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Abstract: This article presents the results of computer analysis of selected switching networks. In
these analyses, the influence of selected parasitic components of electronic switches on the total
and active power losses in these switches is considered. Analyses are performed using the SPICE
software for two models of semiconductor switches: an ideal switch with RC parasitic components
and the SPICE model of an IGBT. The influence of parasitic capacitances and resistances of these
devices operating with the control signal of different parameters values on the total and active power
dissipated in these switches is analyzed. On the basis of the obtained computations the average
and peak-to-peak values of the junction temperature of electronic switches at the steady state are
calculated using a compact thermal model. It is shown that parasitic elements visibly influence
waveforms of the active and total power. It is proved that the simplified model using the total
power in computations of the junction temperature makes it possible to obtain a high accuracy of
computations only in a situation when the transistor operates with a resistive load. For an inductive
load, such simplification can cause an unacceptably high computation error exceeding even 30%.
Such an error is a result of big differences between the active and total powers during switching-on
and switching-off processes.

Keywords: DC-DC converters; self-heating; power semiconductor devices; power losses; junction
temperature; parasitic capacitances; parasitic resistances

1. Introduction

Switch-mode power converters are an important component of electrical and electronic
equipment [1-3]. The tendency towards miniaturizing this equipment has resulted in an
intensification of research aimed at enabling the operation of the considered class of power
electronic systems at increasingly higher frequency values [1,4]. As has been discussed in
the literature [5,6], an increase in the switching frequency causes an increase in the value of
power losses in semiconductor devices [5] and magnetic components, e.g., inductors [7,8].
On the other hand, an increase in the value of the lost power causes an increase in the
junction temperature of the electronic components under consideration due to the self-
heating phenomenon [8,9].

Computer programs are commonly used in the design and analysis of electronic
circuits. In the case of power electronic systems, SPICE and PLECS programs are most often
used [10,11]. In order to take into account self-heating in these simulations, special models
called electrothermal models are needed. Such models make it possible to determine
waveforms of voltages and currents in the system and the junction temperature of its
individual components [4,12]. When calculating the value of the junction temperature T; a
compact thermal model of the following form [6,8] is typically used

Ti() = T+ [ Zin(t=v)-p(v)dv M)
0
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where T, denotes the ambient temperature, Z/,(t) denotes the time differentiation of
transient thermal impedance Zy,(t), while p(t) is the power dissipated in the device under
consideration.

Typically, the Equation (1) uses the total power, ie., the product of the voltage at the
terminals of the semiconductor device and the current flowing through this device [6,10,13,14].
However, in actual semiconductor devices, electrical inertia associated with the occurrence of
parasitic capacitances of this device is observed [15]. The effect of the use of the total power or
the active power dissipated only in the resistive part of the equivalent circuit of the transistor
on the waveforms of the junction temperature of the CoolMOS transistor was analyzed in
paper [16]. The results presented in the cited paper show that there are visible differences in the
total and active power waveforms. However, determination of the active power requires the
use of a more complicated formula.

Such a formula causes an increase in the computation time and even can cause prob-
lems with the convergence of computations. On the other hand, in paper [17], it is proved
that at the period of the control signal lower than the thermal time constant, the value of
the transistor junction temperature at the steady state depends on the average value of
the dissipated power. An important problem is to identify in which situations the total
power can be used when calculating the junction temperature of a semiconductor device
and when it is necessary to take into account the existence of parasitic capacitances of the
device when determining this temperature and to use the active power [18-21].

Table 1 collects the most important information about the type of power used in compu-
tations of the junction temperature of semiconductor devices, as used in selected papers.

Table 1. Total power versus active power in selected papers.

Reference Total Power Active Power
[4,6,8,11,13,17,18,22-25] YES NO
[12,16] NO YES
[14,15,19-21,26,27] No data No data

Evidently, in many papers the total power is used in order to simplify the applied
model and to shorten the computation time. Only a few papers use the active power in the
thermal model.

The aim of this article is to analyze the relations between the active and total power
dissipated in semiconductor devices operating in switching networks. In order to find
such a relation, computer simulations of an electronic switch with a resistive load and a
boost converter were carried out. The calculations were made in a wide range of changes
in the frequency of the control signal and the parameters of the tested devices. In the
calculations carried out using the SPICE program, two kinds of switches were used: (a) a
simple switch model with a linear RC system, and (b) a non-linear compact model of the
IGBT described in [22]. Using the obtained waveforms of the active and total power the
values of the junction temperature of the switches under consideration were calculated and
compared. On the basis of the obtained results, it is shown when the differences between
the values of the total power and active power are negligible and when the differences
cannot be omitted. It is also investigated whether the nonlinearities of the model being
used influence the difference between the total and active power. It is shown that only for
switching networks operating with an inductive load and a high value of peak-to-peak
value of current flowing through the switch, the use of active power in the computations of
device junction temperature is indispensable.

Section 2 describes the method of the analysis used. Section 3 presents the models of
electronic switches used. The results of the calculations of power losses in switches are
presented and discussed in Section 4. Based on the determined waveforms of the power
lost in these switches, a thermal analysis described in Section 5 is carried out. The results of
this analysis are presented in Section 6.
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2. Analysis Method

In order to assess the influence of parasitic capacitances on power losses in electronic
switches, a transient analysis was carried out for two networks. The first was an electronic
switch with a resistive load, and the other was a boost converter. In both the cases, there
was an electronic switch controlled by a sequence of rectangular pulses with the adjustable
frequency f and the duty cycle d.

The waveforms of the power dissipated in the switch were determined using the
classic transient analysis in the SPICE program. On the basis of the determined current
and voltage waveforms in the analyzed networks, the waveform of the total power P (t)
dissipated in the switches under consideration and the active power waveform P,(t) were
determined. Power Pi(t) is the product of the time waveforms of the switch current and
the voltage at its terminals. In turn, power P,.(t) is the difference between power Py (t)
and the products of the currents and voltages on the capacitors representing the parasitic
capacitances of the switches under consideration.

The analysis compares both the power waveforms Pyt(t) and Pact(t), as well as the
average values of these waveforms in the steady state. The dependence of the difference
of powers Piot(t) and P,ct(t) on frequency f, the slopes of the control signal and selected
parameters of the model of the tested switches were determined.

3. Used Models of Electronic Switches

The analysis of properties of the switch networks under consideration was carried out
for two models of electronic switches, hereinafter called linear switch and IGBT. The first
one was based on the properties of the power MOS transistor operating at control voltage
much lower and much higher than the threshold voltage, respectively. Of course, in order
to simplify presented considerations, the actual dependence of on-state resistance on the
transistor control voltage was omitted. This device was modeled using a voltage-controlled
switch, which took into account the resistance of this component in the on and off state, the
series resistance and the parasitic capacitance. This model used the built-in SPICE model
of a voltage-controlled switch as well as a linear resistor and a linear capacitor. The other
model considered was a non-linear model of the IGBT described in [22]. This model took
into account the non-linearity of the DC characteristics of this transistor and its internal
capacitances, the values of which were described by non-linear functions of the voltages
between the terminals of this transistor.

Figure 1 shows a network representation of a linear switch model.
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Figure 1. Network representation of a linear switch model.

The output terminals of the modeled switch are marked as A and B. The control signal
is applied between terminal C and the ground. The controlled voltage sources are used
to calculate the total power Pyt in the switch and the active power Pyt Power Py is the
product of current I and voltage Vap marked in Figure 1. In turn, power Py is the sum of
the product of current Ig and voltage Vap and the product of the square of the difference of
currents Io-Ig and resistance Rg.

This model uses the voltage-controlled switch S model built-in in the SPICE program.
It is a non-inertial component and its DC characteristics are determined by 4 parameters:
on-state resistance Roy;, off-state resistance Ropr, on-state voltage Von and on-state voltage
Vorr [28]. The following values of these parameters were assumed in the calculations:
Ron =10 mQ), Ropr = 100 kO, Von = 4.8 V, Vopp = 0.2 V. These values of parameters are
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selected arbitrarily, but selected values of voltage Vorr and Von guarantee switching-on
and switching-off of the device under consideration if the control signal has a form of a
rectangular pulses train with the values equal to 0 and 5 V, respectively. The value of Rorp
corresponds to the opened channel and Ron corresponds to the resistance of the switching-
on channel for power MOS transistors dedicated to low voltage applications. Resistor Rg
models the output resistance of the switched-on transistor. Capacitor Cp represents the
capacitance of the switch.

In turn, the other model under consideration has a network representation shown in

Figure 2.
l ic
I
E

< Vec1

DC model mi
E;

IBc

Figure 2. Network representation of the IGBT model used.

In Figure 2, electronic components describing DC characteristics of the IGBT are
marked in yellow and labeled as a DC model. In turn, the controlled current sources Gcgg,
Gccg and Gege model the currents flowing through the internal capacitances Cgg, Ccg
and Cgc of the transistor. In this model, the IGBT is represented by the connection of a
MOS transistor and a BJT.

In the DC model of the IGBT, the drain current of the internal MOS structure is
represented by two controlled current sources: Gp describing the channel current and Ggr
modeling the sub-threshold component of this current. To compute the values of currents
and voltages in the model of the internal MOS structure, the auxiliary controlled voltage
sources (E; and Ej) are used.

The controlled current source Ggg represents the current flowing between the base
and the emitter of the BJT contained in the structure of the modeled IGBT. The controlled
current source Gpc describes the current flowing between the base and the collector of
this BJT.

The controlled current source Gcg models the main current of the IGBT. The controlled
current source Gpg models the DC characteristic of the diode. All the equations used
to describe all the mentioned controlled current sources are described and discussed in
papers [22,29].

In order to model the internal capacitances of the IGBT, the controlled current sources
Gege, Geeg and Gege are used. The mentioned current sources model the current flowing
through the parasitic capacitances of the transistor Cgg, Ccg and Cgc, respectively. These
currents are described with the formulas presented in [29]. In order to simplify the consid-
erations, the influence of temperature on the characteristics of the modeled transistor was
omitted in the model under consideration.
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The controlled voltage sources Pyt and Pact enable calculation of the total power and
the active power lost in this device. The parameter values of this model were selected for
the IRG4PC40UD type transistor, and the correctness of the values of these parameters and
the equations of the model was experimentally demonstrated in [29]. The power of Pyt is
given by the formula of the form

Piot = ic-VcE +ig-VaE (2)
whereas Py is given by the formula
Pact = ig-Re + iR + (isc +ic1) (Vect — Vie1) 3)

where currents ipc, ic, ic, ig and voltages Vcg, Ve, Vec1, Ve are marked in Figure 2.
In the literature, e.g., [28,29], one can see that parasitic elements of semiconductor
devices depend on temperature. In the cited papers, detailed formulas describing such
dependences are given. In this paper, in order to reduce the number of parameters taken
into account in the analyses and to more clearly obtain dependences in both models of
electronic switches being used, the influence of temperature of their parameters is neglected.
This assumption corresponds to the case when the temperature of these switches is constant.

4. Computation Results

Using the models described in Section 3 and the analysis method shown in Section 2,
transient analyses in two networks were carried out. The first is a switch with a resistive
load (shown in Figure 3) and the other is a boost converter (shown in Figure 4). The
calculations focused on determining the Pyt and P,t power waveforms in the electronic
switches under consideration.

1
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Figure 3. Tested network of the switch with the IGBT and a resistive load.
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Figure 4. Tested network of the boost converter.

The properties of the power converters strongly depend on the parasitic elements
of semiconductor devices and related gate drive circuit. Meanwhile, parasitic elements
also influence the performance of the semiconductor switches, especially at high values
of the time derivative of the current. This problem is considered in papers [30,31], which
analyze the mechanism causing the voltage oscillation in such networks. A sensitivity
study was performed in the cited papers to identify the critical impact factors causing the
voltage oscillation.
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In Figures 3 and 4, the symbol of the IGBT is used. In the case of the analyses performed
for a linear switch, its terminal A was connected to the place of the collector, terminal B
was for the emitter, and terminal C was in place of the gate of this transistor.

The following part of this section presents the results of computer analyses of the
networks under consideration. Section 4.1 describes the results obtained using the linear
switch model, and Section 4.2 describes the results obtained using the IGBT model from
paper [22]. In all the figures included in this section, solid lines indicate the total power
waveforms Py, and dashed lines indicate the active power waveforms Pg;.

4.1. Results of the Computations with the Model of a Linear Switch

The figures in this section illustrate the power Pty and Pyt waveforms obtained for the
circuit presented in Figure 3 using a linear switch model. Individual figures illustrate the
influence of the factors such as rise time tg and fall time t of the control signal (Figure 5),
series resistance Rg (Figure 6), parasitic capacitance Cp (Figure 7) and frequency f (Figure 8)
on the waveforms under consideration. The calculations were made with the duty cycle
of the control signal d = 0.5, the supply voltage Vi, =200 V and the resistance of resistor
Rp =30 Q. Unless stated otherwise in the figures, the following nominal parameter values
were used in the calculations: f = 100 kHz, Rg = 50 mQ), Cp =3 nF, tg = tg = 0.3 us.

linear switch
, f=100kHz,d=0.5
1000 + o t, = t- = 300 ns
i t = t- = 100 ns
=100 | |
0_% 1,;' ta=t-=50ns
510 s
(2
1 .
J Ptot
“““ Pact
0.1 , , ; ;
0 2 4 6 8 10
t [us]

Figure 5. Computed waveforms of the total power and the active power dissipated in the linear

switch at different values of times tg = tg.

Pt linear switch
y mmmmes Pact f=100 kHZ, d=0.5
1000
"
gloo 1
= |\ Rg =200 mQ
IS ]
o \
510 - |
a Rs=50mQ |}
]
_ \
1| Rg =10 mQ i
Rs=3mQ i
0.1 ; ; . .
0 2 4 6 8 10
t [us]

Figure 6. Computed waveforms of the total power and the active power dissipated in the linear

switch at different values of resistance Rg.
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Figure 7. Computed waveforms of the total power and the active power dissipated in the linear
switch at different values of capacitance Cp.

Py linear switch Py linear switch
______ Py d=0.5
1000 4 =100 kHz
: ] i ) !
—_ i ' d h ;
EOO 1 n " " " i
= | N |
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— Put linear switch
—————— Pac f=1MHz d=05
1000 -

0.1
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t [us]

Figure 8. Computed waveforms of the total power and the active power dissipated in the linear
switch at different values of frequency f.

Table 2 collects the values of the parameters of the linear switch and the control signal
for computations, the results of which are presented in the following figures.

As can be seen, in the on state and in the off state, the power waveforms Pyt(t) and
Pact(t) have identical values, and the influence of the times tg = tg on these values is
imperceptible. Of course, in the on state the power dissipated in the linear switch is much
greater than in the off state. When switching, the instantaneous values of the powers under
consideration are much (even 1000 times) higher than the values observed in the steady
state. This is due to the simultaneous occurrence of high voltage at the terminals of the
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switch and the high current flowing through the switch while switching. When switching
on the switch (for time t from 0 to 1 ps) power Py is greater than power Py, which is
related to the discharge of capacitor Cp. On the other hand, when the switch is off (for time
t from 5 to 8 us), power Pyt is greater than power Pat due to the charging of capacitor Cp
at that time. With an increase in the value of times tg = t, the duration of the process of
switching on and off increases.

Table 2. Values of the parameters of the linear switch and control signal used in the computations,
the results of which are shown in the following figures.

Figure Number f [kHz] tr = tg [ns] Rg [mQ] Cp [nF]
Figure 5 100 50, 100, 300, 1000 50 3
Figure 6 100 300 3,10, 50, 200 3
Figure 7 100 300 50 0.3,1,3,10

. 30, 100, 200, 500,
Figure 8 1000 300 50 3

It is worth emphasizing that the maximum value of power P,t when switching on
decreases with increasing times tg = tp, whereas when switching off it decreases. No
influence of the times under consideration on the maximum values of power Py, during
the switching time was observed. Based on the obtained power waveforms Pi(t) and
Pact(t), the average values of these powers were determined for individual times tg = t.
The obtained results are summarized in Table 2.

As can be seen from Table 3, the average power values Pyt and P, increase with
increasing times tg = tp. In the range of changes of these times under consideration, the
average power values almost doubles. Despite the differences in the Piyt(t) and Pac(t)
waveforms shown in Figure 5, the average values of both the powers are practically
identical and the differences between them do not exceed 1%.

Table 3. Average values of the total and active powers for the waveforms shown in Figure 5.

tr = tp [ns] 50 100 300 1000
Piot [W] 7.72 7.98 9.15 14.80
Pact [W] 7.67 7.89 9.10 14.75

The Piot(t) and Pact(t) waveforms shown in Figure 6 prove that the series resistance Rg
significantly affects the values of these powers in the switch on state, but it has practically
no effect on the waveforms under consideration when the switch is turned on and off. There
are clearly visible differences between the Pyo(t) and Pac(t) waveforms when switching
on and off. The average values of the powers under consideration in the steady state are
presented in Table 4.

Table 4. Average values of the total and active powers for the waveforms shown in Figure 6.

Rg [mQ] 3 10 50 200
Prot [W] 8.05 8.21 9.15 12.60
Pact [W] 8.01 8.17 9.10 12.56

The average values of both powers under consideration shown in Table 3 have practi-
cally the same values. It is worth noticing that at low values of resistance Rg, the dominant
component of losses in the linear switch is related to the switching process. This component
of losses for the operating conditions under consideration reaches up to 8 W.

Calculations were also carried out to examine the impact of changes in resistance Roy
on the waveforms and the average values of the powers under consideration. The results
were analogous to the calculation results presented above for the respective resistance
Rg values.
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The waveforms of the powers under consideration presented in Figure 7 and calcu-
lated for different values of capacitance Cp indicate that an increase in the value of this
capacitance may significantly extend the switching-off time of the switch. At Cp =10 nF,
this time exceeds even 3 ps. The waveforms Pact(t) show a large pulse when switching on
the switch, the value of which increases with an increase of capacitance Cp, exceeding even
6 kW at Cp = 10 nF. On the other hand, when the switch is turned off, an increase in this
capacitance results in an increase in the turn-off time and a significant difference between
the waveforms Pyt (t) and Pac(t) in this range.

The comparison of the average values of the powers for the values of capacitance Cp
is shown in Table 5. It can be seen that an increase in the value of this capacitance can
cause a significant (even almost fivefold) increase in the value of the average power lost in
the switch under consideration. As in the previous considerations, there is practically no
difference in the average values of Piot and Pyt determined in the considered conditions.

Table 5. Average values of the total and active powers for the waveforms shown in Figure 7.

Cp [nF] 03 1 3 10
Piot [W] 4.83 5.67 9.16 22.79
Pact [W] 4.84 5.65 9.12 22.63

The effect of frequency on the waveforms Pio¢(t) and Pact(t) shown in Figure 8 indicates
that an excessive increase in frequency can lead to switching problems. At f =1 MHz, the
switch cannot be turned off. In the on state, the switch remains on all the time and the
pulses of the powers under consideration are observed only at the moments of switching
on the control signal. Switching is performed correctly for the frequency not exceeding
500 kHz.

The average values of the powers under consideration for selected frequency values
are summarized in Table 6. It can be seen that an increase in frequency causes an almost
proportional increase in the values under consideration. The discrepancies between the
average values of power Piot and Pyt are below 1%.

Table 6. Average values of the total and active powers for the waveforms shown in Figure 8.

f [kHz] 30 100 200 500
Piot [W] 3.789 9.147 16.702 39.441
Pact [W] 3.78 9.096 16.645 39.29

4.2. Results of the Computations with the Model of the IGBT Switch

This section presents the results of calculations of the power waveforms Piot and Pyt
in the IGBT operating in the circuit shown in Figure 3, determined at different values of
the parameters of the signal controlling the gate of this transistor. The calculations were
made using the model of this transistor described in [22], and the parameter values of this
model were used for the transistor type IRG4PC40UD [32]. The correctness of this model
was demonstrated experimentally in [29]. Although the manufacturer recommends using
this transistor at a switching frequency not exceeding 40 kHz, a frequency of 100 kHz was
used in the calculations. This procedure was used to emphasize the influence of transistor
parasitic capacitances on the piot and pact power waveforms.

The dependence of the internal capacitances of this transistor, Cgg, Cgc and Ccg, on
the voltage between the collector and the emitter Vg as determined by the applied model
at the control voltage Vgg = 0 is shown in Figure 9.

As can be seen, when switching on transistor capacitances Cgc and Ccg are the
decreasing functions of voltage Vcg. The capacitance between the gate and the emitter Cgg
in the conditions under consideration practically does not depend on voltage V.

Table 7 collects the values of the parameters of the control signal for computations, the
results of which are presented in Figures 10 and 11.
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Figure 9. Dependences of parasitic capacitances of the tested IGBT on voltage Vgg at Vgg = 0.

Table 7. Values of the parameters of the IGBT switch and control signal used in the computations,
the results of which are shown in the following figures.

Figure Number f [kHz] tr = tg [ns]
Figure 10 100 100, 300, 700, 1000
Figure 11 50, 100, 200, 400 300
1000 " tg =t-=700ns
i ta =t = 300 ns
100
: | te=te=1ps
E 10 4| |
R
§ 11
o’
0.1 ‘
E'o' switch IGBT
______ a f=100kHz,d=0.5
0.01 + . . . .
0 2 4 6 8 10
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Figure 10. Computed waveforms of the total and active power dissipated in the IGBT switch at
different values of times tg = tg.

switch IGBT
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f=100 kHz

}i =50 kHz

10
t [ps]

Figure 11. Computed waveforms of the total and active powers dissipated in the IGBT switch at

different values of frequency f.

switch IGBT
d=05

—— Prot
=== P

' =200 kHz

t [ps]
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Figures 10 and 11 illustrate the influence of rise and fall times tg = tg (Figure 10) and
frequency (Figure 11) on the power waveforms Pyt and Pyt in the IGBT transistor under
consideration operating in the switch network shown in Figure 3. The calculations assumed
the following test circuit parameter values: Vi, =200V, Ry = 30 ), R; = 10 Q). The voltage
source V¢ produces a trapezoidal signal of the levels 0 and 15 V and the duty cycle d = 0.5.

In the case of the IGBT switch, the Pyot(t) and Pact(t) waveforms shown in Figure 10 do
not differ significantly. The waveforms of these powers determined for different values of
times tg = tr show only a shift on the time axis, while no significant change in the maximum
value or pulse duration of these powers associated with switching the transistor on and off
is visible. The differences between the maximum values of Pi(t) and P,¢(t) determined for
the times tg = tp under consideration do not exceed 15%. The average values of both powers
under consideration for individual values of times tg = tg are summarized in Table 8.

Table 8. Average values of the total and active powers for the waveforms shown in Figure 10.

tg = tp [ns] 100 300 700 1000
Piot [W] 17.18 18.16 22.04 25.34
Pact [W] 17.18 18.17 22.03 25.33

It can be seen that the average values of both the powers are practically identical. The
differences between them are less than 0.06%. The influence of times tg = tg on the values
under consideration is weak. With changes of these times from 100 ns to 1 ps, the average
values of the powers under consideration increase by about 50%.

The Piot(t) and Pact(t) waveforms shown in Figure 11 indicate that frequency changes
do not cause changes in the waveform of these powers when switching the transistor on/ off.
Frequency affects only the average values of the powers under consideration, which are
collected in Table 9.

Table 9. Average values of the total and active powers for the waveforms shown in Figure 11.

f [kHz] 50 100 200 400
Piot [W] 11.35 18.17 31.83 59.09
Pact [W] 11.35 18.17 31.81 59.08

It can be seen that the average value of both powers under consideration increases
almost proportionally to frequency. The differences between the obtained average values
of both the powers are practically invisible.

4.3. Results of the Computations of the Boost Converter

The results presented in the previous sections concerned switches with resistive loads.
However, electronic switches are often used in DC-DC converters. The next part of the
section presents the results of analyses of a boost converter containing a linear switch
on the IGBT. The calculations were carried out for the frequency of the control signal
f =100 kHz and different values of a load resistance Ry. The input voltage Vi, is equal to
100 V, inductance L = 100 uH and capacitance C = 100 uF. Figure 12 is for a converter with
the linear switch and Figure 12 is for a converter with the IGBT.

For the converter with a linear switch, the load resistance values were selected in such
a way as to examine the operation of the converter in the continuous conduction mode
(CCM) and the discontinuous conduction mode (DCM). In the case under consideration,
the CCM mode was obtained for Ry values of 10 (2, 50 Q) and 100 (), while the DCM mode
was obtained for Ry values of 200 and 300 (), respectively. It is worth noting in Figure 12
that in the CCM mode, as the load resistance increases, the power dissipated in the switch
in its on state decreases, while in the DCM mode, the opposite tendency is observed. Due
to the low value of the resistance of the switched-on switch, the power pulses have a very
high maximum value, reaching up to 80 kW when switching on the switch and up to
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10 kW when switching it off. The short switching time of the linear switch means that the
switching losses do not have a significant influence on the average values of Piot and Pact.

100
=100 kHz, d=0.5, V;, = 100 V boost converter
with linear switch
10
Pmt
E e T N Pacl
4 — =
= R,=100 || Ro=300Q Ro=2000
g 014 ——+ I
o
g
o 0.01 4 Ry=50Q
| r=i00 ]
0.001 % I’ _
0.0001 : : \
0 5 10 15 20

t [ps]

Figure 12. Computed waveforms of the total and active powers dissipated in the linear switch
operating in the boost converter at different values of load resistance R.

Table 10 compares the average values of the total and active powers dissipated in
the linear switch operating in the converter under consideration and the values of the
output voltage of this converter V. For all the resistance values Ry under consideration,
the average value of the P, power is lower than the Py power. The relative deviation
of power Pyt and P, values increases with an increase of the load resistance Ry. When
working in the DCM mode for Ry = 500 () this deviation exceeds as much as 18%. In the
CCM mode, an increase in the resistance Ry value causes a decrease in the value of both
powers under consideration, whereas when switching to the DCM mode, the value of these
powers increases. This is caused by an increase in the amplitude of the current switched by
the switch.

Table 10. Average values of the total and active powers for the waveforms shown in Figure 12.

R [Q] 10 50 100 200 300 500
Piot [W] 54.44 8.63 6.99 0.592 1.427 1.38
Pact [W] 54.36 8.56 6.93 0.558 1.267 1.132
Vout [V] 197.23 200.1 200.95 237.7 272.63 367

Figure 13 shows the waveforms of the powers under consideration, dissipated in the
IGBT during the operation in the boost converter.

f=100kHz, d=0.5, boost converter
« Vin =100 V with switch IGBT ,

Ro=200Q i

t [ps]

Figure 13. Computed waveforms of the total and active powers dissipated in the IGBT operating in

the boost converter at different values of load resistance Ry.
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As can be seen, the switching process of the IGBT transistor is much slower than that
of the linear switch. The waveforms Pi(t) and Pac(t) shown in Figure 13 clearly show
that the maximum value of the power pulses decreases with an increase of load resistance
Rp. An increase in the value of this resistance also results in shortening the switching
process and a decrease in the average value of the power. When the transistor is turned on,
power Pyt is less than power Py, whereas when the transistor is turned off, the relation
between these powers is opposite. When operating in the DCM mode (at Ry = 200 ) and
Ry =300 ), the transistor current when switching it on is close to zero, and therefore in
this mode the power pulses when switching on the transistor are even thousand times
smaller than when working in the CCM mode. The average values of both the powers are
presented in Table 11.

Table 11. Average values of the total and active powers for the waveforms shown in Figure 13.

Ry [O] 50 100 200 300 500
Piot [W] 290.28 83.23 31.73 42.83 46.72
Pact [W] 281.32 73.44 20.60 28.20 30.72
Vout [V] 219.4 222.52 223 256.8 275.4

It can be seen that for all the load resistance values under consideration, the average
power Py is greater than the average power Pyct. The differences between these values
range from 9 to 16 W, which is from 3% to as much as 34% of the average power Piot. The
relative differences between the average values of the powers under consideration are the
greatest when the converter operates in the DCM mode. In this mode, the current flowing
through the IGBT when switching it on is much lower than the current of this transistor
when switching it off, because it is equal to the inductor current in this time interval, the
waveform of which is in the shape of a triangle signal. The peak-to-peak value of this
waveform depends, among others, on the operating frequency of the converter and the
inductor inductance.

In the CCM mode, a slight decrease in the difference between the average values of
the powers under consideration can be noticed with an increase in the inductor inductance
L. In the case of the converter operating in the DCM mode, an increase in inductance L
causes a decrease in the peak-to-peak value of the inductor current, and in extreme cases it
may result in switching to the CCM mode [7,33].

The calculation results presented in this section prove that the IGBT switches are much
slower than the linear switch under consideration. In the case of the operation of both the
switching devices under consideration with a resistive load and with an inductive load,
it can be seen that when switching on, power P, is greater than power Piot, and when
switching off the relation between these powers is opposite. With a resistive load, the
average values of both the powers are practically identical, while with an inductive load,
the average power Pyt is significantly higher than the average power P,.. The differences
between these values increase as the peak-to-peak value of the inductor current increases.
These differences are particularly big when the DC-DC converter is operating in the DCM
mode, exceeding even 33%.

5. Thermal Analysis

In order to determine the waveform of the junction temperature of an electronic switch
during its operation, it is necessary to perform a thermal analysis. Typically, the compact
thermal model described by the Equation (1) is used in such an analysis. Active power
Pt should be used in this model. However, the total power Py is often used in such a
model for simplicity [23,24,27]. The calculations, and the results of which are presented in
the further part of this paper, will show what error is made with such a simplification.
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In the Equation (1) there is transient thermal impedance Z,(t) typically described by
the formula [25,34,35]

Zin(t) = Ry (1 - iai' eXP<—t)> (4)

i=1 Tthi

where Ry, is thermal resistance, a; is the weighting factor related to the thermal time
constant Ty,; and N is the number of thermal time constants.

Depending on the construction of the cooling system of the semiconductor device under
consideration, in Equation (2) there are from three to seven thermal time constants [36,37]. The
values of these time constants range from a few tenths of a millisecond to several thousand
seconds [17,37]. These values are much higher than the typical values of the control signal
period of the switching systems under consideration. This period is usually much less than
100 ps. As was shown in [17], due to the big difference between the values of thermal time
constants and the period of the control signal, the peak-to-peak values of the steady-state
junction temperature do not exceed 1% of the average excess of the junction temperature Tj over
the ambient temperature T,. Therefore, the average value of the junction temperature in the
steady state can be calculated from the formula of the form

Tj =Ta+ Rth'pavg ®)

where payg is the average value of the power dissipated in the tested switch.

The next section illustrates the effect of substituting the average power Piot and
Pact with payg on the average value of temperature Tj at the steady state. The effect of
substituting the Pact or Pior power waveforms in the Equation (1) on the peak-to-peak value
of temperature Tj is also analyzed.

6. Results of the Investigations

In order to show that the model of the IGBT being used makes it possible to properly
compute the average values of the junction temperature of this device operating in both
the tested networks some measurements and computations were performed. The results
obtained at the steady state are presented in Figures 14 and 15. In these figures, points
denote the results of measurements and lines denote the results of computations. Solid
lines were obtained using the active power in the thermal model, whereas dashed lines
were obtained using the total power. The results of the measurements shown in these
figures were presented previously in papers [5,22]. During the measurements the tested
IGBT was situated on the big heat sink.

140

=20 kHz
Vee =350V

120 ~

100 | ~"d=0.25

T;[°C]
8

0 T T T T T T T

Ic [A]

Figure 14. Computed and measured dependences of the average values of the junction temperature
of the IGBT operating in the switch with a resistive load at different values of the duty cycle on the
value of the collector current in the on state.
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Figure 15. Computed and measured dependences of the average values of the junction temperature
of the IGBT operating in the boost converter on the value of the duty cycle at different values of the
load resistance (a) and on load resistance (b).

Figure 14 illustrates the dependence of the average values of the junction temperature
of the IGBT operating in the switch with a resistive load on the value of the collector
current in the on state at different values of the duty cycle. In turn, in Figure 15a the
dependences of the average values of the junction temperature of the IGBT operating in
the boost converter at different values of the load resistance on the value of the duty cycle
are shown, whereas Figure 15b shows the dependence of such temperature on the load
resistance of the converter under consideration.

Evidently, in both cases under consideration, a good agreement between the results
of measurements and computations was obtained. This confirms the correctness of the
electrothermal model of the IGBT used. Furthermore, Figures 14 and 15a demonstrate that
the use of the active or total power in the analyses of the switch with a resistive load and a
boost converter operating in the CCM mode does not cause any visible differences in the
computations results. In Figure 15a it is evident that for both values of the load resistance
under consideration the tested boost converter operates in the CCM mode.

Figure 15b show all the results of the investigations of the tested boost converter
operating both in the CCM (for Ry, < 500 (2) and DCM modes (for Ry, > 500 2). In both
the modes the value of the junction temperature computed by using the total power in the
thermal model is higher than the value of such temperature obtained using active power.
In the CCM mode the differences between the mentioned values of junction temperature
do not exceed 0.5 °C, whereas in the DCM they are up to 3.5 °C. The dependence Tj(Ry)
has a minimum at Ry, = 1 kQ).

The thermal analysis of both the systems described in Section 4 was carried out using
a compact thermal model. Two sets of parameters of such a model, given in [17], were used
in the computations. The cited paper shows that the junction temperature oscillations of an
electronic component excited by the power of the rectangular pulses train are bigger when
the thermal time constants are smaller. Therefore, for the linear switch and the IGBT, the
following values of the thermal model parameters are adopted, corresponding to the ideal
cooling of the semiconductor device case: a; = 0.2, Tg,; = 0.4 ms, ap = 0.15, Typ = 4.5 ms,
ag = 0.65, Tgh3 = 6 ms. In turn, the values of thermal resistance Ry, of both the switches were
selected in such a way that the maximum junction temperature increase at the steady state
reached about 100 K; for the linear switch Ry, = 10 K/W, and for the transistor 0.5 K/W.

The following figures show, in the form of bar charts, the computed values of an excess
in the junction temperature Tj of the linear switch and the IGBT operating in the conditions
considered in Section 4 above the ambient temperature T,. Both the average values of this
excess (T]- — Ta)avg and the peak-to-peak values (Tj — Ta)pp at the steady state are presented.
In the computations of the mentioned parameters, the waveforms of power Py (full bars)
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and power Pyt (empty bars) obtained at the steady state were used. Section 6.1 presents
the results achieved for the switch with a resistive load, whereas Section 6.2 presents the
results obtained for the boost converter.

6.1. Results of the Calculations for the Switch with a Resistive Load

Figure 16 illustrates the effect of rise time tg = tr (Figure 16a) and capacitance Cp
(Figure 16b) on the value of (T — Ta)avg for the linear switch operating in the circuits shown
in Figure 6, while in Figure 17 illustrates the effect of frequency f (Figure 17a) and resistance
Rs (Figure 17b) on the value of (Tj — Ta)pp-

160
@ linear switch o (b)2%0 linear switch
140 d =05, f=100 kHz Lo d =0.5, f = 100 kHz
120 4 200 - =
100 | b 2 P
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“mn B B |: .
ee L . e - .
40 1 3 i 3 E i i i i Pot  Pact . ! " ;‘ i
s o fo s 50 1 o P Lo
20 - . P P P I : Lo Do P
0 - . L L 0 P ' P L
50 100 300 1000 0.3 1 3 10
tg [ns] Ce[nF]
Figure 16. Computed average values of a temperature increase (Tj — Ta)avg of the linear switch
operating in the network shown in Figure 3 at selected values of time tR (a) and capacitance Cp (b).
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Figure 17. Computed peak-to-peak values of a temperature increase (T — Ta)pp of the linear switch
operating in the network shown in Figure 3 at selected values of frequency f (a) and resistance Rg (b).

In Figure 16 it can clearly be seen that the average values of the excess of temperature
Tj over temperature T, calculated using power Pot and Pyt are practically identical. It can
be observed that an increase in both time tg and capacitance Cp cause an increase in the
value of (Tj — Ta)avg- In the range of changes in time tg under consideration, the increase in
temperature under study doubles, and with changes in capacitance Cp in the range under
study, this increase is more than fourfold.

In Figure 17 there are visible differences between the values of a temperature increase
under consideration which are calculated using the total power Py, and the active power
Pact. In all the considered cases, the values of (Tj — Ta)pp calculated using power Pyt are
higher (even by 50%) than the values calculated using power Pyt. An increase in frequency
causes a decrease in the value of (T]- — Ta)pp by up to 30%, while a change in the value
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of resistance Rg practically does not affect the value of (Tj — Ta)pp. The results of the
calculations shown in Figure 17 prove that the peak-to-peak value of a temperature increase
(Tj — Ta)pp in the steady state is significantly (even 100 times) lower than the average value
of this increase. This means that in the considered range of frequency the ripples in the
junction temperature can be omitted and an error of such simplification does not exceed
1%. The accurate results of the junction temperature can be obtained using either the total
or active power in computations.

Figure 18 shows the influence of time tg = tg (Figure 18a) and frequency f (Figure 18b)
on the value of (Tj — Ta)avg for the IGBT operating in the circuit shown in Figure 3, while

Figure 19 shows the influence of these quantities on the value of (Tj — Ta)pp.
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12 | d=0.5,f=100 kHz T 304 d=05 o
10 - o P 25 1 b
g | P e B g B
=8 P Lo Lo b 20 o
g b . b P g P
- b P . Lo = R b
K o6 Lo P Lo ‘o K15 Lo b
<) b P o e P L
J B | N 2 N N
f | | f | j | | Piot P E 3 ;‘ f | !
2 P o o Lo 51 I o Lo L P
o0 4 1 i i ! i ! . ; 0 : ! ! i ! 1 ' !
100 300 700 1000 50 100 200 400
tg [ns] f [kHz]
Figure 18. Computed average values of a temperature increase (Tj — Ta)avg of the IGBT operating in
the network shown in Figure 3 at selected values of time tg (a) and frequency f (b).
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Figure 19. Computed peak-to-peak values of a temperature increase (Tj — Ta)pp of the IGBT operating
in the network shown in Figure 3 at selected values of time tr (a) and frequency f (b).

The dependences visible in Figure 18 show that additionally in the case of a switch
with an IGBT, the influence of the use of Pyt or Pyt power in the thermal model on the
calculated (T]- — Ta)avg values is not noticeable. The considered temperature difference is
an increasing function of time tg and frequency f. In the range of frequency changes under
consideration, the calculated values of a temperature excess increase by even sixfold. In
turn, the peak-to-peak value of this temperature excess is more than 300 times lower than
the average value of this temperature excess. As with the linear switch, the peak-to-peak
value of a temperature rise determined using power P, is up to 50% higher than when
power Pyt is used in the calculations. The results presented in Figures 18 and 19 prove that
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the thermal properties of the switch IGBT operating with a resistive load can be properly
modeled using the total power in computations.

6.2. Results of the Calculations for the Boost Converter

Figure 20 illustrates the effect of load resistance Ry of the boost converter on the value
(Tj — Ta)avg for the linear switch (Figure 20a) and the IGBT (Figure 20b), and Figure 21
shows the influence of this resistance on the value (T; — Ta)pp.
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0 b 120 | b
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Figure 20. Computed average values of a temperature increase (Tj — Ta)avg of the linear switch (a)
and the IGBT (b) operating in the boost converter at selected values of load resistance Ry.
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Figure 21. Computed peak-to-peak values of a temperature increase (Tj — Ta)pp of the linear switch
(a) and the IGBT (b) operating in the boost converter at selected values of load resistance Ry.

In the case of the operation of the considered switches in the boost converter, it can
clearly be seen in Figure 20 that by determining the average value of a temperature excess
(Tj — Ta)pp using power Py, higher values are obtained than when power Py is used. The
differences are particularly visible when the converter is operating in the DCM mode (at
high resistance Ry values). These differences exceed even 30%. It is also worth noting that
when working in the DCM mode, despite the lower power delivered to the load, higher
transistor junction temperature values are obtained.

In Figure 21 it can be seen that the peak-to-peak value of a temperature excess is
negligible in relation to the average value of this excess. In the case of the linear switch
operating in the converter in the CCM mode, higher values of (T; — Ta)pp were obtained
using power Py in the thermal model, while in the DCM mode the relation was opposite.
For the IGBT, the considered peak-to-peak value of a temperature excess was higher for
power Piot.
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The results presented in this subsection prove that the use of total power instead of
active power causes visible errors in the calculation values of the junction temperature of a
semiconductor switch operating in the boost converter. In such a case the obtained values
of the junction temperature can be overestimated significantly.

7. Conclusions

This paper presents the results of investigations into the influence of selected param-
eters on the waveforms of the total and active power dissipated in selected electronic
switches. Two kinds of such switches were considered: a linear switch and the IGBT. These
switches operate in two networks: the switch with a resistive load and a boost converter.

The influence of selected parameters of the linear switch and parameters of the signal
controlling both the switches on the waveforms of the total and active power were analyzed.
It was shown that such parameters as the switch parasitic capacitance, the rise time and
frequency of the control signal significantly influence the waveforms and the average values
of the power dissipate during the switching process. At a resistive load the values of the
total power are higher than the values of the active power while switching off, whereas the
opposite relation is observed when switching on. In the considered operating conditions,
the average values of both these powers are practically the same. This means that the
values of the junction temperature at the steady state obtained using the total and active
power in the thermal model are the same.

In turn, when the switches under consideration operate with an inductive load, e.g.,
in a boost converter, the values of the total power are higher than the values of the active
power when switching off, whereas the opposite relation is observed when switching
on. The differences between the maximum values when switching off and switching on
are visible when this converter operates in the DCM mode. The average values of the
total power and the active power can differ visibly, even by over 30% when operating
in the DCM mode. In this mode such a difference increases with an increase in the load
resistance. These differences cause the same differences in the calculated values of the
junction temperature. In the operating conditions under consideration, the value of this
temperature should be calculated using the active power in the thermal model. The use of
the total power can cause visible overestimation of an excess of the junction temperature
over the ambient one. The error in the calculations of such an excess can exceed even 30%
for boost converters operating in the DCM mode.

The use of the total power in the thermal model is justifiable for analyses of switches
operating with a resistive load only. For switches operating with an inductive load the use
of the active power in the thermal model is indispensable to obtain accurate results for
junction temperature computations.

The presented investigations can be used by designers of power electronics networks.
The results obtained make it possible to properly select the thermal model of power switches
being used, which guarantees the satisfied accuracy of computations.
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