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Abstract: Experience in teaching of power electronics courses shows that at the beginning of the study students do not understand the common background of power
conversion circuits. Students think that the topology of a converter circuit exclusively determines its function. In addition, they are not clear about the criteria by which
semiconductor switches are to be selected for the given topology and type of conversion. This paper explains the approach to clarify the links between the topology and
functions of the converter circuit as well as selection method for the required semiconductor switches. By using a simulation program, which contains model of the ideal
switch, it is demonstrated that for the same topology, for example a single-phase bridge circuit, all four types of conversion can be realized. The selection methods of the
actual semiconductor switches are based on simulation and analytical approach. By applying the proposed approach of clarifying the links between topology and function of
the converter circuit, as well as applying the proposed methods for selection of semiconductor switches, the student's ability to grasp the basic power electronics concepts

faster and more effectively is enhanced.
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1 INTRODUCTION

Students studying engineering applications of power
electronics, obtain most of the required knowledge through
one or two fundamental and several elective courses. The
broad range of disciplines, numerous new terms, concepts
and methods, presented from the very beginning present
serious problems to the students. As a help in learning,
authors of numerous papers suggest different approaches
to interactive e-learning in power electronics [1-5]. The
various approaches to teaching power electronics are
classified starting with slide show with sound, audio text
and movies, as well as numerical simulations, web
simulations and interactive animations, all to help students
be a more active participant in the teaching process.
Computer simulation reduces costs in the device design
phase, enables parametric analysis, but requires a good
knowledge of component modelling, which is a problem
for students at the basic level of learning especially because
non-ideal behaviour of the components [6-8]. Interactive
simulations have proven to be much more flexible for
students use because animations run faster than numerical
simulation, but students must follow specific instructions
regarding the activation of specific elements of the selected
converter topology [9, 10]. Also, project based learning
method is emphasized as a method of self-learning in
teaching of power electronics. As reported in [11-13], a
project tasks are assigned to students from the specific
converters applications in which they design control/power
conversion circuits of the converter. This kind of power
electronics teaching method provides student with a good
practical space and occupies student's interest for the
subject. However, this also requires well-established
laboratories with expensive measuring equipment.
Common to majority of the introductory part of power
electronics textbooks is a careful and gradual introduction
to the multidisciplinary area of power electronics [14-16].
Similarly to the cited papers and textbooks, in our courses
we also define the basic concepts and their relationships as
part of introduction to the field of power electronics. Using
this approach we pay special attention to terms like the

topology of the converter circuit, the function of the
converter circuit and the semiconductor power switch.

We have noticed that majority of students initially
think that the topology of the converter circuit exclusively
determines its function. Another problem we have
observed is misunderstanding of the criteria used for the
selection of specific semiconductor components, once
topology to perform the required conversion is selected.
For that reasons, the second chapter of this paper describes
our approach to explaining the relationship between the
topology and the function of converter circuits. It is based
on simple simulation experiments of a single phase bridge
circuit by utilizing ideal switches. Four basic conversion
types are simulated for this topology. In the third chapter
characteristics of the ideal switch and idealised models for
static characteristics of the most commonly used
semiconductor components are given. The fourth chapter
describes our approaches to explaining selection criteria of
semiconductor ~ components  given the  desired
semiconductor switches within the studied converter
topology. The fifth chapter provides some results of
applying these approaches in teaching of power electronics
basics.

2 TOPOLOGY AND FUNCTION OF A CONVERTER
CIRCUIT

Topology of a converter circuit is determined by
electrical connections of the electric switches. The term
"function of the converter circuit" refers to the conversion
type, i.e. rectification, inversion, and DC/DC and AC/AC
conversion

2.1 Topology and Topological State of a Converter Circuit

Topology of a converter circuit is represented by an
electric schematic. It is instructive to show to students who
study basics of the power electronics that a schematic can
be observed as "geometry on elastic base". As an example,
different representations of electric schematic of single
phase bridge circuit performing the rectification function
can be used, as illustrated in Fig. 1.
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Figure 1 Different representations of electric schematic of single phase bridge
circuit

Students can easily note that for all six schematics,
connections between four ideal switches, the source and
load are the same. It is interesting that the single phase
bridge circuit can be represented even in the form of a
tetrahedron. Once the term topology of the converter
circuit is defined, students are guided to the fact that during
performance of a certain conversion, topology is broken
down into a series of topological states that are determined
by its switching states. For the representation of the
topological states, we use the so-called "characteristic
working intervals table". This table lists all characteristic
working intervals and shows which switches are switched
on or off during a certain interval. To prepare this table, the
ideal fully controlled switches are used. For example, for
the topology shown in Fig. la, given a sinusoidal
waveform voltage source, and a resistive load, and
assuming that this topology performs the rectification
function, students quickly notice that the ideal switches
must operate as commutator. During the positive half-wave
of the input sinusoidal voltage two P switches must be
switched on, and during the negative half-wave of the input
voltage two N switches must be switched on, as
summarized in Tab. 1. In this way the full-wave rectified
voltage is applied to the resistive load. Switching states
when two upper or two lower switches are switched on at
the same time are forbidden, since this would cause short
circuiting of the voltage source.

Table 1 Characteristic working intervals table for single phase
bridge rectifier circuit (C-closed; O-opened)

Interval P upper N upper P lower N lower
0-m C ) C [0)
n-2n (6] C (6] C

2.2 Converter Circuit Functions

Students that for the first time meet the subject of
power electronics think that only the converter circuit
topology determines its function. For that reason, they try
to memorise different electric schemes, without focusing
on the general characteristics of the converter circuits.

One of the possible approaches to correct this
misconception is to demonstrate that with only one

topology all four basic energy conversion types can be
achieved. Specific task for the students is to use the
simulation program Plecs [18], for given input and output
systems, to prepare models of a single phase bridge circuit
with ideal switches as well as models of the control circuits
(control algorithm for the switches). Without being
burdened by a number and variations of the topology, as
well with special characteristics of the semiconductor
switches, the students concentrate on the algorithm to
control the switches to use the single phase bridge circuit
to achieve rectification, inversion, DC/DC and AC/AC
conversion. Fig. 2 shows the illustration given to the
students as a part of simulation exercise instructions. In all
four cases there is a resistive load. The left side of the
illustration shows the given waveforms of the source
voltage. On the right side are the expected waveforms of
output voltage. By performing this simulation exercise the
students: (i) obtain initial information about basic types of
the power electronics conversion, (ii) notice the relations
between the topology and the topological states of the
converters, (iii) learn that the converter function is not
determined exclusively by its topology (iv) obtain initial
insight into switch control algorithms required to achieve
the basic conversion types. This simulation exercise is
intended to further deepen the student's knowledge by
introducing some new questions, such as: (i) how to
improve harmonic content of the output voltage for each
type of conversion, (ii) which power semiconductor
components should be used to replace ideal switches for
each type of conversion. Not expecting specific and correct
answers to the first question during this early phase of
instruction, it is suggested to the students to add a low-pass
first or second order filter between output of the single
phase bridge circuit and the resistive load in the case of
rectification and AC/AC and DC/DC conversions. In the
case of DC/AC conversion, we point out characteristics
and role of the resonance filters and more complex
methods of controlling switches i.e. more complex types of
modulation. The questions related to specific power
semiconductor components used in the converter circuits
are answered in the next simulation exercise. By simulating
the functional behaviour of the converter circuits, as it was
done in the previous case of single phase bridge circuit for
basic conversions, voltage and current waveforms of the
ideal switches are obtained. By analysing these waveforms,
the switching characteristics and voltage-current demands
of the switches can be determined. Using this information,
students can deduce which power semiconductor
components can satisfy such demands and have the
required switching characteristics. Before carrying out this
simulation exercise, characteristics of the ideal switch must
be defined, and the students must be informed about
idealised models for the basic types of the power
semiconductor components.

3 IDEAL AND REAL SEMICONDUCTOR SWITCHES

In the previous examples some characteristics of the
ideal switch were implicitly assumed. Namely, it was
assumed that it is fully controllable and that it can conduct
current in both directions and block both voltage polarities.
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Figure 2 Topology of single phase bridge circuit in the implementation of four types of energy conversion

Being fully controllable means that the ideal switch
can be switched on and off by the appropriate (logical)
control signal. The ideal switch has no losses. Before
selecting the actual power semiconductor components a
reference direction of current and a reference voltage
polarity of ideal switch have to be defined, as shown in Fig.
5. The reference voltage polarity corresponds to the voltage
drop when the switch conducts the current in the reference
direction. During the teaching of power electronics, basics
characteristics of the real power semiconductor
components are represented by models of different
complexities, [16, 17]. It is convenient to first explain and
use the static characteristics, and then later to introduce the
dynamic characteristics by physical models. The static
characteristics may be represented by idealised and ideal
models, see Fig. 3.
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Figure 3 Static characteristics of diodes: a) real; b) idealised; c) ideal
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Additionally, the switching characteristics must also
be known, i.e. is it the non-controllable, semi-controllable
or fully-controllable. During this phase of teaching it is not
important to define the control signal types. Ideal static
characteristics of the semiconductor components
determine their operating quadrants, i.e. define the

permitted current directions and voltage polarities. Fig. 4
shows the operating quadrants of diode, thyristor, bipolar
transistor (BJT), insulated gate bipolar transistor (IGBT),
and power MOSFET.

Y ! 7y !
] 1 Il I [ IT |1
mw? mlv? mv? mjw?
a) b) ) d)
Figure 4 Operating quadrants for a) diode; b) thyristor; ¢) BJT and IGBT; d)
power MOSFET

Ideal static characteristics of the diode in Fig. 3 show
that the diode can hold negative (reverse) voltage and
conduct a positive current. Negative voltage and positive
current determine the II. quadrant of the coordinate system
in the I-U (current-voltage) plane. After the operating
quadrants for the power semiconductor components are
defined their characteristics must be characterized from the
point of controllability.

The diode is the only example of non-controllable
component that switches on when its voltage becomes
positive, and switches off either because of commutation
or because the current drops to zero.

The thyristor is example of the semi-controllable
component that switches on when its voltage is positive
and when the appropriate signal is applied to the gate. It
switches off either because of commutation or because the
current drops to zero. The thyristor is an example of the
semi-controllable component that switches on when its
voltage is positive and when the appropriate signal is
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applied to the gate. It switches off either because of
commutation or because the current drops to zero.

Power transistors are examples of the fully-con-
trollable components. Tab. 2 shows the operating
quadrants and switching characteristics of some of the most

commonly used power semiconductor components. The
same table also shows the antiparallel combinations of the
transistor and diode (example of hybrid switch) that is used
if the required operating quadrants cannot be achieved
using only one semiconductor component.

Table 2 Some power semiconductor components, operating quadrants and controllability characteristics

Controllable in the

Semi-controllable in the Non-controllable in the

is
Transistor with
antiparallel diode —I L{ s

Component Symbol operating quadrant operating quadrant operating quadrant
A ip
Diode up _ 1L
A iT
Thyristor ur I 1L
IGTo
GTO MGTOT _ 1L
it
Triac MTT 1, IIL. _
Y lT
Thyristor with antiparallel
diode ”TI Xl i I V.
ic
BIT _ _
UCE
Py
Power MOSFET J _ Iv.
q Ups
ic
IGBT 3 B
—I TMCE
is
Transistor with series diode -I | us B 1L
Iv.

4 SELECTION METHODS OF POWER SEMICONDUCTOR
COMPONENTS

After the ideal static models and the switching
characteristics of the power semiconductor components
shown in Tab. 2 are explained, students learn how to select
semiconductor components needed to achieve the real
converter circuit. For this purpose two different approaches
are used: simulation approach and analytical approach.

4.1 Selection Method by using a Simulation Approach

This method is using a simulated electrical behaviour
of the converter circuit with ideal fully-controllable
switches to determine the voltage and current waveforms
on the switches. After the voltage and current waveforms
are obtained by means of simulation, the next steps are
applied: (i) identification of the voltage-current character-
istics of the switch, (ii) identification of the switching
characteristics of the switch. To illustrate the method, the
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example of selecting power semiconductor components for
series resonant inverter will be used, see Fig. 2d. For this
type of converter, depending on the character of the load
(resistive, inductive, capacitive), different semiconductor
components can be used, [19-22].

4.1.1 Series Resonant Inverter with Inductive Load

Simulation model of a series resonant inverter,
prepared with program package Plecs, is shown in Fig. 5.
Ideal switches are still used with reference current direction
and reference voltage polarity. Note that Fig. 5 does not
show the control circuit model. For given values of the
input DC voltage (e.g., U _dc=32 V), resistive load R (0.32
Q) and the LC elements of the series resonance circuit (L =
64 uH, C = 1 pF), functional behaviour of the circuit is
simulated. The control circuit model generates control
signals for the switch S1-S4 in such a manner that u;oap is
square waveform voltage with the frequency close to the
resonant frequency of the series oscillating circuit. Upper
part of the Fig. 6 shows the voltage and current waveforms
of the load (urLoap, iLoap) When the switching frequency of
the resonant inverter is higher than the resonant frequency
of the series RLC circuit. For such relation of frequencies,
it is evident that the current lags the load voltage.

A\ ] Y
[ ISw
+ +
1\ 4, 52
U_dc . R L C
C) ILoAD — PSR I—
+ -
NY UroaD Y
+ +
53 sa )\
Figure 5 Model of a series resonant inverter
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Figure 6 Voltage and current waveforms of the load (uLoap, iLoap), and of the
switches (usw, isw) at the switching frequency greater than the resonant (as>
an), the load has inductive character

The lower part of Fig. 6 shows the voltage and current
waveforms of the switches S1 and S4 (usw, isw) that are

used for identification of the voltage-current characteristics
and switching characteristics of the switches. In the case of
inductive character of the load, it follows that the switches:
- hold only the positive voltage (detail A)

- conduct negative and positive current (detail B)

- switch-on negative current (detail C)

- switch-off positive current that is transferred to the

complementary switches (detail D).

Due to the voltage-current characteristics of the
switches (they hold only the positive voltage and conduct
both negative and positive current), the conclusion follows
that the switches operate in 1. and IV. quadrants. Due to
switching off the positive current, where commutation
caused by the power supply network is not active in this
topology, the switch must be fully-controllable in the I.
quadrant. Inspection of characteristics of the power
semiconductor components from Tab. 2 shows that two
solutions are possible; (i) using a power MOSFET (with
built-in diode), or (ii) using a hybrid switch consisting of
antiparallel combination of transistor and diode. The final
selection of the switch depends on the technical factors
(power, voltage load, operating frequency). In this case,
hybrid switch with IGBT transistor is selected, see Fig. 7.

A 16811 801 A 16812 AN 02

]
;

A 16813 803 HI 16814 78 D4

Figure 7 Series resonant inverter with IGBT transistors and diodes
4.1.2 Series Resonant Inverter with Capacitive Load

If the resonant inverter is used at the switching
frequencies that are lower than the resonant frequency of
the series RLC circuit, the series RLC circuit behaves as a
capacitive load. In that case, the voltage and current
waveforms of the load are shown in the upper part of Fig.
8. In the lower part of Fig. 8, voltage and current
waveforms of switches S; and S4 (usw, isw) are shown in
case when the series RLC circuit behaves as a capacitive
load.

Inspection of voltage and current waveforms of
switches S1 and S4, for the case of a capacitive load of the
series resonant inverter, shows that the switches:

- hold only the positive voltage (detail A)

- conduct both positive and negative current (detail B)

- switch-on the positive current (detail C)

- switch-off the negative current if a positive voltage

appears (detail D).
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Figure 8 Voltage and current waveforms of the load (uLoa, iLoap), and of the
switches (Usw, isw) at the switching frequency lower than the resonant one (s <
), the load has capacitive character

Due to the voltage-current characteristics of the
switches (hold only positive voltage and conduct positive
and negative current), the conclusion follows that such
switches operate in I. and IV. quadrants. The switches
switch on the positive current, but during conduction
automatically switch off if current drops to zero, so they do
not have to be switched off (fully-controllable). It is
sufficient that they are semi-controllable.

Inspection of the characteristics of power
semiconductor components from Tab. 2 shows that three
solutions are possible; (i) using a power MOSFET (with
built-in diode), (ii) using a hybrid switch consisting of
antiparallel combination of transistors and diodes, (iii)
using a hybrid switch consisting of antiparallel
combination of thyristors and diodes. In this case, the
hybrid thyristor-diode switch is selected, see Fig. 9. The
primary reason for selecting this hybrid switch is
possibility to use this example to teach the students about
the concept of recovery time of the thyristor.

_S Thyl %5 E% Thy2 SDZ

L

Z'Th'y'S%EDS S%Th\,-'ﬂl EED"'

Figure 9 Series resonant inverter with thyristors and diodes
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4.2 Selection Method by using an Analytical Approach

Another approach to determining which power
semiconductor components can be used for chosen
topology and to achieve desired conversion stems from the
circuit theory point of view. The characteristic waveforms
of switches are obtained by using an analytical approach
and by writing the state equations based on Kirchhoff's

laws. Students are familiar with writing state equations of
conversion circuit model and this approach allows them to
obtain  characteristic ~ currents and voltages of
semiconductor components as by using simulation
programs. A DC/DC conversion i.e. a 2-quadrant step-
down converter, was chosen as an example of this
approach.

4.2.1 Two-Quadrant Step-Down DC/DC Converter

Model of the two-quadrant step-down DC/DC
converter and the desired voltage and current waveforms
on the inductive load are shown in Fig. 10. Ideal switches
are still used with reference current direction and reference
voltage polarity. The assumptions of the analysis are:

control [23]; D= fonswi _ Tonswa ,
I I
where are: D - duty cycle, Ts - switching period and
tonsw - time when switch is closed,
- parameters of load are chosen in the way that L/R » T,
which ensures continuous current of the load,
- interval of choosing duty cycle is: 1/2 <D < 1, due to

the step down topology: U dc > uroap.

( Y iswl
+
S1
(o

- symmetrical

u
Usw1 @ Sw2
+ UL0AD -
P F—

U_dc
®
ILoaD R L st
4 Uroap .
U_dc ILoAD [
53 /\ 54
+ DTs
iSw3 -U_dcT

Figure 10 Model of a 2-quadrant step down DC/DC converter

There are two intervals in analysis, Tab. 3.

Table 3 Characteristic working intervals for 2-quadrant
DC/DC converter (C - closed; O - opened)

Interval N S2 S3 S4
0- DT, C 0 O C
DT, - T, (¢} C C 0

By writing Kirchhoff's law of voltages for loops 1
and 2, (see Fig. 10) for first interval, it is obtained:

loop 1; U_dc — uswi + usw3=0
loop 2; U dc + uswa— uswa=0

By taking in consideration working intervals, and
voltage of closed ideal switch; uswi = usws = 0, it is
obviously: usws = usw»=—U_dc. Similarly, it can be shown
for second interval; uswi = usws = U_dc. The characteristic
waveforms are shown in Fig. 11. It follows that switches
S1 and S4 hold only positive voltage and conduct positive
current, whereas ideal switches S2 and S3 hold only
negative voltage and conduct positive current. Due to the
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voltage-current characteristics of the switches in Fig. 4, a
conclusion follows that switches S1 and S4 operate in I
quadrant and switches S2 and S3 operate in II quadrant. To
achieve a steady state, it is sufficient to select the first two
as fully controllable and the other two as non-controllable.

A
ISwl, Isw4
A t
Uswi, USw4
] n
U dc
4 3
. . X t
ISw2, ISw3
—
N t
Usw2, Usw3
A t
U dc
Y —

Figure 11 Voltage and current waveforms of switches obtained by analysis

Inspection of characteristics of the power
semiconductor components from Tab. 2 implies that
switches S1 and S4 can be realized as IGBTSs and switches
S2 and S3 as diodes.

I 1e8T1 7i02
() ude —
= R L

JANE I

IGET4

Figure 12 Two-quadrant step down DC/DC converters with IGBT's and diodes
5 EDUCATIONAL RESULTS

The approaches described above were tested during
the course "Power electronics" which is a part of Studies of
power efficiency and renewable power sources. During the
first offering of the course, the classical approach was used;
students were first taught the basic types of the power
semiconductor switches and their characteristics, and after
that they were taught the basic types of conversions in the
power electronics. The operation of typical circuits was
described and analysed based on the fully defined
topologies and functions of the converters. To verify the
student's knowledge and competencies, we used to ask 2
characteristic sets of tasks. The first set of tasks covered the
connection of defined converter topologies with the
voltage and current waveforms of the loads for
characteristic types of conversion. The second set of tasks

covered the selection of the characteristic voltage-current
relations on the power semiconductor switches for typical
power converters (e.g. from possible 3 or 4 suggested
current-voltage waveforms students have to select a
waveform that corresponds to the current-voltage loading
on an IGBT/diode switch for a single-phase bridge inverter
and the square output voltage). The percentage of correct
solutions of such tasks, using the sample of 42 students,
was 37%. Also, final testing of students at the end of the
semester gave success rate of 57%. These results indicated
that students cannot cope with the large number of different
circuit topologies, nor with the cases of the same topologies
constructed from different types of the semiconductor
power switches. The students were learning by heart the
convertor schemes and tried to relate them to their
functions. During the second year of offering the course we
decided to introduce the above described approaches and
methods, before going into details of individual conversion
types. The students were asked the same or similar
questions and given similar tasks as during the year before.
The percentage of correctly solved tasks was 65% on a
sample of 48 students. Also, final testing at the end of
semester gave success rate of 75%. Similar results were
also achieved during the third year of teaching the course,
where the success rate was 64%, with the sample size of 32
students. The final testing at the end of semester gave
success rate of 74%, Tab. 4.

Table 4 A survey of student results using old and new method

Old New method 1st | New method 2nd
method Y Y
Dedicated tasks 37% 65% 64%
Final exam 57% 75% 74%

6 CONCLUSION

During teaching of the basics of power electronics,
terms such as topology and topological state of the
converter circuit, functions of the converter circuit and the
power semiconductor switch are defined. This paper
describes the approach to introductory laboratory exercises
which points out that with the same topology, but by using
different controlling methods and power semiconductor
switches, all four types of conversions can be achieved.
This approach clearly shows that the function of the
converter circuit, in addition to its topology, is determined
by the method of controlling the switches and type of
switches. Applying the approaches described in this paper,
students can determine which power semiconductor
components can be used in the given converter topology to
achieve the desired conversion. These methods are
demonstrated on example of the series resonance inverter
for capacitive and inductive characters of the load as well
as for 2-quadrant DC/DC converter. As evidenced by
significant improvements in student test scores and passing
rates, we believe that this novel approach results in faster
and better acquisition of knowledge needed in elementary
power electronics courses and follow-on courses.
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