

Module without Any Heat-Sink Module on the Heat-Sink

Farameter Ry [K/W] G bWl Ry [K/W] a bWl
Rivr1 = Revra 115 052 38 25 0.88 20
Rinp1 = Rz 12 0.5 3.8 4 0.55 20
Rivrim2 115 0.53 3.8 24 0.56 15
Rewript = Revropz 8 0.48 3.8 26 0.58 15
Rinp1D2 8.5 0.45 3.8 3 0.4 15
Riripz = Rirap1 8 0.48 3.8 26 0.55 15
Rivrith = Ravron 7.5 0.4 3.8 1.9 0526 15
Rinpith = Rinparh 8.5 0353 38 2 0.5 15

In Figure 8a, the output characteristics of transistor Tq at Vgg1 = 6.6 V are shown for
the module operating without any heat-sink, whereas Figure 8b shows the corresponding
dependences of temperature Tc on the collector-emitter voltage of transistor T;. The
investigations were performed at different values of the power dissipated in the other
components of the module (power pp; in diode D, and power pr; in transistor T5).

As it is visible, the shape of the presented nonisothermal characteristics differs signifi-
cantly from the isothermal ones. They are not any mathematical functions. Any point of an
electrothermal breakdown is visible on each of them. In such a point a sign of the slope
of these characteristics changes. The value of voltage Vcgj, at which such a point appears
decreases if the power dissipated in the other components of the module increases. Due to
thermal phenomena, the value of the collector current increases when this power increases.
It is worth noticing that the dissipation of the power in transistor T, causes a stronger
influence on the course of the characteristic Ic1(Vcg) than the dissipation of the power of
the same value in diode D,. Additionally, it is visible in Figure 8b that the changes in the
shape of characteristics Ic1(Vcg1) are accompanied by the essential changes in temperature
Tc. Due to mutual thermal couplings between the components of the module, a rise in Tc
temperature exceeds even 100 °C.

As can be seen in Figure 9, the shape of the dependence I¢1(Vcg1) obtained for the
module placed on the heat-sink is similar to that for the module operating without any heat-
sink. It is worth noting that the electrothermal breakdown point occurs at higher voltage
Vg than for a module without a heat-sink. The change in the value of this voltage can be
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even sevenfold (with prp = 8 W). With the considered cooling conditions, the influence of
the selection of the component, in which the power is dissipated, is hardly visible on the
characteristics of transistor Ty. This is due to a lower temperature rise inside the transistor
caused by mutual thermal couplings. For comparison, it is worth noting that under the
isothermal conditions, a practically constant value of the collector current of only 50 mA is
obtained (black points and lines).

In Figures 8a and 9a, an increase in the collector current is visible due to mutual thermal
couplings and an increase in the junction temperature of the transistor. In turn, in Figure 8b,
it can be seen that at the electrothermal breakdown point, the junction temperature increase
in the transistor above the sum of the ambient temperature and its increase caused by
mutual thermal coupling is only 30 °C. Due to the more effective heat removal, the point of
the electrothermal breakdown is observed at a higher value of voltage Vcg; for the module
mounted on the heat-sink than for the module operating without any heat-sink. Similarly
as in Figure 7, in Figures 8 and 9, one can observe non-smooth points near the border
between the sub-threshold and saturation region of operation of the input MOS structure
of the IGBT.

In turn, Figure 10 illustrates the influence of thermal phenomena on the output charac-
teristics of transistor Ty (Figure 10a) and on the dependence of the thermistor temperature
on V¢ voltage at Vgg = 15 V. In such operating conditions, thermal phenomena slowly
influence the courses of the output transistor characteristics visible mostly at current
Ic1 <4 A. On the other hand, a strong influence of thermal phenomena on temperature
Tc is observed. This temperature exceeds even 140 °C. The mutual thermal couplings
cause a decrease in the value of the maximum allowable current Ic; from 8 A when the
power is dissipated only in transistor T; to 5 A when the power py = 8 W is dissipated in
transistor T».

In Figure 11, it can be seen that thermal phenomena cause the voltage value Vcg; to
drop for currents Ic; < 10 A. For higher values of this current, voltage Vcg; increases with
an increase in the power dissipated in the components of the IGBT module. When the
power dissipated in the other transistor is 25 W, the maximum value of the collector current
Ic1 is only 20% of the value of this current obtained when no power was dissipated in the
other components of the investigated module.

Figure 12 illustrates the transfer characteristics of transistor T; for the module without
any heat-sink.

As can be seen, due to thermal phenomena, the transfer characteristics of the transistor
under consideration shift to the left. The course of these characteristics in the range of
voltage Vg higher than the threshold voltage is very steep. Mutual thermal couplings
cause an increase in the module temperature by up to 80 °C, which, with current Ic; =1 A,
translates into a voltage drop of Vgg; even by 0.4 V.

Figure 13 illustrates the isothermal and non-isothermal characteristics of diode D,
contained in the module operating without any heat-sink.

As itis visible, an increase in the power dissipated in the module causes the characteris-
tics to shift to the left. The presented non-isothermal characteristics show an electrothermal
breakdown point, which proves that this diode is characterized by a very low series re-
sistance value. It is worth noting that at high current values, a decrease in the forward
voltage caused by self-heating is even 0.7 V. Due to the power dissipation of 8 W in diode
D; or in transistor Ty, the allowable value of the diode D, current decreases twice. It is
visible that the influence of mutual thermal couplings on the considered characteristics
very weakly depends on the location of the heat source, and the characteristics obtained
at the dissipation power equal to 8 W in diode D; and in transistor T; are nearly the
same. Qualitatively the identical characteristics are obtained for the module situated on
a heat-sink.

Comparing the results of the computations and measurements presented in this
section, it can be seen that the proposed model enables the correct computation of both
the isothermal and non-isothermal characteristics of all the components of the considered
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module. A very good agreement between the measurement and computation results is
obtained both in the case of the operation of a single component of this module and the
simultaneous operation of many components.

3.3. Characteristics of the Half-Bridge Converter with an IGBT Module

In order to verify the usefulness of the described model in switched-mode converters,
computations and measurements of the characteristics of the classical half-bridge converter
containing the considered module were carried out. The diagram of the analyzed converter
is shown in Figure 14.

Vin © : i
i |
Rai :
| |
Vi : |
: :
Rey 1
I
:
Ve |
|
I

Figure 14. Diagram of the investigated half-bridge DC-DC converter.

In the considered converter, apart from the PSI 25/06 module, capacitors C; and C;
with the capacitance of 680 pF and C3 with the capacitance of 1 mF, inductor L; with the
nominal inductance of 1 mH and series resistance 45 m(), a transformer TR; with the
2:1:1 turn ratio, and diodes D3 and D4 of the IDP15E60 type in TO-220 cases situated on
small heat-sinks are used. The control signals are obtained from the IR2110 driver [37]
represented in the diagram by voltage sources Vg1 and Vg generating rectangular pulses
trains of the value of 15 V in the high state and zero in the low state. Both these signals
have the same frequency f and duty cycle d, but they are shifted by half of the period
in relation to each other. The resistors Rg; and Rg; are selected to be equal to 100 () to
reduce the influence of parasitic elements on switching performance of the tested IGBT
module. Values of passive components and parameters of the control signal are selected in
such a way as to obtain the operation in CCM in the whole range of change in the output
current. Voltage source Vi, represents the input voltage, whereas resistor Ry, is the load of
the converter.

During the design of this converter, particular attention was paid to limiting the
influence of parasitic effects on the operation of the IGBT module. Therefore, the length
of the main lead between the V;, power supply and transistor T; was shortened to only
3 cm. As a result, the inductance of this lead is below 20 nH. This, in combination with the
relatively low value of the time derivative of current Ic when switching off the transistor,
resulted in the overvoltage amplitude on the module not exceeding 10 V. For this reason,
the inductance of leads is omitted in the analysis.

In order to compute non-isothermal characteristics of the considered DC-DC converter
at the steady-state, the method of the electrothermal transient analysis with one non-
physical thermal time constant [34] is applied. In the analyses, the electrothermal model of
the IGBT module described in the previous section and the electrothermal model of diodes
D3 and Dy are used passive elements are modeled with the use of the linear models built-in
in SPICE [38]. For magnetic components (transformer TR; and inductor L; together with
the inductors representing inductance of each winding), the resistors representing series
resistance of the windings of these components are added.
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Figures 15-17 show selected characteristics of the considered converter determined at
the input voltage Vi, =48V, frequency f = 25 kHz, and the duty cycle d = 0.47 (red lines
and points) and at Vi, =150 V, f = 20 kHz, and d = 0.47 (blue lines and points). Energy
efficiency 1 of the converter is measured and computed using the average values of its
output and input powers. The value of this efficiency is limited, e.g., by power losses in
transistor switches. Figure 17 illustrates the computed dependence of the average value of

the power losses in transistor T; on the converter output current.
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In all these figures, the results of measurements fit very well the computations results.
In Figure 15, it is visible that an increase in the input voltage causes nearly a proportional
increase in the output voltage. Additionally, an increase in the output current causes a
decrease in the converter output voltage. Discrepancies between the computations and
measurements results visible at Vi, = 150 V can be observed due to the fact that thermal
phenomena in diodes D3 and D4 and non-linearities of the characteristics of magnetic
components are omitted.

Only the average values of the output voltage, the case temperature, and the dissipated
power are presented for the steady state. Of course, in the computations, we observed the
ripples in the waveforms of voltage, currents, and junction temperatures, but the peak-
to-peak values of these ripples are much lower than the average values of the mentioned
quantities. For example, the ripples in the output voltage have the peak-to-peak value not
exceeding 40 mV.

A very important parameter of DC-DC converters is energy efficiency n. The value
of this parameter is limited by, e.g., power losses in semiconductor devices [39,40]. Such
losses depend on the junction temperature of the mentioned devices; therefore, thermal
phenomena influence energy efficiency. The dependences 1(Iout) shown in Figure 16 possess
a maximum, which shifts right when the input voltage increases. The same values of the
output current of energy efficiency 1 are obtained at higher values of the input voltage.
Differences in the values of 1 obtained at both the values of V;, exceed even 20%. These
differences are the result of the fact that power losses in semiconductor devices do not
visibly change with an increase in the converter input voltage, whereas the output power
increases nearly proportionally to this voltage.

In Figure 17, it is visible that the case temperature of the module is an increasing
function of the converter output current and the input voltage. This increase in T¢ limits
the range of the allowable output current at the fixed values of Vjy, f, and d of the control
signal. The accuracy of the performed analyses can be improved if dynamic properties of
IGBTs and diodes that are important when switching these devices and considered, e.g.,
in [41,42] are taken into account.

4. Influence of Thermal Model Form on the Computations Results

In order to show an influence of the used form of the thermal model of the IGBT
module on the accuracy of the computations of the components characteristics of this
module, some analyses were performed. Some of the obtained results are shown in
this section.

Four forms of the module thermal model were considered. In the first one (model A),
no thermal phenomena are taken into account and the junction temperature of each compo-
nent and the case temperature are equal to the ambient temperature. The computations
results obtained using this model are denoted with black dashed lines. The second thermal
model (model B) takes into account self-heating in each component only, whereas mutual
thermal couplings are omitted. In this model, it is assumed that the thermal resistance is
constant and it does not depend on the dissipated power. The results obtained using this
model are denoted with blue lines. The third model (model C) takes into account both
self-heating in each component and mutual thermal couplings between each pair of the
components, but the values of self and transfer thermal resistances do not depend on the
dissipated power. The results obtained using such a model are denoted with green lines.
Finally, the nonlinear thermal model proposed in this article (model D) takes into account
self-heating, mutual thermal couplings, and the dependence of self and transfer thermal
resistances on the dissipated power. The results of the computations performed with this
model are denoted with red lines.

In Figure 18a, the output characteristics of transistor T; at voltage Vgg1 = 6.6 V are
shown for the module operating without any heat-sink, whereas Figure 18b corresponds
to the dependences of the case temperature on the collector-emitter voltage of transistor
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T;. The investigations were performed at different values of the power pr; dissipated in
transistor T».

140
09 | module withoutany | | [ L« o=\ _____ model A
heat-sink Vg = 6.6 V 120 4 model B
0.8 model C
------ model A model D
0.7 4 — model B 100 ~ = = m 8 measurements
0.6 4 —— model C
< A model D O 80~
—5 0.5 = mm = measurements °—U
= 04 & 603
0.3 4 40 -
0.2 1 ) I S
o1 | 20 module without any
R e e e g & * 0 heat-sink Vg, = 6.6 V
0 T T T T T T T T T
0 s s 2 25 30 0 5 10 15 20 25 30
VerlV] Ver [V]
(a) (b)

Figure 18. Output characteristics of transistor T (a) and dependences of temperature T¢ on voltage
vcg: (b) for the module operating without any heat-sink obtained using the measurements and
computations with different thermal models.

As it is visible, only model D makes it possible to obtain a very good agreement
between the results of computations and measurements for different values of the power
dissipated in the other components of the tested module in a wide range of voltage and
current. Model C allows one to obtain a satisfactory agreement between the measurement
and computation results only at low values of the power dissipated in transistor T1. An
increase in this power causes wider discrepancies between the computations and measure-
ments results due to a decreasing function of thermal resistance on the dissipated power,
which is neglected in this model. For high values of current ic1, voltage vcg; is lowered
even by 30%, and temperature T¢ is overestimated by up to 30 °C. In turn, model B omits
the influence of the power dissipated in transistor T, on the characteristics of transistor T
and has the same course for both the values of power pt,. Therefore, for power pr, > 0, the
computed and measured characteristics differ significantly from each other. The computed
values of the collector current icj are underestimated even up to 13 times, and temperature
Tc is underestimated by over 100 °C. Model A makes it possible to obtain the acceptable
accuracy of computations only at very low values of the dissipated power.

Figure 19 shows the output characteristics and the dependence Tc(Vcg) for the
module placed on the heat-sink.

The characteristics presented in Figure 19 show the advantage of model D over the
other models under consideration. The quantitative differences between the results of
computations and measurements with the considered models are on a similar level as
for a transistor operating without any heat-sink. The differences between the results
of measurements and the results of computations performed using models A, B, and C
increase with an increase in the value of the power dissipated in the other components of
the tested module.
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Figure 19. Output characteristics of transistor T; (a) and dependences of temperature T¢c on voltage
vcEl (b) for the module situated on the heat-sink obtained using the measurements and computations
with different thermal models.

5. Conclusions

The paper presents a large-signal electrothermal model of the IGBT module. This
model is dedicated to SPICE and enables the determination of DC and dynamic charac-
teristics of this module components and of the systems containing this module. It takes
into account significant electrical phenomena occurring in transistors and diodes as well
as thermal phenomena occurring in the module. These phenomena include self-heating
in each component of the module and mutual thermal couplings between each pair of
these components. Additionally, the non-linearities of the aforementioned thermal phenom-
ena, characterized by their self and transfer thermal resistances depending on the power
dissipated in the module, are taken into account.

The correctness of the proposed model was verified experimentally. The investigations
were performed for the module of the type PSI25/06 by Power Sem operating at different
cooling conditions. For all the considered cooling and operating conditions of this module,
the results of computations fit well the results of the measurements. Due to the dependence
of thermal resistances on the power, a much better accuracy in modeling the characteristics
of the module components was achieved than with the model described in [34].

Table 2 compares the properties of selected models which make it possible to compute
characteristics of the power modules.

Table 2. Properties of selected models used to compute the characteristics of power modules.

Taking into Account:

Source Ambient Self- TMh::ll;aall Riw(p) or Thermal Sub-Threshold
Temperature  Heating . R (T) Inertia Effect
Couplings
[12] YES YES NO NO YES NO
[31] YES YES YES YES YES NO
[34] YES YES YES NO YES YES
This article YES YES YES YES YES YES

As can be easily observed, this article includes all the important phenomena taken
into account in the previously published articles. On the other hand, it also takes into
account the influence of the ambient temperature, self-heating, mutual thermal couplings,
the dependence of thermal resistance on the dissipated power, and the sub-threshold effect
in the IGBT.
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The presented computation and measurement results showed that both the ambient
temperature and thermal phenomena strongly influence the DC characteristics of the
components of the tested IGBT module. An increase in the ambient temperature cause only
quantitative changes in these characteristics, whereas thermal phenomena cause changes
in the shape of the characteristics of the diode and the transistor situated in the IGBT
module. For a low value of Vg voltage, nearing the value of the threshold voltage on the
transistor output characteristics, points of the electrothermal breakdown can be observed.
Self-heating phenomena and mutual thermal couplings can cause a significant rise of the
junction temperature of the module. Due to this rise, the value of the admissible power
is visibly limited. The proposed model makes it also possible to accurately calculate the
junction temperature of each component of the tested module.

The presented results of the analyses and measurements of the characteristics of the
half-bridge converter proved that the proposed model enables the correct determination of
its electrical characteristics, energy efficiency, and temperature of the module components.
The obtained results confirmed that with a higher value of the input voltage of the converter,
a much higher energy efficiency rating can be obtained. For example, changing the value of
this voltage from 48 to 150 V allows for an increase in the maximum value of the efficiency
from 80 to 90%. It can also be seen that an increase in this voltage also results in an increase
in the junction temperature of the module components caused by an increase in the power
loss associated with switching on or off the transistors contained in the module.

The presented model and test results may be useful for designers of systems which con-
tain power modules. Changes in the component characteristics of such modules can be sim-
ilarly modeled for modules containing other semiconductor devices, e.g., power MOSFETs.
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