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Abstract: The problem of an influence of cooling conditions of power semiconductor devices on prop-
erties of selected DC–DC converters is considered. The new version of electrothermal average model
of a diode-transistor switch for SPICE (Simulation Program with Integrated Circuit Emphasis) is used
in the investigations. This model makes it possible to take into account thermal inertia of semicon-
ductor devices as well as mutual thermal interactions between these devices. The investigations are
performed for boost and buck converters containing the power MOS (Metal-Oxide-Semiconductor)
transistor and the diode. Computational results obtained using the proposed model are shown
and discussed. Particularly, an influence of thermal phenomena in the diode and the power MOS
transistor on the converters output voltage and internal temperature of the semiconductor devices is
considered. The correctness of the selected results of computations was verified experimentally.

Keywords: DC–DC converters; modelling; SPICE; electrothermal models; power semiconductor de
vices; averaged models; diode-transistor switch

1. Introduction

DC–DC converters are the basic component of switch-mode power supplies [1–6].
Such converters contain at least one diode and one transistor. Internal temperature of the
mentioned semiconductor devices increases while they operate. This is a result of thermal
phenomena—self-heating in both the devices as well as and mutual thermal couplings
between the diode and the transistor operating on a common base. It can be a heat-sink or
a printed circuit board (PCB) [7–13].

In order to effectively design and analyze properties of electronic networks, computer
simulations are used [2,14–17]. Such simulations require models of all components of the
analyzed network. The accuracy of the obtained computation results is determined by the
accuracy of the used models of the components of the analyzed network.

While performing computer simulations, one should pay attention to two basic pa-
rameters: the accuracy of the obtained computation results and the duration time of these
computations [14,15,17,18]. Therefore, different models and analysis methods are used at
various stages of a designing process of electronic components, circuits and systems. It is
also important to select the software that performs these computations. In the analysis of
power electronics systems, the SPICE software is commonly used [14,19].

For DC–DC converters, which belong to the group of switch-mode systems, the
natural method of determining their characteristics is a transient analysis. However, such
an analysis, performed using physical models of semiconductor devices, is very time
consuming. The long duration time of such an analysis is caused by large differences, up
to 9 orders of magnitude, between electric time constants of the semiconductor devices,
electric time constants related to the LC components contained in the converter and the
thermal time constants of the used cooling system [7,20]. Using the classical method of a
transients analysis in the SPICE software and the semiconductor devices electrothermal
models given in the literature [9,21–25], the duration time of computations would be
unacceptably long [26]. Therefore, in the literature [7,16,27] some special algorithms that
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enable quick computation of time waveforms of voltages and currents in the considered
class of systems in the steady state can be found. These methods, however, require the
use of special algorithms predicting the solution that use programs that are not commonly
available.

When designing the class of the considered networks, the idea of averaged models
is often used, which allow determining the average values of voltages and currents in
the analyzed networks at the steady state [1,14,28–34]. Typically, in such models, the
semiconductor devices are represented by ideal switches or two-value resistors [1,14]. The
previous articles by the author [10,30,35,36] proposed the averaged electrothermal models
of boost or buck converters for SPICE which take into account the phenomenon of self-
heating in the diode, the MOS (Metal-Oxide-Semiconductor) transistor or the IGBT on the
characteristics of these converters. These models make also possible to compute the internal
temperature of these semiconductor devices. The usefulness of the proposed models was
experimentally demonstrated in the cited articles, but the experimental verification was
performed only for the thermally steady state using the DC analysis in SPICE.

As it was indicated, e.g., in the book [14], the frequency characteristics of the consid-
ered class of switch-mode power converters and the waveforms of the average voltage
and current values can be also computed using the averaged models. Using the idea of
electrothermal averaged model of a diode-transistor switch (DTS) proposed earlier in the
article [30], it is possible to formulate an electrothermal averaged model of any DC–DC
converter taking into account the influence of the properties of the semiconductor devices
cooling system on the characteristics of these converters.

This article proposes a new averaged electrothermal model of a diode-transistor switch
for SPICE. This model takes into account thermal inertia of the diode and the transistor and
mutual thermal couplings between these devices. The proposed model makes it possible
to compute waveforms of electrical parameters of the investigated DC–DC converters and
internal temperature of semiconductor devices. Using this model, the influence of the
cooling conditions of the diode and the MOS power transistor on the characteristics of
buck and boost converters is analyzed. The selected results of the calculations are verified
experimentally.

Section 2 presents the form of the formulated model. Section 3 contains a description
of the tested converters and their simulation model. The investigation results showing the
influence of the applied cooling system on the properties of the modelled networks are
presented and discussed in Section 4.

2. Model Form

The proposed model of DTS is formulated on the basis of the observation given, e.g.,
in [1,14,28,29,33] that in each DC–DC converter with the single-inductor the component
consisting of a diode and a transistor is used. The new version of the electrothermal model
of the diode-transistor switch is formulated as a subcircuit for the SPICE software. It is
an extended version of the model described in [30]. In comparison to the cited paper,
the new model allows taking into account the influence of thermal inertia of the diode
and the transistor as well as thermal couplings between them on the mean values and the
waveforms of voltages and currents in the analyzed networks and the internal temperatures
of mentioned semiconductor devices.

The network form of the proposed model is presented in Figure 1.
The proposed model contains four following blocks: Main circuit, CCM/DCM, Aided

block and Thermal model. Main circuit describes the voltage between drain (D) and source
(S) of the power MOS transistor and the current flowing through the diode connected
between anode (A) and cathode (C). Instead of the transistor gate terminal, there is a d
terminal, to which the voltage corresponding to the duty cycle of the signal which controls
the gate of the applied transistor is connected.
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Figure 1. Network representation of the electrothermal average model of diode-transistor switch 
(DTS). 
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nected between terminals A and C models the diode. CCM/DCM block contains 4 com-
ponents: the resistor Ra, the voltage source Va, the controlled current source Ga and the 
controlled voltage source Eu. These components are needed to determine the operation 
mode of the DC–DC converter with the considered switch. The controlled voltage source 
Eu generates voltage, the value of which depends on the duty cycle d and frequency f of 
the control signal, on the output current and inductance of the inductor contained in the 
modelled DC–DC converter. 

Aided block contains three controlled voltage sources Eud, Eron and Erd. These com-
ponents model the dependences of: the forward voltage of the diode, on-state resistance 
of the transistor and diode series resistance on temperature. Voltages on the mentioned 
voltage sources are used to control the voltage and current sources included in Main cir-
cuit and described in detail in [30]. In this description internal temperatures of the tran-
sistor TT or of the diode TD occur. The values of these internal temperatures are computed 
in Thermal model. 

In Thermal model, the temperatures inside the transistor and the diode are deter-
mined and the focused thermal model is used [37–41]. This model takes into account self-
heating in each of the semiconductor devices mentioned and mutual thermal couplings 
between them. It uses an idea of self and transfer transient thermal impedances, described 
e.g., in the papers [41,42]. 

The transistor internal temperature TT at time t is calculated using following equation 

Figure 1. Network representation of the electrothermal average model of diode-transistor switch
(DTS).

In Main circuit the controlled voltage sources Er and Et connected in series model the
average value of the drain-source voltage of the unipolar transistor between terminals D
and S. Two components: the controlled current source Gd and voltage source V1 connected
between terminals A and C models the diode. CCM/DCM block contains 4 components:
the resistor Ra, the voltage source Va, the controlled current source Ga and the controlled
voltage source Eu. These components are needed to determine the operation mode of the
DC–DC converter with the considered switch. The controlled voltage source Eu generates
voltage, the value of which depends on the duty cycle d and frequency f of the control
signal, on the output current and inductance of the inductor contained in the modelled
DC–DC converter.

Aided block contains three controlled voltage sources Eud, Eron and Erd. These
components model the dependences of: the forward voltage of the diode, on-state resistance
of the transistor and diode series resistance on temperature. Voltages on the mentioned
voltage sources are used to control the voltage and current sources included in Main circuit
and described in detail in [30]. In this description internal temperatures of the transistor
TT or of the diode TD occur. The values of these internal temperatures are computed in
Thermal model.

In Thermal model, the temperatures inside the transistor and the diode are determined
and the focused thermal model is used [37–41]. This model takes into account self-heating
in each of the semiconductor devices mentioned and mutual thermal couplings between
them. It uses an idea of self and transfer transient thermal impedances, described e.g., in
the papers [41,42].

The transistor internal temperature TT at time t is calculated using following equation

TT(t) = Ta +

t∫
0

Z′thT(t− v)·pT(v) dv +

t∫
0

Z′thTD(t− v)·pD(v) dv (1)
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where Ta denotes ambient temperature, pT and pD—power dissipated in the transistor
and in the diode, respectively, Z’thT(t)—time derivative of the transistor transient thermal
impedance, and Z’thTD(t)—time derivative of the transfer transient thermal impedance
between the transistor and the diode. The diode internal temperature TD is expressed by
the relationship analogous to that given by the Equation (1), where the index T should be
replaced with the index D.

The transient thermal impedances used in the presented model and the transfer
transient thermal impedance are described by the dependence [37,38]

Zth(t) = Rth ·
(

1−
N

∑
i=1

ai · exp
(
− t

τthi

))
(2)

where Rth is thermal resistance, ai is the weighting factor associated with the thermal time
constant τthi, and N is the number of thermal time constants.

In Thermal model presented in Figure 1, the circuits on the left side model the self-
heating phenomenon, and the circuits on the right-side—the mutual thermal coupling. The
current sources GT and GT1 describe the average value of the power dissipated in the power
MOS transistor, the current sources GD and GD1—the average value of the power dissipated
in the diode. The voltage on the voltage sources V1 and V2 corresponds to ambient
temperature Ta. The controlled voltage sources E1 and E2 model a temperature increase of
transistor TTD and diode TDT caused by mutual thermal couplings. The RC elements model
particular transient thermal impedances. Thermal resistance Ri and thermal capacitance Ci
are given by the equations of the form

Ri = ai · Rth (3)

Ci =
τthi

ai · Rth
(4)

The parameters Rth, ai and τthi appearing in the Equations (3) and (4) correspond to
the individual thermal transient impedances occurring in the presented model. These
parameters values are determined using the measurements results of these transient ther-
mal impedances made using indirect electrical methods described, among others in the
papers [41,43]. Using these results and the ESTYM algorithm described in [37], values of
the parameters included in the Equations (3) and (4) are calculated separately for transient
thermal impedance of transistor ZthT(t) and diode ZthD(t) and for the transfer transient
thermal impedance between these devices ZthTD(t).

3. Investigated Networks

The investigations of an influence of the cooling conditions of semiconductor devices
on the characteristics of single-inductor DC–DC converters were performed for classic boost
and buck converters containing a power MOS transistor and a diode. The dependence
of the inductor inductance on the current was ignored in the investigations. The tested
DC–DC converters used an IRF 840 transistor and a BY229 diode.

In order to use the proposed model in the analyses of a DC–DC converter the simula-
tion diagram should be formulated. In this network all the components of the investigated
converter should be included, except semiconductor devices. Additionally, the network
representation of the diode-transistor switch (DTS) has to be included in this network. The
proper terminals of DTS should be connected to the nodes of the investigated DC–DC
converter instead of terminals of the diode and the transistor.

The simulation diagrams of the considered converters are shown in Figure 2 (buck
converter) and Figure 3 (boost converter). For simplicity, only Main circuit from the model
shown in Figure 1 is presented in these figures.
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Figure 2. Simulation diagram of the boost converter. 
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Figure 3. Simulation diagram of the buck converter. 
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In the considered converters the voltage source Vin represents their input voltage,
resistor R0—the converter load, L—the energy storage inductor, C—the capacitor filtering
ripples of the output voltage, Vctr models the duty cycle of the control signal. The controlled
voltage sources model the MOS transistor, whereas the sources Gd and V1 model the diode.

In the proposed model of DTS, the following values of the parameters characterizing
the properties of the power MOS transistor are used: resistance of the switched-on channel
at the reference temperature T0 = 300 K is RON0 = 0.67 Ω, the temperature coefficient
of this resistance αON = 0.01 K−1. In turn, the diode forward voltage at temperature T0
is VD0 = 0.88 V, the diode series resistance at temperature T0 is equal to RDO = 0.12 Ω,
the temperature coefficient of forward voltage αU = −2 mV/K, whereas the temperature
coefficient of series resistance αRD = 0.003 K−1.

4. Investigations Results

The papers [30,32] present the results of investigations of the averaged electrothermal
model of DTS. In the cited papers only the operation of buck or boost converters at the
thermally steady state under one set of cooling conditions of the transistor and the diode
was considered. This section contains the results of computations and measurements of
the above-mentioned DC–DC converters operating under different cooling conditions of
the IRF840 transistor and the BY229 diode. In all the figures shown in this section, points
denote the measurements results, and lines—the computations results carried out using
the proposed model. The computations were performed using the PC with the Procesor
Intel(R) Core(TM) i3-8130U CPU@2.20 GHz, 2208 MHz, 2 cores.

Figure 4 shows the measured and computed dependences of the output voltage of the
boost converter on the duty cycle d of the control signal (Figure 4a) and on load resistance
(Figure 4b). The investigations were performed for the fixed values of voltage Vin and
period TS of the control signal. Thermal resistance had the following values: RthT = 8 K/W
and RthD = 12 K/W for the devices situated on the heat-sink and RthT = 55 K/W and
RthD = 20 K/W for the devices operating without any heat-sink. Inductor L had inductance
equal to 650 µH and series resistance equal to 0.1 Ω. In turn, capacitor C had capacitance
equal to 470 µF. The values of voltage Vin and period TS are given in each figure.
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Figure 4. Dependences of the boost converter output voltage on: (a) the duty cycle d, (b) on load
resistance.

As it is seen in Figure 4a, the dependence Vout(d) had a maximum. It occurred
with d values equal to about 0.6 (for the devices without any heat-sink) and 0.75 for
the devices situated on the heat-sink. For d < 0.5, there was practically no influence
observed of the cooling conditions of the applied semiconductor devices on the considered
dependences. The use of a heat sink allowed obtaining higher values of the d factor, at
which the considered converter operated in the safe operation area. In turn, in Figure 4b it
is visible that the converter output voltage increased with an increase in load resistance
R0. The influence of the cooling conditions of the semiconductor devices was visible in
the resistance range R0 < 20 Ω. In this range, the use of a heat-sink for the semiconductor
devices caused an increase in Vout voltage.

Figure 5 shows the dependences of the transistor case temperature on the coefficient d
(Figure 5a) and on resistance R0 (Figure 5b).

The results of computations and measurements of temperature TCT differed only
slightly from each other. One should notice that the discrepancies between the values of
the considered temperature obtained under various cooling conditions of the transistor
exceeded even 100 ◦C, and a big increase in this temperature limited the permissible range
of changes in the coefficient d or resistance R0 related to the limited permissible value of
the transistor internal temperature.

Figures 6 and 7 illustrate the measured and computed characteristics of a buck con-
verter operating at Vin = 20.4 V and the control signal frequency wass 100 kHz. Figure 6
shows the dependence of the output voltage of this converter on the duty cycle d (Figure 6a)
and load resistance R0 (Figure 6b). Inductor L had inductance equal to 92 µH and series
resistance equal to 0.28 Ω. In turn, capacitor C had capacitance equal to 470 µF.
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Figure 5. Dependences of the case temperature of the transistor contained in the boost converter on:
(a) the duty cycle d, (b) on load resistance.
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Figure 6. Dependences of the buck converter output voltage on: (a) the duty cycle d, (b) on load
resistance.
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Figure 7. Dependences of the case temperature of the transistor contained in the buck converter on:
(a) the duty cycle d, (b) on load resistance.

As can be observed in Figure 6a, the output voltage was an increasing function of
parameter d only for the case where the semiconductor devices were situated on the heat
sink. For these devices operating without any heat sink, the maximum of the dependence
Vout(d) was visible. The discrepancy between the values of voltage Vout obtained for
both considered set of cooling conditions was an increasing function of the coefficient d.
In Figure 6b it is visible that the dependence Vout (R0) was a monotonically increasing
function. If R0 > 20 Ω the buck converter operated in Discontinuous Conducting Mode
(DCM), and for R0 < 20 Ω—in CCM (Continuous Conducting Mode). The influence of
cooling conditions on semiconductor devices was visible only for low values of resistance
R0.

Figure 7 illustrates an influence of the coefficient d (Figure 7a) and resistance R0
(Figure 7b) on the transistor case temperature.

In Figure 7 it is visible that temperature TCT increased when resistance R0 decreases or
the coefficient d increases. The cooling conditions of the semiconductor devices significantly
affected the value of this temperature for high d values and low R0 values. The cooling
conditions of these devices determined the permissible control and load conditions of the
buck converter.

The computations and measurements results presented above refer only to the ther-
mally steady state and are obtained using the DC analysis. In all the presented cases, an
increase in the internal temperatures of the diode and the transistor was caused exclusively
by the self-heating phenomenon in the semiconductor devices that were not embedded
in the common substrate. However, the model proposed in Section 2 made it possible to
carry out computations that illustrated the impact of thermal inertia and mutual thermal
interactions between the diode and the transistor on the characteristics of the investigated
converters. Both the used semiconductor devices were mounted in the TO-220 cases.
Therefore, in the following considerations it was assumed that for an identical method of
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mounting thermal parameters which characterized these semiconductor devices were the
same.

Figure 8 shows the measured waveforms of transient thermal impedance of the IRF840
transistor for three sets of the cooling conditions. In this figure the blue line presents results
obtained for the transistor situated on the big heat-sink, the black line—for the transistor
on the small heat-sink, whereas red line—for the transistor without any heat-sink.
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Figure 8. Waveforms of transient thermal impedance of the IRF840 transistor operating at different
cooling conditions.

The presented waveforms Zth(t) differed significantly between each other. For example,
thermal resistance ranged from 5.16 K/W for the transistor situated on the big heat-sink,
through 10.8 K/W for the transistor situated on the small heat-sink, up to 46.9 K/W for
the transistor operating without any heat-sink. In turn, the longest thermal time constant,
which determined the time of stabilizing the transistor internal temperature, increases from
82 s for the transistor operating without any heat-sink to 765 s for the transistor situated on
the big heat-sink.

In turn, the transfer transient thermal impedances between the diode and the transistor
situated on the common base were also measured. Figure 9 shows the measurement results
normalized to the transistor thermal resistance. The blue line marks the results obtained
for the semiconductor devices situated on the common heat-sink, and the red line—the
results obtained for the devices mounted on the common PCB.
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The influence of the mutual thermal couplings between the considered semiconductor
devices was practically negligible when the components were mounted on a common PCB.
In this case, the transfer thermal resistance slightly exceeded 5% of thermal resistance of
the transistor. The delay in the heat flow between the diode and the transistor was as much
as 80 s. On the other hand, for the devices placed on the common heat-sink, the transfer
thermal resistance reached even 95% of the transistor thermal resistance. The delay of heat
flow was less than 2 s. It can therefore be expected that mutual thermal couplings between
the diode and the transistor may have significantly influenced the operation of the DC–DC
converters considered in this type of the operation conditions only if these devices were
assembled on the common heat-sink.

Using the measured transient thermal impedances of the diode and the transistor
and of transfer transient thermal impedance between them, the waveforms of the output
voltage of the investigated converters and the internal temperatures of the semiconductor
devices contained in these converters were computed. Figures 10 and 11 illustrate the
influence of the transistor and diode cooling conditions on characteristics of boost and
buck converters. The results of computations presented in these figures were performed
neglecting mutual thermal couplings between the diode and the transistor, and the thermal
properties of these devices were characterized by waveforms Zth(t) shown in Figure 8.
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Figure 10. Computed waveforms of: (a) the buck converter output voltage at voltage Vin of the form
of a voltage step, (b) the transistor internal temperature.
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Figure 11. Computed waveforms of: (a) the boost converter output voltage at voltage Vin of the form
of a voltage step, (b) the transistor internal temperature.

Figure 10 presents the waveforms of the buck converter output voltage (Figure 10a) and
the corresponding to them waveforms of the transistor internal temperature (Figure 10b)
obtained when the input voltage Vin had the form of a voltage step of the value 20 V. The
control signal was characterized by following parameters: d = 0.5, f = 100 kHz. The load
resistance is R0 = 3.3 Ω.

As it can be seen, about 1 ms after the moment of switching-on Vin voltage, the
electrical steady state occurred in the investigated converter. As a result of self-heating,
the internal temperature of the semiconductor devices increased, causing a decrease in
the output voltage. This decrease was mainly due to an increase in resistance RON of
the switched-on power MOS transistor caused by an increase in its internal temperature
TT. This increase was the highest if a transistor operates without any heat-sink, and it
corresponded to a decrease in the output voltage of about 12%. This voltage took a steady
value about 300 s after voltage Vin was turned on. On the other hand, for a transistor
mounted on one of the considered heat-sinks, an increase in internal temperature and a
drop in the converter output voltage were much smaller than for a transistor operating
without any heat-sink, but the time of stabilizing the value of voltage Vout exceeded even
an hour.

Figure 11 presents the computed waveforms of the boost converter output voltage
(Figure 11a) and the corresponding to them waveforms of the transistor internal temper-
ature (Figure 11b) obtained after its excitation with the input voltage step Vin of 10 V.
The control signal was characterized by d = 0.5 and f = 100 kHz, whereas load resistance
R0 = 13 Ω.

It can be noticed that for the tested converter there was an overshoot of the output
voltage after a few milliseconds from the moment of switching on voltage Vin. It reached
even 15% of the value at the steady state. This overshoot was accompanied by a local
maximum of the transistor internal temperature, which for this device without any heat-
sink reached even 40 ◦C. Similarly as in the buck converter, self-heating phenomena caused
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the boost converter output voltage to drop. This decrease was more visible when the worse
cooling conditions were provided for the semiconductor devices. Voltage Vout decreased
even by 12% for the transistor operating without any heat-sink.

Figures 12 and 13 show characteristics of the investigated converters computed tak-
ing into account the influence of mutual thermal couplings between the diode and the
transistor.
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Figure 12. Computed dependences of: (a) the buck converter output voltage, (b) the diode internal
temperature on the duty cycle taking into account mutual thermal interactions between the diode
and the transistor.

Figure 12 presents the computed dependences of the buck converter output voltage
(Figure 12a) and the diode internal temperature (Figure 12b) on the parameter d. The
computations are made taking into account (solid line) and omitting (dashed line) mutual
thermal interactions between the diode and the transistor situated on the common: PCB
(black lines) or heat-sink (red and blue lines).

As can be seen, practically no influence of the mutual thermal interactions between
the diode and the transistor on the dependence of Vout(d) was observed. Obviously, for a
fixed value of the coefficient d, the output voltage attained higher values for better cooling
conditions of the semiconductor devices. For the value of d close to 1, these differences
reached even 50%. One should pay attention to the dependence of the diode temperature
TD on the coefficient d. It can be seen that for each of the considered set of the cooling
conditions, temperature TD determined without taking into account thermal interactions
between the diode and the transistor was lower than temperature computed while taking
into account these interactions. This is due to the diode being heated by a transistor situated
on the common base. For the semiconductor devices operating on the common heat-sink
and characterized by a higher value of thermal resistance, the considered increase was the
highest and even exceeded 200 ◦C. On the other hand, for semiconductor devices situated
on the common PCB, the TD value increase did not exceed 50 ◦C. It is also worth noting that
the dependence TD(d) determined without taking into account the thermal interactions
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between the semiconductor devices had a maximum with the value of parameter d ranging
from 0.4 to 0.6.

Energies 2021, 14, 1672 13 of 16 
 

 

As can be seen, practically no influence of the mutual thermal interactions between 
the diode and the transistor on the dependence of Vout(d) was observed. Obviously, for a 
fixed value of the coefficient d, the output voltage attained higher values for better cooling 
conditions of the semiconductor devices. For the value of d close to 1, these differences 
reached even 50%. One should pay attention to the dependence of the diode temperature 
TD on the coefficient d. It can be seen that for each of the considered set of the cooling 
conditions, temperature TD determined without taking into account thermal interactions 
between the diode and the transistor was lower than temperature computed while taking 
into account these interactions. This is due to the diode being heated by a transistor situ-
ated on the common base. For the semiconductor devices operating on the common heat-
sink and characterized by a higher value of thermal resistance, the considered increase 
was the highest and even exceeded 200 °C. On the other hand, for semiconductor devices 
situated on the common PCB, the TD value increase did not exceed 50 °C. It is also worth 
noting that the dependence TD(d) determined without taking into account the thermal in-
teractions between the semiconductor devices had a maximum with the value of param-
eter d ranging from 0.4 to 0.6. 

Figure 13 shows the computed dependences of the boost converter output voltage 
(Figure 13a) and the diode internal temperature (Figure 13b) on the parameter d. The com-
putations were performed taking into account (dashed line) and omitting (solid line) mu-
tual thermal interactions between the diode and the transistor located on the common 
heat-sink (red and blue lines). 

 

 
Figure 13. Computed dependences of: (a) the boost converter output voltage, (b) the diode inter-
nal temperature on the duty cycle taking into account mutual thermal interactions between the 
diode and the transistor. 

0

2

4

6

8

10

12

14

16

18

0 0.2 0.4 0.6 0.8 1

V o
ut

[V
]

d

Vin = 10 V
R0 = 10 Ω

(a)
big heat-sink

small heat-sink

0

20

40

60

80

100

120

140

160

180

200

0 0.2 0.4 0.6 0.8 1

T D
[o C

]

d

Vin = 10 V
R0 = 10 Ω

(b)

big heat-sink

small heat-sink

Figure 13. Computed dependences of: (a) the boost converter output voltage, (b) the diode internal
temperature on the duty cycle taking into account mutual thermal interactions between the diode
and the transistor.

Figure 13 shows the computed dependences of the boost converter output voltage
(Figure 13a) and the diode internal temperature (Figure 13b) on the parameter d. The
computations were performed taking into account (dashed line) and omitting (solid line)
mutual thermal interactions between the diode and the transistor located on the common
heat-sink (red and blue lines).

As can be seen, for all the considered sets of the cooling conditions of the semiconduc-
tor devices, the relation Vout(d) had a maximum, the value of which increased with the
improvement of the cooling conditions. It can also be seen that taking into account mutual
thermal interactions between the diode and the transistor caused a significant decrease in
the value of the converter output voltage and an increase in the diode internal temperature.
Changes in the values of the quantities mentioned were particularly clearly visible for d
values above 0.5. In this range, the values of voltage Vout computed taking into account
thermal interactions between the diode and the transistor and omitting these interactions
reached even 0.5 V.

5. Conclusions

The influence of the cooling conditions of the semiconductor devices on properties
of selected DC–DC converters is analyzed. A new version of the electrothermal averaged
model of DTS was formulated taking into account the effect of mutual thermal couplings
between the diode and the transistor and thermal inertia on the properties of the converters
containing this switch. Using the developed model, electro-thermal DC analyses and elec-
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trothermal transient analyses of the boost and buck converters containing diodes and MOS
transistors operating at various cooling conditions were carried out. Selected computation
results were compared to the measurement results, obtaining a good agreement between
these results.

Due to the use of a new model of a DTS, a very short computation time was obtained,
not exceeding 1 s. For comparison, the application of the classical algorithms for the
electrothermal transient analysis would require time counted in months.

The obtained results of computations prove that the cooling conditions of the transistor
and the diode significantly affect the output voltage of the considered converters. This
influence is particularly clear for low load resistance and high values of the parameter
d, where the values of this voltage obtained for different sets of the cooling conditions
may differ even twice. The cooling conditions of the semiconductor devices significantly
affect the permissible range of changes in the coefficient d and resistance R0, as they
determine internal temperature of these devices. As it is known, the permissible value of
this temperature is given by the manufacturer and should not be exceeded during operation.
The conducted tests confirmed that, under favorable cooling conditions, semiconductor
devices can be used in converters operating in a wider range of changes of parameter d
and resistance R0 than at omitting the additional components improving the heat removal.

The range of the allowable d and R0 values is also limited due to mutual thermal
couplings between the diode and the transistor. It is particularly disadvantageous to
place these devices on the common heat-sink, because then transfer thermal resistance
has a value similar to thermal resistance of the mentioned semiconductor devices. This
phenomenon has little influence on the operation of buck and boost converters, in which
the diode and the transistor are situated on the common PCB.

It was also shown that due to thermal inertia of the diode and the transistor, the time
for stabilizing the output voltage depends on the cooling system used and ranges from a
few minutes to an hour. For both the considered converters, a decrease in the the output
voltage was observed as a function of time due to the self-heating phenomenon in the
diode and in the transistor.

The observed changes in the characteristics of the considered converters result from
thermal phenomena occurring in the semiconductor devices, which cause changes in the
voltage drop on the forward biased transistors and diodes. The observed changes are
particularly important in the case of systems used to feed electronic networks characterized
by low voltage and high supply current. The presented investigations results may be
useful for designers of this class of electronic systems, enabling the correct selection of
semiconductor devices and their cooling systems.
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7. Górecki, K.; Zarębski, J. The method of a fast electrothermal transient analysis of single-inductance dc-dc converters. IEEE Trans.

Power Electron. 2012, 27, 4005–4012. [CrossRef]

http://doi.org/10.3390/electronics8040465
http://doi.org/10.1109/TPEL.2012.2188546


Energies 2021, 14, 1672 15 of 16
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