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Abstract: This study proposes an electrothermal averaged model of the diode–transistor switch
including insulated gate bipolar transistor (IGBT) and a rapid switching diode. The presented model
has the form of subcircuits dedicated for simulation program with integrated circuit emphasis (SPICE)
and it makes it possible to compute characteristics of DC–DC converters at the steady state considering
self-heating phenomena, both in the diode and in IGBT. This kind of model allows computations of
voltages, currents and internal temperatures of all used semiconductor devices at the steady state.
The formulas used in this model are adequate for both: continuous conducting mode (CCM) and
discontinuous conducting mode (DCM). Correctness of the proposed model is verified experimentally
for a boost converter including IGBT. Good accuracy in modeling these converter characteristics
is obtained.

Keywords: IGBT; DC–DC converter; electrothermal model; averaged model; thermal phenomena;
self-heating; diode–transistor switch; power electronics

1. Introduction

Nowadays, power electronic circuits often include DC–DC converters [1–5]. Designing these
converters requires reliable methods of computer simulations [1,5,6]. They enable selection of optimal
components and operating conditions of the designed converter. For more than 50 years, many scientists
have been working on methods and models that allow fast computations of waveforms of currents
and voltages as well as AC and DC characteristics of power converters [5–8]. To provide simulations
of electronic circuits using the formulated models it is necessary to use software dedicated to electronic
circuits simulation. SPICE (simulation program with integrated circuit emphasis) is commonly used for
this purpose [5,6,8–10]. Its main advantage is easy implementation of any compact model of electronic
components and devices.

Due to the switching mode of operation of DC–DC converters, their characteristics can be obtained
with the sequential analysis of transient processes only. Such analysis requires, as a rule, a long
time—and may cause convergence problems of computations [11]. In order to shorten the time of
this analysis, the averaged models of DC–DC converters were proposed [5,8,12–15]. These models
make it possible to compute characteristics of circuits at the steady state using a DC sweep (DC
analysis) [5,8,16]. This is one of the types of the standard analyses realized in SPICE. Typically, a DC
analysis needs a short computation time. In averaged models, the average values of voltages in nodes
and currents flowing through branches of considered circuits are used instead of the instantaneous
values of these quantities.

It is assumed that averaged DC–DC converters models should be formulated in accordance with
two steps of their activation in “on” and “off” phases of a switch. In the first step, the transistor is
turned on, and simultaneously the diode is turned off. In the second step, the transistor is turned off
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and simultaneously the diode is turned on. The considered states of operation are described using
two subcircuits which depend on each other. For both the mentioned steps of operation, equations
describing currents flowing through capacitors and voltages on inductors are formulated. Next,
these equations are averaged across period T and compared to zero. Finally, equations describing
dependences between average values of currents and voltage at the steady state in the considered
DC–DC converter are obtained [5,8].

Averaged models of DC–DC converters have been described in literature for many years [5,8,12–21].
They can be presented in different network forms and they can be used for: transient, AC and
DC analysis [5,8]. They also enable obtaining small-signal frequency characteristics, steady-state
voltage–current characteristics and waveforms of currents and voltages in considered converters.

As it can be seen, e.g., in [5,8,16], in all single-inductor DC–DC converters a diode–transistor
switch can be distinguished. In such a switch a diode and one kind of transistors (BJT, JFET, MOSFET
or IGBT) are included. The structure of such a switch, including insulated gate bipolar transistor (IGBT)
and a diode, is shown in Figure 1.
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Figure 1. Diagram of a diode–transistor switch with IGBT and the diode.

The considered switch contains 5 terminals: 3 terminals of IGBT and 2 terminals of the diode.
During operation of such a switch in any DC–DC converter, a control signal in the form of a rectangular
pulses train is connected to terminal number 5. The transistor and the diode are connected to other
components of the considered DC–DC converter as shown in its diagram. Voltage between pairs of
terminals 1, 2 (v1(t) voltage) and 3, 4 (v2(t) voltage) have the shape of rectangular pulses trains. At the
steady state waveforms of voltages and currents are periodical.

In many papers, e.g., [5,8,16,17,20,21] averaged models of a diode–transistor switch of different
accuracy are described. In some of these models the diode and the transistor are described as ideal
switches characterized by zero on-state resistance and infinite off-state resistance [5,8]. Another group of
these models uses piecewise linear characteristics of the mentioned semiconductor devices [5,8,16,17,21].
Some of these models [21] take into account operation only in CCM (Continuous Current Mode),
whereas models described in [5,8,16] make it possible to compute characteristics of these converters
operating both in CCM and DCM (Discontinuous Current Mode).

During operation of DC–DC converters self-heating phenomena occur in semiconductor devices
contained in these converters [11,16,17,22–24]. The result of these phenomena is an increase in internal
temperature of these devices and changes in the course of characteristics of these converters. As it
is indicated, among others in [11,17], thermal phenomena occurring in components of low-voltage
converters significantly influence characteristics of these converters. Thermal phenomena also strongly
affect reliability of such converters, as presented in [11,16,17]. A computer analysis can be useful
in estimating thermal phenomena. In order to apply such a method, an electro-thermal model of
electronic components comprising a DC–DC converter is necessary.

In literature, averaged models of a diode–transistor switch containing ideal switches [5,8,18,20]
or MOSFETs [16,17,25] are described. The model of a diode–transistor switch containing IGBT and
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a diode presented in the study [21] has a significantly simplified form. In the considered model,
characteristics of the diode and IGBT are modeled using piecewise linear functions consisting of only
two pieces. Such a manner of modeling DC characteristics of IGBT and a diode can cause a significant
error of computations, especially in the range of low currents. Moreover, this model was verified only
in the CCM. As it is pointed out in many papers [5,8,16], omitting DCM can also constitute a cause of
a significant error in computations. Finally, in the model presented in [21] thermal phenomena are
not taken into account. The electrothermal averaged model of a diode–transistor switch including
the power MOS transistor is described in [16,17]. Such models enable computations of voltages and
currents in the considered converter and internal temperatures of semiconductor devices contained in
the diode–transistor switch. Due to different shapes of output characteristics of IGBT and MOSFET
operating in the on–state, the cited models are not adequate to analyze characteristics of DC–DC
converters including IGBT and a diode.

In this study, the electrothermal averaged model of a diode–transistor switch including the IGBT is
proposed. It is dedicated to electrothermal analysis of DC–DC converters containing such a switch and
it makes it possible to compute values of current, voltage and internal temperatures of semiconductor
devices contained in the mentioned switch. In electrothermal analyses, both electrical phenomena
occurring in the analyzed DC–DC converter as well as self-heating phenomena occurring in both
semiconductor devices are taken into account. In Section 2, the form of the elaborated model is
presented. In Section 3, a manner of estimating model parameters is described and some results of
modeling DC characteristics of components of the diode–transistor switch are shown. In Section 4,
the results of usefulness of the elaborated model for determining characteristics of the boost converter
are presented and discussed.

2. Proposed Model

The formulated electrothermal model of a diode–transistor switch is based on the concept
described in the study [16,17] for such a switch including the power MOS transistor. The network
representation of the proposed electrothermal model of a diode–transistor switch (DTS) with IGBT and
a diode is shown in Figure 2.
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Terminals of the presented model denoted as 1, 2, 3 and 4 correspond to terminals of the real
diode–transistor switch in the diagram shown in Figure 1. This model can be connected to other parts
of the analyzed DC–DC converters through the mentioned terminals in accordance with the diagram
of these converters. The control signal is not shown in the model, but frequency f and duty cycle d
of this signal are parameters of the presented model that are used in descriptions of some controlled
voltage and current sources existing in this model. The voltages on terminals TjT and TjD correspond
to internal temperatures of IGBT and the diode, respectively.

The presented model consists of 4 blocks. These are: main circuit, aided block, thermal model and
CCM/DCM. Blocks and all components contained in them are described below.

The main circuit includes two controlled voltage sources ER and ET modeling average voltage
between output terminals of IGBT and controlled current source GD modeling the average value of
diode current. Voltage source V1 of zero value is used to monitor the average value of diode current.
Values of currents I1av and I2av, as well as voltages V1av and V2av in the main circuit, are average values
of diode and transistor voltages and currents. The connected in series controlled voltage sources ER and
ET model a voltage drop between transistor output terminals. Controlled current source GD models
diode current. The output values of these sources are described with elaborated formulas using the
concept presented in the papers [16,17]. According to this concept, in each period of the control signal,
current flows through the transistor for a time equal to d·T, and through the diode—for a time equal to
(1-d)·T, wherein T is period of the control signal. Diode current–voltage characteristic and transistor
output characteristic are described by piecewise linear functions. Parameters describing such piecewise
linear functions depend on internal temperatures of the diode and IGBT. Values of these parameters are
computed in the aided block, whereas internal temperatures of semiconductor devices are computed
in the thermal model. The equivalent duty cycle Veu, adequate for operation of the DC–DC converter
containing the modeled diode–transistor switch, is computed in CCM/DCM block shown in Figure 2.
The value of Veu depends on duty cycle and frequency of the control signal, inductance of the inductor
contained in the analyzed DC–DC converter and output current of this converter.

Controlled voltage and current sources existing in the main circuit are described as follows

ET =
1−Veu

Veu
· (V2av + VD) (1)

ER =
VIGBT

Veu
+

I1av ·RIGBT
Veu

+
I1av ·RD

V2
eu

· (1−Veu) (2)

GD =
1−Veu

Veu
· I1av (3)

where current I1av and voltage V2av are denoted in Figure 2, Veu is voltage on controlled voltage
source Eu, VD voltage and RD resistance are described by a piecewise linear characteristic of forward
biased diode, whereas VIGBT voltage and resistance RIGBT are described by a piecewise linear output
characteristic of switched-on IGBT. Parameters VIGBT, VD, RD and RIGBT depend on the device internal
temperature (TjT for IGBT and TjD for the diode) and on current flowing through these devices.
Values of the mentioned parameters correspond to voltages on controlled voltage sources EVIGBT,
EVD, ERD and ERIGBT, respectively. These sources are included in the aided block. Descriptions of the
mentioned parameters are as follows:

VD =


VD1 ·

(
1 +

(
T jD − T0

)
· αVD1

)
i f I2av < a1

VD2 ·
(
1 +

(
T jD − T0

)
· αVD2

)
i f a1 ≤ I2av < a2

VD3 ·
(
1 +

(
T jD − T0

)
· αVD3

)
i f I2av ≥ a2

(4)
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RD =


RD1 ·

(
1 +

(
T jD − T0

)
· αRD1

)
i f I2av < a1

RD2 ·
(
1 +

(
T jD − T0

)
· αRD2

)
i f a1 ≤ I2av < a2

RD3 ·
(
1 +

(
T jD − T0

)
· αRD3

)
i f I2av ≥ a2

(5)

VIGBT =


VIGBT1 ·

(
1 +

(
T jT − T0

)
· αVIGBT1

)
i f I1av < b1

VIGBT2 ·
(
1 +

(
T jT − T0

)
· αVIGBT2

)
i f b1 ≤ I1av < b2

VIGBT3 ·
(
1 +

(
T jT − T0

)
· αVIGBT3

)
i f I1av ≥ b2

(6)

RIGBT =


RIGBT1 ·

(
1 +

(
T jT − T0

)
· αRIGBT1

)
i f I1av < b1

RIGBT2 ·
(
1 +

(
T jT − T0

)
· αRIGBT2

)
i f b1 ≤ I1av < b2

RIGBT3 ·
(
1 +

(
T jT − T0

)
· αRIGBT3

)
i f I1av ≥ b2

(7)

In Equations (5) and (6) symbols VD1, VD2, VD3, RD1, RD2, RD3, αVD1, αVD2, αVD3, αRD1, αRD2,
αRD3, a1 and a2 denote parameters of a piecewise linear model of diode DC characteristic. In turn,
in Equations (6) and (7) symbols VIGBT1, VIGBT2, VIGBT3, RIGBT1, RIGBT2, RIGBT3, αVIGBT1, αVIGBT2,
αVIGBT3, αRIGBT1, αRIGBT2, αRIGBT3, b1 and b2 denote parameters of a piecewise linear model of IGBT
output characteristics. Values of temperatures TjD and TjT are computed in the thermal model,
whereas T0 represents reference temperature.

In the thermal model values of internal temperature of IGBT (TjT) and the diode (TjD) are computed
with self-heating phenomena taken into account. The classical electrical analog of a DC compact
thermal model described, e.g., in [11,16,17,22,26,27] is used. In this analog temperature corresponds to
voltage in selected nodes of this analog, whereas dissipated power is represented by current sources.
The ability to remove heat generated in the diode and in IGBT is characterized by thermal resistance.
In the proposed model voltage source VTa represents ambient temperature, resistors RthT and RthD
denote thermal resistance of IGBT and the diode, respectively. Average values of power dissipated
in the considered semiconductor devices are represented by controlled current sources GTT and GTD.
Currents flowing through these sources are described by the following formulas

GTD =
(
VD +

RD · I2av

1−Veu

)
·

I2av

1−Veu
(8)

GTT =
(
VIGBT +

RIGBT · I1av
Veu

)
·

I1av
Veu

(9)

The proposed model can be used for computations of characteristics of DC–DC converters
operating in CCM or DCM. In both mentioned modes of operation in each period of a control signal
the transistor is turned on in time equal to the product of duty cycle d and period T. In turn, the diode
is turned on in time equal to (1-d)·T in CCM and this time is shorter in DCM. In order to take into
account influence of duty cycle d, frequency f of the control signal and inductance L of the inductor
included in the tested DC–DC converter on voltage Veu, CCM/DCM block is included in the model.
This block includes controlled current source Ga, voltage source Va of zero value, resistor Ra and
controlled voltage sources Eu and Ex.

Voltage Veu on voltage source Eu is described by the formula

Veu =


0 i f Vx < 0

Vx i f 0 < Vx

1 i f Vx > 1
< 1 (10)

where voltage Vx on voltage source Ex is described as follows

Vx = LIMIT

MAX

d,
d2

d2 + 2 · L · f · IVa
V2av+VD

, 0, 1

 (11)
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In Equation (11) LIMIT (·) and MAX (·) are SPICE standard functions described, e.g., in the
book [28] and IVa denotes current flowing through controlled current source Ga described with the
formula of the form:

Ga = MAX(I1av, 0) (12)

Resistor Ra must be included in this block due to formal rules of SPICE. Voltage source Va is used
to monitor the value of current IVa.

3. Estimation of Model Parameters

Practical applications of the proposed model require estimation of parameter values existing
in this model. For example, an estimate is performed for the IGBT of the type IGP06N60T [29] by
Infineon Technologies and for the diode of the type IDP08E65 [30] by Infineon Technologies. Input data
are characteristics of such devices measured by the authors with the use of the impulse method [31]
and a source-meter Keithley 2612a [32] at different fixed values of ambient temperature. When these
measurements are performed, the tested semiconductor devices are situated in a thermal chamber,
in which the adjustable value of temperature can be obtained.

Values of the model parameters obtained by matching piecewise linear models of characteristics
of the considered devices are given in Table 1.

Table 1. Values of parameters of the piecewise linear model of the used insulated gate bipolar transistor
(IGBT) and diode.

Parameter Name VD1 (V) VD2 (V) VD3 (V) αVD1 (K-1) αVD2 (K-1) αVD3 (K-1) a1 (A)
Parameter Value 0.63 0.74 0.847 −8.41 × 10−3

−3.92 × 10−3
−2.95 × 10−3 0.25

Parameter Name RD1 (Ω) RD2 (Ω) RD3 (Ω) αRD1 (K−1) αRD2 (K−1) αRD3 (K−1) a2 (A)
Parameter Value 0.75 0.191 0.1 4.67 × 10−3 2.62 × 10−3 1.74 × 10−3 1.3

Parameter Name VIGBT1 (V) VIGBT2 (V) VIGBT3 (V) αVIGBT1 (K−1) αVIGBT2 (K−1) αVIGBT3 (K−1) b1 (A)
Parameter Value 0.611 0.736 0.811 −3.04 × 10−3

−1.63 × 10−3
−1.2 × 10−3 0.52

Parameter Name RIGBT1 (Ω) RIGBT2 (Ω) RIGBT3 (Ω) αRIGBT1 (K−1) αRIGBT2 (K−1) αRIGBT3 (K−1) b2 (A)
Parameter Value 0.443 0.195 0.127 3.61 × 10−3 2.05 × 10−3 1.9 × 10−3 1.2

In Figures 3 and 4 measured (points) and computed (lines) characteristics of the diode (Figure 3)
and IGBT (Figure 4) are shown. These characteristics are measured and computed at selected values of
ambient temperature Ta.Energies 2020, 13, x FOR PEER REVIEW 7 of 17 
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Figure 3. Characteristics of a forward-biased diode computed with the use of a piecewise linear model
(lines) and measured (points) at selected values of temperature Ta.
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Figure 4. Output characteristics of insulated gate bipolar transistor (IGBT) computed with the use of a
piecewise linear model (lines) and measured (points) at selected values of temperature Ta.

As is visible, the results of measurements and computations are convergent for both considered
semiconductor devices in a wide range of changes of ambient temperature Ta. As can be observed,
all characteristics are described using 4 line segments. A slope of the considered characteristics increases
with an increase of the main current of the tested device. This means that series resistances of the diode
and IGBT decrease with an increase of this current. It is also observed that the diode forward-voltage
and on-voltage of IGBT at zero current decreases with an increase in ambient temperature.

With the diode, an increase in temperature causes a decrease in diode forward-voltage. In turn,
for IGBT with a range of low collector current values, an increase in ambient temperature causes a
decrease in on–voltage of IGBT. In contrast, for high collector current values, an increase in temperature
Ta causes an increase in on–voltage of IGBT.

The presented characteristics correspond to isothermal operating conditions of tested devices,
at which self-heating phenomena can be omitted. In the real case, device internal temperature is higher
than ambient temperature as a result of the mentioned phenomena [26,27,33]. The cooling conditions
of this device are characterized by thermal resistance. This parameter is measured using impulse
electrical methods described in [34–36].

Both considered semiconductor devices are situated in the TO-220 case. The measured values of
IGBT and the diode are nearly the same and they are equal to about 44 K/W. Reference temperature T0

is equal to 20 ◦C.

4. Results of Measurements and Computations

In order to verify usefulness of the proposed electrothermal averaged model of a diode–transistor
switch, measurements and computations of characteristics of the boost converter with considered
semiconductor devices were performed. A diagram of the tested converter is shown in Figure 5,
whereas a photo of the tested converter is presented in Figure 6.

In the considered converter, the input voltage Vin was equal to 12 V, and R0 was load resistance.
The inductance of inductor L1 was equal to 560 µH and capacitance of capacitor C1 was equal to 1 mF.
Voltage source Vctrl produced a rectangular pulsed train of frequency f equal to 10 kHz and duty cycle
d. Ammeters were used to measure the input and output currents of the tested converter. Internal
resistance of these ammeters was equal to 0.31 Ω. The prototype was mounted on a PCB; the diode of
the type IDP08E65 and IGBT of the type IGP06N60T operated without any heat-sinks. The control
signal was given by a signal generator exciting gate driver IR2125 by Infineon Technologies.

Some waveforms of voltages and currents of the tested DC–DC converter were measured using
an oscilloscope Rigol MS05104 and current probe Tektronix PCPA 300 for different parameters of
the control signal and load resistances. For example, in Figure 7 measured waveforms of vGE(t)
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voltage (yellow line), vCE(t) voltage (violet line) and iL(t) current (blue line) are shown. The mentioned
quantities are marked in Figure 5. Waveform of iL(t) was obtained after conversion of the measured
current into voltage in the current probe. The conversion coefficient was equal to 1 A/V. During these
measurements load resistance R0 was equal to 47 Ω.Energies 2020, 13, x FOR PEER REVIEW 8 of 17 
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Figure 7. Measured waveforms of vGE(t) voltage, vCE(t) voltages and iL(t) current in the tested boost
converter operating at load resistance R0 = 47 Ω.
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As it can be observed, the signal controlling the input of IGBT (vGE voltage) had frequency equal
to 10 kHz, duty cycle equal to 0.5, low level voltage equal to zero and high level voltage equal to 15 V.
These parameters values of the control signal were adequate for the used transistor. The transistor
output voltage vCE(t) had a shape of a rectangular pulsed train. The highest level of this voltage was
equal to about 22 V. The current iL(t) had positive values only, which proved that the tested converter
operated in CCM.

It is important to notice that the tested DC–DC converter operated without any feedback loop,
typically used in switch-mode power supplies including such converters. At the chosen operating
condition, the influence of parameters of the control signal and on the load resistance were not
compensated by the feedback loop. Therefore, any disadvantages of the proposed model can be clearly
illustrated for the tested circuit.

Selected resulted of measurements and computations of the considered DC–DC converter
are shown in the successive figures. In these figures points denote the results of measurements,
solid lines—the results of computations performed with the use of the proposed electrothermal
averaged model of a diode–transistor switch including IGBT and a rapid switching diode (called
also the new model), black dashed lines—the results of computations performed with the use of the
averaged model of a diode transistor switch with ideal switches described e.g., in [5,8] and blue dotted
lines—the results of computations performed with the use of the averaged model of a diode–transistor
switch including IGBT described in [21].

Figures 8–11 present computed and measured characteristics of the considered converter operating
at the fixed value of duty cycle d = 0.5 and the varied value of load resistance R0. In turn, Figures 12–15
show characteristics of this converter operating at the fixed value of load resistance R0 = 47 Ω and
the varied value of duty cycle d. Values of voltages and currents were measured with the used of
laboratory voltmeters and ammeters. The diode and transistor temperatures were measured with the
use of an infrared method performed with a pyrometer PT-3S by Optex [37]. This instrument made it
possible to measure the case temperature of the mentioned semiconductor devices. Due to a very small
value of junction–case thermal resistance of the considered semiconductor devices—which was much
lower than junction-ambient thermal resistance—a difference between internal and case temperatures
of these devices was not higher than 5 ◦C.

In Figure 8 measured and computed dependences of converter output voltage Vout on load
resistance R0 are presented. As is visible, in the considered operating conditions, the boost converter
operated in CCM for R0 < 100 Ω and in DCM for R0 > 100 Ω. In both modes of operation, the new
model guarantees good accuracy of computations. At small values of load resistance, a decrease
was visible in the value of output voltage caused by influence of a voltage drop on the switched on
transistor and diode. This voltage drop was an increasing function of converter output current and a
decreasing function of load resistance R0. Literature models described in [5,8,21] could be used for the
converter operating in CCM only, because differences between the results of computations performed
with these models and the results of measurements were acceptable only in this mode. Of course,
the results performed with the use of the model proposed in [21] were more convergent with the results
of measurements in CCM than the results performed with the model given in [5,8].

Figure 9 presents dependences of watt-hour efficiency of the considered DC–DC converter on
load resistance.

The obtained values of watt-hour efficiency were in the range from 0.8 to 0.9. Values of this
parameter computed using the electrothermal model differed from the results of measurements by no
more than 7%. The resulted obtained using the considered literature models were overstated even by
17%.

In Figure 10 dependence of internal temperature of IGBT on load resistance was shown.
Such dependence could be obtained with the use of the electrothermal model only.
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Figure 9. Computed and measured dependences of watt-hour efficiency of the boost converter on
load resistance.
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Figure 10. Computed and measured dependence of internal temperature of IGBT on load resistance.
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Figure 13. Computed and measured dependences of watt-hour efficiency of boost converter on
duty cycle.
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As can be seen, very good accuracy in modeling this dependence was obtained only was CCM.
In DCM differences between the results of measurements and computations increased with an increase
in load resistance. They exceeded even 20 ◦C at R0 > 6 kΩ which could be connected with a long
switching-off process of IGBT [38], that was not taken into account in the proposed model.

In Figure 11 measured and computed (using the new model) dependence of internal temperature
of diode on load resistance is shown.

The considered dependence is a monotonically decreasing function. The result of computations
were convergent with the results of measurements. Differences did not exceed 4 ◦C. Of course,
the considered literature models did not make it possible to compute such dependence.

Figure 12 shows computed (with the new model) and measured dependences of converter output
voltage on duty cycle.

In the whole considered range of changes of duty cycle the tested boost converter operated in
CCM. The measured dependence Vout(d) is a monotonically increasing function, but measurements
were performed only for d < 0.67. The range of changes of d was limited due to a high increase in
internal temperature of IGBT, which attained even 120 ◦C. The considered dependences computed
using the electrothermal model and the model given in [21] had maxima at d > 0.9. These maxima
were observed due to voltage drops on switched-on semiconductor devices [16]. It was also visible
that due to self-heating the value of these maxima decrease even three times. Differences between the
results of measurements and computations were small and they do not exceed 5%.

Figure 13 illustrates dependence of watt-hour efficiency of the tested boost converter on duty cycle.
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As can be observed, dependences η(d) were monotonically decreasing functions. The results
of computations performed with the electrothermal model were convergent with the result of
measurements. Differences do not exceed 2%. Values of watt-hour efficiency computed using
the other models were overstated even by 15%.

Figure 14 presents measured and computed (with the new model) dependence of internal
temperature of IGBT on duty cycle.

The considered dependence was an increasing function. The results of computations differ from
the results of measurements not more than 5 ◦C.

Figure 15 shows measured and computed (with the new model) dependence of internal temperature
of the diode on duty cycle.

It can be easily observed that temperature TjD increased with an increase in duty cycle. This means
that the power dissipated in this diode increased, despite the fact that the time in which this diode was
forward-biased decreased. The differences between the results of computations and measurements did
not exceed a few degrees Celsius.

Figure 16 illustrates influence of duty-cycle on the output characteristics of the tested DC–DC
converter (Figure 16a) and the dependence of diode internal temperature on the converter’s output
current iout.
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Figure 16. Computed and measured output characteristics of the tested DC–DC converter (a) and
dependences of internal temperature of the diode on converter output current (b) for selected values of
duty cycle.

As it can be observed in Figure 16a, very good agreement between computed and measured
output characteristics of the tested converter was obtained at all the considered values of duty cycle.
The considered dependence was a decreasing function. The critical output current at which the mode
of DC–DC converter operation change from DCM to CCM decreased with an increase in duty cycle d.
In turn, in Figure 16b, it can be observed that the dependence TjD(iout) was an increasing function and
values of temperature TjD increase with an increase in duty cycle.

An influence of ambient temperature on characteristics of the tested boost converter is illustrated
in Figure 17.

It is clearly visible in Figure 17a that changes in value of ambient temperature practically do not
influence value of output voltage of the tested boost converter. Points marking results of measurements
performed in both the values of ambient temperature practically overlap as well as lines representing
computations performed for these values of Ta. Changes in value of Vout voltage caused by change
in ambient temperature did not exceed 0.3 V. Hence, small value of these changes was a result of
weak influence of temperature on IGBT output voltage. The same result were obtained during
computations and measurements. In contrast, in Figure 17b, it is visible that change in the value of
ambient temperature caused practically the same change in the value of internal temperature of the
diode. The same influence of ambient temperature the Authors observed also for internal temperature
of IGBT.
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Some additional computations of the tested boost converter were performed using the worked-out
electrothermal averaged model of a diode transistor switch, including the IGBT and a rapid switching
diode. For example, Figure 18 illustrated influence of load resistance on dependences of converter
output voltage (Figure 18a) and internal temperature of the diode (Figure 18b) on the duty cycle.Energies 2020, 13, x FOR PEER REVIEW 14 of 17 
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Figure 17. Computed and measured dependences of converter output voltage (a) and internal
temperature of the diode (b) on duty cycle.
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Figure 18. Computed dependences of converter output voltage (a) and internal temperature of the
diode (b) on duty cycle for selected values of load resistance.

As it can be observed, an increase of load resistance R0 caused an increase in the maximum value
of converter output voltage and an increase in the value of duty cycle, at which the maximum in
characteristic Vout(d) was observed. The maximum value of Vout voltage changes in the range from
30 to 94 V. In turn, internal temperature of the diode was an increasing function of duty cycle and a
decreasing function of load resistance. It is worth noticing that at the considered cooling conditions of
the diode the acceptable value of duty cycle was strongly limited. For the considered values of R0 the
maximum value of duty cycle increased from about 0.5 (for R0 = 15 Ω) to about 0.8 (for R0 = 150 Ω).

Figure 19 illustrates the influence of duty cycle on dependences of converter output voltage
(Figure 19a) and internal temperature of IGBT (Figure 19b) on load resistance.

In Figure 19a it is visible that dependence Vout(R0) was an increasing function for all considered
values of duty cycle d. It could also be observed that the value of load resistance at which the border
between the CCM and DCM exists moves right with an increase in the value of d. In CCM influence of
energy losses in semiconductor devices on converter output voltage were much more visible for the
highest value of duty cycle. In turn, in Figure 19b it can be seen that internal temperature of IGBT is a
decreasing function of load resistance and an increasing function of duty cycle. Cooling conditions of
IGBT limit the lowest admissible value of load resistance at the adjusted duty cycle. In the considered
case for d = 0.8 load resistance should not be smaller than 100 Ω in order to limit the value of internal
temperature of IGBT to 150 ◦C.
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Figure 19. Computed dependences of converter output voltage (a) and internal temperature of IGBT
(b) on load resistance for selected values of duty cycle.

5. Conclusions

In this study, a new electrothermal averaged model of the diode transistor switch—including IGBT
and a rapid switching diode—is proposed. This model makes it possible to compute non-isothermal
(taking into account self-heating phenomena) characteristics of DC–DC converters operating both in
CCM and DCM. Values of voltages, currents and internal temperatures of semiconductor devices at
the thermally steady state can be computed using this model. The proposed model uses piecewise
linear approximation of current–voltage characteristics of IGBT and the diode operating in on–state.

Practical usefulness of the proposed model was verified for the boost converter operating both in
CCM and DCM at different values of duty cycle of the control signal in a wide range of load resistance.
It was shown that the new electrothermal averaged model makes it possible to obtain good accuracy
of modeling dependences Vout(d), Vout(R0), η(R0), η(d) and Vout(iout) in both operating modes of
the converter. This accuracy is much higher than accuracy obtained with the use of the considered
literature models, particularly in DCM.

The proposed model makes it also possible to compute values of internal temperature of both
semiconductor devices operating in the tested DC–DC converter. The obtained results of computations
of internal temperature of the diode are convergent with the results of measurements in all considered
modes of operation of the DC–DC converter. In contrast, the results of computations of internal
temperature of the IGBT fit well the results of measurements only for the DC–DC converter operating
in CCM. In DCM, these differences can exceed even 20 ◦C. It was also shown that changes in the value
of ambient temperature practically do not influence on the DC–DC converter operating at fixed values
of duty cycle and load resistance. These changes cause changes in internal temperatures of IGBT and
the diode. These changes are very important from the point of view of estimation life time of the tested
converter. As it is known from the literature [39], an increase in value of device internal temperature
by 8 ◦C causes even twice decrease in life time of such devices.

Computations performed with the use of the proposed model illustrate influence of load resistance
and duty-cycle of the control signal on selected characteristics of the boost converter. The obtained
results of computations make it possible to estimate the range of admissible values of the mentioned
parameters, for which internal temperature of the diode and IGBT does not exceed the admissible
value given by the producer.

In further investigations, the authors will attempt to find a cause of these differences and will
propose some modifications of the model. The model will be also tested in a wide range of frequency
of the control signal and for different cooling conditions of semiconductor devices operating in the
DC–DC converter, as well as at different values of input voltage, load current and ambient temperature.
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