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Abstract

The switching losses of power conversion systems can be significantly reduced by use
of the proposed mutually commutated converter topologies which equipped with
IGBT-based cycloconverters and permit soft switching of all semiconductor valves in
all operating points without any auxiliary valves. However, due to the inherent
properties, thyristors are more suitable and attractive for such naturally commutated
converters.

A simplified three phase power conversion system is studied in this thesis where the
load side is represented by counter-emf. The aim of the thesis is to find a feasible way
which allows the thyristor-based cycloconverter to be commutated at any instant of
each modulation interval. With this purpose, the method should be able to overcome
the inherit limitation of the thyristor, which is the lack of turn-off capability.

A proposed modulation method named “current clamping control strategy” for wind
farms is studied and analyzed using in different operating points in this thesis.
Furthermore, the cascaded topology is discussed to show the superiority with respect
to the total harmonic distortion.
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Chapter 1
Introduction

This chapter gives a brief introduction of the background concerning the field of the
thesis. After that, the objectives and the outline of the whole work are also included in
the end.

1.1 Background

The switching losses of power conversion systems can be significantly reduced by the
use of the proposed mutually commutated converter (MCC) topologies [1] which
permit soft switching of all semiconductor valves in all operating points without any
auxiliary valves. These MCCs are equipped with IGBT-based cycloconverters;
however, thyristors are more suitable for such naturally commutated converters due to
their inherent properties. On the other hand, some fast thyristors for high power
application are available, which makes it feasible to wuse thyristor-based
cycloconverters in a high frequency application.

The proposed space-vector oriented modulation strategy [2] which adapted for the
MCC:s is not suitable when thyristors are used in the cycloconverters. Several critical
constrains arise due to the fact that the thyristors are not able to force the turn-off of
their valves, which implies that the corresponding phase leg cannot commutate if the
current reverses prior to this commutation. To solve this problem, a recently
proposed current clamping MCC modulation strategy which was adapted for wind
farms would be of great interest to study and analyze in a simplified three-phase
power conversion system. An important topic to investigate is whether this strategy is
feasible at all operating points. At the same time, the influence caused by the current
clamping with regard to harmonic performance is also attractive.

In addition, it is also of interest to increase the effective switching frequency of the
conversion system in order to reduce the current ripple, and consequently to reduce
the total harmonic distortion. This might be achieved by the use of the cascaded
MCC.

1.2 Objectives

The primary objective of this thesis is to find a feasible way which allows the
thyristor-based cycloconverter to be commutated at any instant of each commutation
interval. To achieve this goal, space vector modulation strategy as well as current
clamping control strategy is studied and analysed.

The steps of this thesis are given in details as follows:



1. Set up a simplified power conversion system model which is studied
throughout this work. Derive all equations for both the three-phase system and
the degenerated single phase system.

2. Select the optimal pulse number for the studied modulation strategy by
evaluating the harmonic performance.

3. Simulate both SVM strategy and current clamping control strategy with an
optimal pulse number which is multiple of six (p=48) in Matlab. Compare the
results regarding the current waveforms and harmonic spectrums, mainly
focusing on the low order harmonic contents and THD.

4. Establish a cascaded topology for MCC and make a conclusion by comparing
with the former results.

1.3 Outline of the thesis

Chapter 2

Firstly, the topology of the studied MCC system is described in this chapter.
Subsequently, the very restrictive commutation sequence for each part of the system
is introduced in details.

Chapter 3

This chapter introduces two different carrier-based modulation algorithms regarding
the carrier waveform. For adapting the commutation sequence of the MCC system,
space-vector oriented modulation is presented as well as its algorithm. Following that,
additional constrains which has risen by the use of the thyristors in the cycloconverter
are discussed. Finally, a general description of the current clamping control strategy is
given.

Chapter 4

In this chapter, a simplified power conversion system is depicted by diagrams
together with equivalent equations. Following that, the cascaded MCC topology is
introduced in order to obtain a better harmonic performance. Furthermore, the
operating points and the optimal pulse number are selected based on a mathematical
analysis.

Chapter 5

As the primary purpose of this chapter, the simulation results of the conventional
MCC are evaluated by supplying an optimal pulse number. Two untreatable operating
conditions are shown in the subsection. In the end, the cascaded MCC is also
simulated to indicate its superiority based on its higher equivalent switching
frequency.

Chapter 6

This chapter summarizes the work in this thesis and brings forward future aims in this
field.



Chapter 2
Mutually Commutated Converter System

The first part of this chapter provides a brief description of the MCC system from the
topology point of view. Following that, the very restrictive commutation sequence is
introduced in detail.

2.1 Topology of the MCC System

The topology of the studied mutually commutated converter system is illustrated in
Figure 2.1. It should be mentioned that this is, however, not the only way to make the
implementation in terms of the number of legs in the VSC and the cycloconverter,
respectively. Other options will be represented in this section later.
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Fig 2.1 Topology of the MCC System

The indicated circuit structure in Figure 2.1 mainly has three parts: a capacitive
snubbered VSC and a thyristor-based cycloconverter which are magnetically coupled
by a single-phase MF transformer. Compared to the conventional AC transformer, the
MF transformer operates at a much higher frequency which allows for a smaller
volume and lighter weight [1]. In order to allow all the semiconductor valves to
operate in the soft switching condition a compatible commutation sequence will be
introduced in the subsequent sections.

As previously mentioned, there are several different solutions for designing of an
MCC system in different applications with respect to the number of legs [1].

Basically, the VSC can be realized in two different topologies named as half-bridge
and full-bridge. Both of the options are shown in Figure 2.2. As displayed in Figure
2.2 (a) there is only one phase leg in the half-bridge topology. The output voltage is
made between the midpoint of the phase leg and the midpoint of the two equal series-



connected DC capacitors. Only two gate drive units are required which can be seen as
a great advantage compare to the other option. The output voltage can assume the two

levels: {—ﬂ,&} [1].
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Fig 2.2 Possible VSC topologies: (a) half-bridge; (b) full-bridge [1].
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The full-bridge VSC which is shown in Figure 2.2 (b) has two phase legs and the
output terminal is formed between the midpoints of the legs. As a significant
advantage an additional output voltage state is established while the current is
freewheeling in the converter [1]. Therefore a three-level output voltage is obtainable
in this case, u; = {-Uy, 0, Ug} [1]. Moreover, this sort of connection can provide twice
the output voltage of the half-bridge, given an identical DC link voltage. In reality this
difference can be eliminated by the turn’s ratio of the transformer, therefore it won’t
be a serious problem in a transformer coupled system [1].

Although there are two different solutions for the VSC topology, the main function is
to convert the transformer voltage to the AC link voltage with the desired constant
frequency; which is considerably higher than the grid frequency.

To meet the requirement of different systems, three options are available for the
cycloconverter [1]. All possible topologies in terms of phase leg number are displayed
in Figure 2.3. See figure 2.3 (a), only one phase leg is used in the simplest case where
the output terminal is formed between the midpoint of this leg and the midpoint of the
connected transformer winding. A three-level output is obtained in a single-phase
structure which is equipped with two phase legs; see Figure 2.3 (b). In this work, the
three-phase output cycloconverter is studied and adapted in a simplified power
system; see Figure 2.3 (¢).

A series of coupling functions are introduced in order to analyze the operation of the
converter system. Throughout the analysis all voltages, currents and impedances are
transferred to the VSC side, which is equivalent to assuming unity turns ratio in the
transformer [1]. In order to describe how the VSC couples the DC link to the
transformer at a certain instant (2.1), a function k4 is defined. The value of kg is
assumed as +1 for a full bridge VSC when the diagonal valves are conducting and 0
when the current is circulating in the converter [1].

u, =k,U, 2.1)



The output voltage of the cycloconverter is referred to the midpoint of the connected
transformer winding. So the value of the coupling functions k,; for each phase legis
assumed as {-1/2, 1/2} when the corresponding leg is connected to the lower
transformer terminal and the upper transformer terminal, respectively [1]. In the
following analysis, the transformer is assumed to have a unity turns ratio. Hence
follows for the output phase voltages:

u, =k, u (2.2)

a,i’tr

Similarly, for the transformer current, neglecting magnetizing current:

i, =D ki (23)

X

Fig 2.3 Possible cycloconverter topologies [1]

2.2 Commutation Sequence

Several important assumptions are made during every commutation cycle for the
following analysis. Firstly, the voltage on the VSC side is assumed to be essentially
constant, which is supplied by the DC link capacitor. Secondly, the AC side inductive
filter is assumed large enough to be able to maintain the current constant in each
modulation interval whereby it can be represented by a current source. Finally, the
transformer is modeled by its leakage inductance L, and the relatively small
magnetizing current is neglected in order to simplify the circuit [1]. Then, an
equivalent scheme is set up during a commutation cycle and shown in Figure 2.4.

As indicated by its name the MCC converters always alternatively commutate, both
natural commutation and zero-voltage commutation are enabled for the



cycloconverter and VSC, respectively [1]. The following section will give a general
introduction on the commutation sequence.

Phase leg i
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Fig 2.4 Simplified schematic for one commutation cycle [1].

2.2.1 Cycloconverter commutation

The studied cycloconverter differs from the conventional one with respect that
thyristors are used instead of GTOs/IGBTs. As the only way to turn off a conducting
thyristor is to let the anode current falls below the holding current, the inequation
indicated in (2.4) has to be fulfilled for each phase leg in order to initial the natural
commutation.

u, ki, <0 (2.4)

tr'va,i’i

To switch off a thyristor, the applied voltage must be opposite in direction of the
anode current at the beginning of a commutation. As a result the product is negative.
Figure 2.5 schematically shows an example of such a commutation.

Fig 2.5 Cycloconverter phase leg natural commutation [1]

In the MCC converter, the commutation of the cycloconverter happens right after the
direction of the voltage supplied by the VSC is reversed. As shown in Figure 2.5 the
current of the corresponding phase leg and the voltage across the leakage inductance
are opposite to each other in direction. As the negatively biased voltage is supplied
across the initially conducting thyristor, the initial condition for natural commutation
is established. The process is started by turning on the non-conducting thyristor in
direction of the current through the phase terminal. Therefore, both of the valves are



conducting during the commutation interval until the incoming thyristor gradually
takes over the current and consequently the initially conducting valve is turned off [1].
At the end of the commutation the sign of the product in Eq 2.4 changes and a new
condition is valid for the next commutation.

wk i>0 2.5)

tr'va,iti

When all of the cycloconverter phase legs have been commutated it follows from Egs.
(2.3) and (2.5) that

. . 1
utrltr = Zutrka,ili = Z_ utr
- 2

1

i (2.6)

Obviously the sign of this expression is positive which means that u, and i, are of

the same sign, i.e. the instantaneous power flow is directed form the DC side to the
AC side [1].

2.2.2 VSC commutation

The commutation process of the sunbbered VSC is shown in Figure 2.6 right after the
cycloconverter commutation. As mentioned above, u, and i, are of the same sign

which implies that the current flows through the switches instead of diodes at this
stage, see Figure 2.6.

1. 2. 3.
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Fig. 2.6 Snubbered VSC commutation [1]

The second diagram in Figure 2.6 indicates the beginning of the process. By turning
off the conducting switch, the current is diverted to the snubber capacitors. A
recharging process is started until the potential of the phase terminal has fully moved
to the opposite DC rail [1]. As a result, the current follows through the diode in the
opposite valve. Thereby a zero-voltage and zero-current turn-on condition is satisfied
for the switch connected in anti-parallel to this diode [1]. A preparation is established
for the next current reversal by turning on this switch.

As described above, the cycloconverter and the VSC always commutate alternatively.
Both initial commutation requirements are fulfilled at the end of each commutation.






Chapter 3
Modulation Method

Conventional modulation methods with different sorts of carrier waveforms are
introduced in this chapter. Space-vector oriented modulation together with its
algorithm for the MCC is described for adapting the commutation sequence.
Following that, the additional constraints arisen by use of the thyristors are discussed.
The current clamping control strategy is introduced at the end of this chapter.

3.1 Conventional Modulation Methods

As mentioned in the previous chapter the output of the converter can not be varied
continuously but only switched between the upper and lower DC link voltage, the aim
of the modulation is to create trains of switched pulses which have the same
fundamental volt-second average as a target reference waveform at any instant. As the
consequence of these non-sinusoidal switched pulses, unwanted harmonic
components are always existed and should be minimized. Hence for all modulation
methods, two basic objectives have to be achieved one after the other: the primary
objective for a modulation method is to calculate the converter switch instants in
order to create the desired target output voltage or current. When this most basic
requirement has been satisfied, the secondary objective for a modulation method can
be identified, which is to arrange the most proper switching process to minimize
unwanted harmonic distortion, switching losses, or any other specified performance
criterion[3].

One conventional modulation is the so called carrier-based method which compares a
low-frequency target reference waveform against a high-frequency carrier waveform.
The principle of this method is to switch the phase leg to the proper DC rail by
judging the result of the comparison. For instance, when the reference waveform is
greater than the carrier waveform, the phase leg is switched to the upper DC rail;
when the carrier waveform is greater than the reference waveform, the phase leg is
switched to the lower DC rail. In most cases the reference waveform is a sinusoid of
an angle frequency o and the carrier is typically a triangular or sawtooth waveform
of a considerably higher angle frequency w.. Two different sampling methods have
been derived considering the practical working environment. The first one is called
natural sampling method where the carrier is compared against a time-continuous
sinusoidal reference which is difficult to implement in a digital modulation system as
the intersection between the reference sinusoidal and the triangular or sawtooth carrier
is complex to calculate [3]. In order to overcome this drawback the other sampling
method is introduced and named as regular sampling method where the low-
frequency reference waveforms are sampled and then held constant during each
carrier interval. For a sawtooth carrier, the sampling always occurs at the beginning of
each carrier cycle. Differently, there are two alternatives for a triangular carrier,
symmetrical sampling and asymmetrical sampling. The former one samples the
reference every carrier interval at either the positive or negative peak of the carrier;



the latter one takes the sampled reference at both the positive and negative peak of the
carrier and hold it for each half carrier interval [3]. Examples of the mentioned
modulation methods can be found in [1].

In order to analyze the performance of the use of different modulation methods with
respect to harmonics and other specified performance criterions, the following
parameters are defined.

The amount of distortion in the voltage and current is quantified by means of an index
named the total harmonic distortion (THD). The THD in the voltage is defined as

THD:% N7 (3.1

As the amplitude of the line current is proportional to the apparent power, the THD of
the line current will tend to overstate the distortion at low apparent power conditions.
Therefore, the base current is chosen for normalization in this work, which gives a
figure labeled THD,.

THD, = |12 (3.2)

base \ k=2

The pulse number or frequency ratio p is defined as the quotient between carrier and
reference frequencies equals the number of pulses per fundamental cycle.

p=—= (3.3)

The quotient between the fundamental component of the peak AC output voltage and
the magnitude of the phase voltage pulses is labeled as modulation index (M).

M :% (3.4)
q

3.2 Modulation of Mutually Commutated Converter

As described in the previous section, the carrier-based modulation method could be
used for such an MCC system equipped with an IGBT-based cycloconverter. Due to
the constraints of the MCC commutation, the type of the sawtooth carrier waveform
has to change twice [1] in each fundamental cycle of the reference waveform
according to the instantaneous direction of the current which makes it more
complicated compared to the proposed space vector modulation (SVM) which will be
introduced in this chapter.

10



3.2.1 General Space Vector Modulation

The input of a converter can be assumed to be a pure DC voltage in each commutation
interval and must never be shorted. On the other hand, as a basic function of
converters, the output current must always be continues. Combining the requirements
together, it can be assumed that the converter only has 8 distinct switching
combinations, shown in Figure 3.1. In one commutation interval, the input voltage of
the converter is represented by a DC voltage source and the semiconductor valves are
replaced by switches for simplification. The first six combinations produce a non-zero
output voltage vector and are known as non-zero switching states; the remaining
combinations produce zero voltage vectors and so called zero switching states.

p P P
L k .
a a a
T | b T o T | b —
| || |
" Vi) " V2 V3(-+-)
p p P
K L K
| a | a | a
T c— | c— | c——
L i | . | |
Va(-++) V5(==+) Vo(+-+)
p p
IS
12 — 4
c— C—
]
" Vo(---) T V()

Fig 3.1 Eight switching combinations of converters in one commutation interval

The basic ideal of the space vector modulation method of three-phase system is to
represent the three quantities as vectors in a two-dimensional (a, ) plane. The
concept of a voltage vector is defined as

J2r/3

u=K(u, +ue +ue ) (3.5

where u;, u, and u; are the three phase voltages. Similarly a current vector is defined
as

[ =K@ +i,e””" +ie ") (3.6)

11



where i, i, and i3 are the three phase currents.

In order to obtain an amplitude-invariant transformation the constant K is set as 2/3

[1].

Using this definition, the output voltage of the eight switching combinations can be
transferred into the voltage vector and are called base vectors. The non-zero

switching states give the active base vectors (71 throuth) and the zero switching

states give the zero vectors ( ¥, and ¥, ). The six active base vectors are

symmetrically distributed in the o  plan and a regular hexagon is formed by their
tips, see Figure 3.2

AP
V, (=+-) (++-)V,

Vi (—=+) Vs (=)

Fig 3.2 Voltage base vectors in o.  plan

It can be seen in Figure 3.2 that the amplitude is zero when these two zero vectors are
overlapped and located in origin. An expression can be made in order to describe the
active vectors in the two-dimensional plan [2].

v, ==U,e "™ for p=1,...,6. (3.7)

q

(USHINN

where U, is the effective DC link voltage and the g represents the corresponding
switching state.

In the same manner, the desired output voltage could be represented by an equivalent
vector rotating in the counter clock wise direction and expressed by real and

—k

imaginary parts: u =u,_ + ju;. Since the output voltages of the three phase legs are

discrete and switched between positive and negative DC link voltages, the essence of
the output pattern of the cycloconverter is a series of switching combinations which
means the instantaneous output voltage vector is always one of the voltage base

12



vectors. From this point of view the desired output voltage vector may be synthesized
by several voltage base vectors and their duty cycles during the modulation interval.
In normal modulations, the sequence of one modulation interval is always initiated by
one of the zero vectors and ended by the other [2]. Two active vectors are imposed
between the zero vectors and adjacent to the reference vector. An example is made in

Figure 3.3 where the reference vector is located between 71 and?2 .
4B
++)V,

5V, o

Fig 3.3 Synthesis of the desired output voltage vector

As indicated in the Figure 3.3 9§, and 9, are the corresponding duty cycles of 71
and?2 , respectively. The duty cycles are defined as

5 =TIT (3.8)

1 1 N

where Ty is the switching interval and T; is functioning time of the concerned base
vector.

By solving (3.9) the duty cycles of the imposed active vectors can be determined
easily.

oV, +oV, =u (3.9)
where V » and ;pz represent the active vectors which are adjacent to the sampled
reference vector in the concerned modulation interval.

The total duty cycle of the zero vectors is the remains of the modulation interval as

5. =1-6-5, (3.10)

z

The duty cycles d;, 6, and 6, are uniquely determined from (3.9) and (3.10), therefore
the remaining degrees of freedom are the sequence of the vectors and the distribution
of the total zero vector duty cycle [1].

13



3.2.2 Principle of the Space Vector Modulation for MCC

The modulation of the mutually commutated converter has several constraints
compared with the conventional ones due to the requirement of soft switching
commutation.

Firstly, due to the constant frequency of the VSC commutation one of the flanks of
each pulse will be always be placed at equidistant points of time. The other flank is
determined by the cycloconverter commutation and may be arbitrarily placed within
the modulation interval [1].

Secondly, the sign of each phase voltage and the corresponding phase current have to
be opposite to each other at the beginning of the cycloconverter commutation in order
to fulfill the conditions for natural commutation.

Finally, as the commutation of the VSC gives an opposite polarity for all phase
voltages at the beginning of the modulation interval, the sign of each phase voltage
and the corresponding phase current should be identical at the end of the commutation
to allow for the next commutation.

The mentioned constraints can be better understood by a space vector approach. The
current space vector has been defined in (3.6) in the a-f plane and rotating in the
counter clock wise direction. The covered area is split up six regions depending on the
sign of each phase current, see Figure 3.4.

Tip
11:0

iz = -i3

i3:O 3. 11<O 11>0 2. 12:0

= R0 R0
i3 <0 13< 0
<0 >0
4 >0 T <0 1%
TR0 >0 e
o0 <0 <0 =0

. . 12 > 12> s g
11 =-13 13 0 3 0 1; 1r

6.

i] =0
i2 = -i3
Fig 3.4 Current direction regions [1]
Note that the boundaries of the current sectors are shifted /6 compared to the case of
the voltage vector. When the current vector crosses the boundary which is located

between two adjacent sectors, the direction of the phase current only reverses in one
phase leg.

14



By recalling Figure 3.2 the requirement of natural commutation for a certain current
vector will be fulfilled when the initial voltage base vector is opposite to the current
vector located sector. As previously discussed, the commutation sequence will be
ended up by an active voltage vector located in this current sector for continues
natural commutations. Furthermore, one phase leg can only be commutated once in
each modulation interval, which implies that there are six four-vector voltage
sequences for a certain current vector [2], shown in Figure 3.5. Assume that the
current vector is located in sector 1.

Fig 3.5 Possible voltage base vector sequences with the current vector located in
sectorl.

For other cases where the current vector is not located in sector 1, the possible voltage
base vector sequences are similar to the case shown in Figure 3.5. A same voltage
base vector location can be obtained by shifting the hexagon with respect to the new
current sector [2]. In practice, either the first or the last voltage base vector is moved
to the very beginning or end of the modulation interval and suppressed with the
second or the third base vector, respectively. Therefore, the number of the base
vectors is reduced from four to three. This method is attractive as it not only
simplifies the implementation but also avoids the opposition of the voltage vectors in
each modulation interval which gives a reduction in the current ripple [2].

3.2.3 Space-Vector Oriented Modulation for MCC

When the reference voltage vector is taken into consideration, the selection of the
optimum vector sequence becomes a problem. It is solved by the space-vector
oriented modulation which is derived in [2] and described briefly in this work.
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In this method all current vectors are transferred to the equivalent first sector by
shifting the hexagon in order to simplify the process. The reference voltage is shifted
into a new system labeled as o’f’-system by (3.11) with respect to the current vector

[2].

—!

u =y e /kHr3 (3.11)
where k stands for the region where current located.

The o’B’-system is established and divided into twelve regions as shown in Figure
3.6. When the load angle of the vector is either between /3 and 2n/3 or between

-2m/3 and -1/3, the vector located region will be given by (3.12) [2]. The inner sectors
(BI1, C1, F1 and G1) are chosen when the inequality is true [2].

A jp'
C2 | Bl
Cl| B2

D A

“ > >
o

E B
F1| Gl
F2 | G2

Fig 3.6 Voltage regions in the o’ -plane [2]
NE] T 2y, 3.12
/ 3

With the preparations above, the optimum base vector sequence can be decided by
TABLE 1 in o’’-system and the duty cycle can be obtained by solving ( 3.13) [2].

TABLE 1
BASE VECTOR SEQUENCE IN o’B’-SYSTEM [2]

—_—

u region —

Base vector (i) A |Bl|B2|Cl|C2| D | E |Fl|F2|Gl | G2| H

!

1 7 4 4 3 3 4 4 5 5 4 4 7
2 7 3 3 5 7 5

3 1 2 2 1 1 0 0 1 1 6 6 1

16




S
8, |=|uj, (3.13)
53

So far, both the commutation sequence and the duty cycle for each base vector are
solved in the transferred system; therefore an inverse transformation is needed to offer
the proper sequence with the aid of the TABLE 2.

TABLE 2
CONVERSION OF THE BASED VECTOR
FROM THE o’f’-SYSTEM TO THE af-SYSTEM [2]

a’p’-base vector —

Current region (k) 0 1 2 3 4 5 6 7
!
1 0 1 2 3 4 5 6 7
2 7 2 3 4 5 6 1 0
3 0 3 4 5 6 1 2 7
4 7 4 5 6 1 2 3 0
5 0 5 6 1 2 3 4 7
6 7 6 1 2 3 4 5 0

3.3 Additional Difficulties for MCC without
Cycloconverter Turn-off Capability

The proposed space-vector oriented modulation method samples the output currents
ahead of the beginning of each commutation interval and assumes that the current
vector is not leaving the initial sector during this period. As a matter of fact, the
current vector is rotating continuously and may oscillate around the boundary of a
current sector, therefore, the sampled vector probably moves to the neighboring sector
during the commutation. As previously described, the sign of each phase voltage has
to be opposite to the sign of the corresponding line current in order to allow the
natured commutation. If one of the line currents has changed sign during a modulation
interval, the cycloconverter equipped with IGBTs is able to force the turn-off of its
valves, which allows the commutation scheme to maintain the desired pulse pattern
regardless of a probable zero-crossing of the line currents. In this case an additional
phase leg commutation is required at the end of this modulation interval in order to
establish the conditions for continuous natural commutations [4].

But regarding the thyristor-based cycloconverters, their valves lack turn-off capability
and, hence, can not turn off their valves without the complex and expensive external
circuits. For this reason, after a current sign reversal, the condition for commutating
the corresponding phase leg will not be re-established anymore and one of the
directions in the voltage hexagon will be inhibited.

Therefore, it is important to make a correct decision when a line current is
approaching zero and the commutation of the corresponding phase leg is still not
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decided. Generally, two feasible options are available. Firstly, a commutation can be
made just before the zero-crossing by breaking the desired duty cycle. Consequently,
an additional commutation may be needed at the end of the interval for the following
commutation if the line current still changes sign. In the other case, the commutation
of the corresponding phase leg can be either delayed or avoided by re-arranging the
base vector sequence. Although it probably can not provide the desired pulse pattern,
the additional phase leg commutation can be avoided.

As another constraint arises from the thyristor, a reverse voltage has to be maintained
across 1t during the turn-off time tq. If a biased voltage is supplied to a thyristor during
this interval, an unintentional turning-on will happen and the thyristor cannot be
turned off in this commutation interval anymore which results in an undesired pulse
pattern. Therefore the duty cycle for each base vector has to be longer than the
minimum interval t,.

3.4 Description of the Current Clamping Control
Strategy

As mentioned in the previous section, due to the limited controllability, a
cycloconverter equipped with thyristors may not maintain the desired base vector
sequence if the current vector goes into another sector during the commutation.
Therefore, a feasible solution is needed whenever the current vector undesirably
leaves the initial sector. A new modulation strategy is proposed by Stephan Meier in
[4], labeled as current clamping control strategy. The basic idea of this strategy is to
stop the gate pulses in the conducting thyristor valve during a certain dead-time
whenever the current in the corresponding phase leg becomes zero [4]. The gate
pulses will be re-supplied after the dead-time and the currents will finally reverse at a
desired instant.

According to the space vector modulation method introduced in Section 3.2.3, the
base vector sequences and their duty cycles can be determined. By modeling a
simplified three-phase power conversion system (see Section 4.1 for further details),
the current vector trajectory can be predicted for the calculated base vector sequence.
With the help of the predictor, the dead time can be precisely calculated and a new
base vector sequence can be determined if it is necessary before the beginning of
every modulation interval.

The process of the current clamping control strategy can be concluded as two parts.
Firstly, predict the current trajectory with the sampled current vector and the desired
voltage vector. The cycloconverter is treated as the one equipped with IGBT so that it
has the turn-off capability in the first process. With this assumption it is possible to
use the space vector oriented modulation for MCC in order to determine the base
vector sequences and the corresponding duty cycles. The current trajectory can be
obtained by applying the calculated results on the target model.

Secondly, determine the exact clamping instants and the new base vector sequence.

When the current is leaving the initial sector, which implies that the sign of one of the
line currents will reverse, the predictor must determine whether the current clamping
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is necessary. Basically, according to the comparison between the initial and the last
current vectors referred to the current sector, two situations are obtained (see E1 and
E2 in Figure 3.7). El is the case where the current trajectory is only temporarily
leaving the initial current sector during a modulation interval. In such cases the
current reversal always happen before the commutation of the corresponding phase
leg and has to be avoided. As shown in Figure 3.7, the commutation of the phase leg
c3 is delayed until the current trajectory goes back into the initial sector. The predicted
base vector sequence is 3—0—1—6 as shown in the upper color bar of El, the
corresponding duty cycles are represented by the length of the bars. As a matter of
fact, as the first base vector 3 is suppressed by the second base vector 0 at the
beginning of the modulation interval, the effect of base vector 3 can be neglected.
Similarly, all the bars given in white denote that the concerned base vector is
suppressed by the neighboring one. The desired sequence is maintained in this sort of
cases with modified duty cycles when the current clamping control strategy is valid.
See the lower color bar of E1, the first base vector is not influenced by the current
clamping while the dead time injected between the second and the last duty cycle,
represented by the yellow bar. During the dead time, the current of the corresponding
phase leg is clamped to zero and as a consequence the current vector is moving along
the boundary. This is done by stopping the gate pulses to the anti-parallel thyristor in
the conducting valve of the corresponding phase leg.

E2, E3 and E4 in Figure 3.7 are the cases where the current trajectory will finally
move into another current sector at the end of the commutation interval. In such cases
the current clamping control strategy is not always needed, a judgment has to be made
before the beginning of the prediction. If the sign of the line current is going to
reverse and the corresponding phase leg is still waiting for the commutation within
the desired modulation interval, the current clamping is not avoidable in order to
refrain from this improper commutation, see E2 and E3 in Figure 3.7. Contrarily, if
the commutation of the corresponding phase leg is only needed before an additional
commutation at the end of this modulation interval, the current clamping is not
necessary anymore and the soft switching commutation is still available for any phase
legs just by canceling this improper commutation, see E4 in Figure 3.7. This is the
favorable case as the additional phase leg commutation can be avoided without the
calculation of the dead time.

The desired voltage base vector sequence in a conventional manner is not suitable for
the case E2 as the phase leg in which the current is changing sign is not commutating
at all. As a consequence, the determination of the dead time in this case is more
complex than the case in E1 due to the fact that it is not only settled by the current
reversal instance but also determined by the new voltage sequence. The easy way to
determine the dead time is based on ending up the current vector trajectory at the
same point as in the conventional manner. The current in the corresponding phase leg
is clamped when it is approaching zero and released at the instant which can let it
coincide with the desired end point at the end of the commutation interval. See the
color bar of E2 in Figure 3.7, in this way the commutation of C2 as well as the
additional commutation at the end of the modulation interval is avoided.
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Fig 3.7 Examples of current trajectories with current clamping control strategy, base
vector sequences and their corresponding duty cycles.

It should be noticed that in case E3, the current trajectory temporarily leave the initial
current sector in the front part of the commutation interval and is actually required to
move to another sector in the end. It can be treated as case E1 with one additional
commutation at the end of this modulation interval. In this special case, the
corresponding phase leg C2 is commutated twice in the modulation interval. When
the second commutation of C2 occurs, the base vector 4 is functioning and 1,<0,
which implies that the condition u,1,<0 is still fulfilled.

It should be noticed that the four cases discussed in this section are only some
common and basic cases, more complex current trajectories may occur. For example,
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in some high current ripple cases, the current vector trajectory may temporarily cross
more than one sector in a commutation interval and also can be solved similarly as in
example E1.
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Chapter 4
Power conversion system Model and Cascaded
MCC

Firstly, this chapter gives a brief description of the power conversion system model
together with its equivalent equations. To increase the equivalent switching
frequency, cascaded MCC is introduced in the subsection. Operating points and the
optimal pulse number are selected in the end.

4.1 Simplified three-phase power conversion system
model

MCC Symmetric source or load
converter
ui(t) i L R e (t)
U > KYW\_:'—@7
w®) i L R e2 (t)
L > m\/\_‘:'—@ig.
i i A%
J us(t) i) L R es (1) 1 "
+ < i AARS S w— 0 +

Fig 4.1 Three-phase power conversion system of which load or source with
unconnected midpoint connected to a MCC converter

Figure 4.1 is a three-phase power conversion system of which the right part is a three
phase load or source with unconnected midpoint connected to a MCC converter. The
load or source side is presented by counter-emf, which is assumed robust and pure
sinusoidal. The value of the inductance L, resistance R and the amplitude of the
counter-EMF are 0.2 p.u., 0.01 p.u. and 1 p.u., respectively.

In time domain the equation for each phase is given in Eq 4.1.

ui—L%—Rii—ei—vM:O for i=1,2,3 (4.1)
t

where the v,, is the potential of the unconnected midpoint M and given in Eq 4.2

v, =%Zui for i=1,2,3 4.2)
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The counter-EMF is assumed pure sinusoidal and defined by (Eq 4.3) for each phase
leg.

e, = Ecos(ot+a,)

e, = Ecos(ot+a, —277[) (4.3)

2
e; = Ecos(ot+a, + ?ﬁ)

As the SVM is used in the simulation, all parameters should be represented in terms
of space vector, this is done by multiplying (4.1) byl, ¢/**'*and ¢**’* and add them
together, see Eq 4.4.

g-19% _Ri—z-0 (4.4)
dt

wheree = Ee/(@'+@)

In the simulation, the initial current vector is set according to different operating
points listed in Table3. The phase angle of the counter-EMF ¢, and the amplitude of

the desired voltage vector U can be calculated by solving the Eq 4.5 in steady-state.

(T,
a, = arcsm(f [R sing — w,Lcos go])

(4.5)
U =I1(Rcos¢+w,Lsinp)+ Ecosa,

As mentioned in the section 3.4, the corresponding phase leg is isolated from the grid
when the current is clamped to zero which means that the original three-phase system
degenerates into a single phase system as well as the voltage equations during this
stage, for instance the phase leg 2 is isolated, and the equivalent topology is shown in
Figure 4.2. Considering i, =—i, and i, =0 the degenerated equations in the time

domain are given in Eq 4.6.

di

—u,)—2L
(u, —uy) di

—2Ri,—(e,—e;)=0 (4.6)

thus

%:i([ul —u3]—2Ri1 _[el _83]) 4.7)

24



| MCC Grid
converter

u(t) i@ L R e (t)

(g

@

J WO o LR iy 1
i =

Fig 4.2 The degenerated system.

4.2 Cascaded MCC

By use of the cascaded topologies shown in Figure 4.3 the effective pulse number can
be doubled without increasing the switching frequency. This elevated pulse number
will give a lower current ripple which turns into a better harmonic performance. The
upper and the lower topologies correspond to the full-bridge and the half-bridge
cascaded MCC, respectively. As there is no principle difference between these two
topologies with respect to the commutation process, the full-bridge cascaded MCC is
used in the following analysis. It should be mentioned that in order to obtain an
identical output current, the value of the phase inductance of the full-bridge topology
is twice as high of the one of the half-bridge topology refers to a same DC link
voltage. Similarly, when the phase inductance of the full-bridge cascaded MCC is
twice much of the one of a single-bridge MCC, the amplitude of the fundamental
output currents will be the same by supplying an identical DC link voltage.

As shown in Figure 4.3, the lower output square wave voltage of the VSC is shifted a
quarter cycle compared to the upper case. As a consequence, the sampling of the
reference voltage of the lower cycloconverter is also accordingly shifted, shown in
Figure 4.4. Therefore a doubled effective pulse number of the cascaded MCC is
obtained compared to each single bridge MCC. In the simulation, the operation of
each MCC bridge is assumed independent to each other. The line currents of each
bridge are combined together as the output line current of the cascaded MCC.
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Fig 4.3 Two options for the cascaded topology
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Fig 4.4 Sampling instances of upper and lower cycloconverters.

4.3 Operating Points and Pulse number

4.3.1 Operating Points

A MCC converter should be able to control both active and reactive power. From this
point of view, a number of operating points have been chosen according to P and Q,
shown in Table 3. The ideal amplitude of the current vector and the load angle in
steady-state can be obtained by solving (4.8) which is derived according to the circuit
shown in Figure 4.5; both of them are essential parameters for simulating. The
parameters are given in p.u. values.

The corresponding phase leg is isolated when the current clamping strategy is
functioning. This will give a floating output phase voltage. Therefore the output phase
current is selected to analyze rather than the output pulse pattern. Moreover, the
operating point where P=Q=0 is neglected as the output phase current is zero.

lZ-¢ R X, P,0
4>_NW\—/\/V\/_F
> |u)£0 E|£a,">

Fig 4.5 One phase of the simulated system
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_0 _3E(E-Ucosa,)
X, (4.8)
. 1 .
sine, :E(RSIH(D_XL cosgo)
U :](Rcos¢)+XLsin(o)+Ecosae
Table 3 Operating points of the conventional MCC
Operating point M Iy (p.u.) D (rad) P((.u.) 0O (p.u.)
1 1.003 0.7444 0.5380 1 0.5
2 0.995 0.3329 1.5208 0 0.5
3 1.003 0.7444 2.5036 -1 0.5
4 0.941 0.6658 2.9591 -1 0
5 0.88 0.7444 -2.8698 -1 -0.5
6 0.87 0.3329 -1.6208 0 -0.5
7 0.88 0.7444 -0.3717 1 -0.5
8 0.941 0.6658 0.0826 1 0

Similarly, the operating points of each bridge of the cascaded MCC are listed in Table

4. As discussed in section 4.2, the phase inductance is 0.4 p.u. in this case.

Table 4 Operating points of each bridge of the cascaded MCC

Operating point M Iy (p.u.) @ (rad) P (p.u.) 0 (p.u.)

1 1.003 0.3722 0.5380 0.5 0.25
2 0.995 0.1665 1.5208 0 0.25
3 1.003 0.3722 2.5036 -0.5 0.25
4 0.941 0.3329 2.9591 -0.5 0

5 0.88 0.3722 -2.8698 -0.5 -0.25
6 0.87 0.1665 -1.6208 0 -0.25
7 0.88 0.3722 -0.3717 0.5 -0.25
8 0.941 0.3329 0.0826 0.5 0

4.3.2 Selection of the pulse number

Since it is quite complex to determine the harmonic components of a PWM switched
phase leg output, a method by means of an analytical solution called double Fourier
series expansion is introduced. This method was first developed by Bowes and Bird to
adapt the modulated converter systems and was originally developed for commutation
systems. The analysis process assumes the modulated waveform is composed by two
time variables x (¢) and y (?), shown as below.

x(t)=wt+0,

y(t) = oyt + 6,
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These variables can be considered as representing the high-frequency carrier
waveform and the low-frequency reference waveform respectively. And a modulated
waveform f (z) can be expressed as f{x (), y (t)}. A double Fourier series expansion
can be developed for a double variable controlled waveform from a traditional Fourier
series expansion [3], as

f(= % + i[AOn cos(n[a)ot + 60]) + B,, sin(n[a)ot + 6’0])]

n=1

+ i[Amo cos(m[at +6.]) + B, , sin(m[w,t +6,])] (4.11)

m=1

. i i A cos(m[w.t +0.]+nat+6,))
= + B, sin(mla.t+ 6. ]+ n[og +6,))

m=1n=—0

(n#0)

where

1 Va s

A4, = = J- .[f(x,y) cos(mx+ny) dx dy 4.12)
1 ¢ % )
B, = = I _[f(x,y)51n(mx +ny) dx dy (4.13)

The first term where m=n=0 of Eq 4.11 corresponds the DC offset component of the
signal. The first summation term where the m=0, defines the harmonic at integer
multiples of the desired output waveform frequency. Obviously, the fundamental is
obtained when n=1. Low-order harmonics around the fundamental output exist in this
term which should be minimized, and the harmonics in this term are called baseband
harmonics. The second summation term where n=0, defines the harmonic at integer
multiples of the carrier waveform frequency which are relatively high-frequency
components. Finally, the double summation term where m, n # 0, corresponds the

groups around the carrier harmonic frequencies. These are referred to sideband
harmonics.

According to [1], the only harmonics that will exist in the phase voltage of a MCC,
apart from the fundamental, are odd sidebands harmonics (4,,=B,, =0, when n is

even). Moreover, the order of all sideband harmonics can be represented as k=mp+n,
where p is the pulse number. This implies that all even harmonics in the output phase
voltage can be eliminated by choosing an even pulse number.

On the other hand, if the output phase voltages are symmetrically shifted by 2T/3 and
periodical with a cycle T, the phase voltages u;(?), ux(t) and u;(¢?) fulfill the following
expression

wi )= ux(t+2T/3)= us(t-2T/3) (4.14)

Decomposing these three waveforms by the Fourier series expressions, all
components with the same triplen 4 are identical with respect to each other in the
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expressions [3]. Thus all components at integer multiples of three times the
fundamental frequency will be absent in the line-to-line voltages. For the case in an
MCC system, the expression (4.14) can be fulfilled if the reference voltage in each
phase leg is equally sampled within each cycle and this is only possible when the
pulse number is an integer multiple of three [1].

When these two analyses are taken into account together, it becomes clear that the
optimum pulse number should be a multiple of six with respect to the harmonic
performance. In the case of MCC modulation, neither even nor triplen harmonic will
present in the line-to-line voltages. However all non-triplen odd harmonics may still
exist in the line-to-line voltages such as the ones at orders k = 6r-1 and k = 6r+1
wherer=1, 2, 3 etc.
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Chapter 5
Solution Analysis

As the main purpose of this chapter, the simulation results of the conventional MCC
with an optimal pulse number are evaluated. Following that, two untreatable operating
conditions are listed. Finally, the improvement made by the cascaded topology is
shown.

5.1 Evaluation of the modulation strategy

The current vector trajectories and the line current waveforms at steady-state for both
conventional SVM for MCC and the current clamping strategy are shown in Figure
5.1 for operating point 8. For the reason discussed in section 4.3.2 the pulse number is
chosen as 48. Comparing the current trajectories for the two different modulation
strategies, it can be observed that they only differ around the boundary-crossings. In
the case of current clamping MCC SVM the current vector goes along the
corresponding boundary instead of temporarily leaving the initial sector.

Looking closer at the line current waveforms, the zero-crossings are avoided and the
current is clamped at zero during the dead time in the case for the current clamping
strategy. As a consequence of this alternation of the waveform, the harmonic
performances for both cases are different in several ways, see Figure 5.2. In this
specific case, the fundamental content of the current clamping MCC SVM is
increased a little bit compared to the case of MCC SVM strategy. This is caused by
the reduction of the current ripples. Obviously, all harmonic contents are decreased
except the 49™ harmonic at this operating point. As a consequence, the total harmonic
distortion reduced.

Other comparisons between MCC SVM and the current clamping MCC SVM in
terms of THD, are listed in Table 5, the relative current trajectories, line current
waveforms and harmonic spectrums can be found in appendix. It should be mentioned
that the phase inductance is 0.2 p.u. for all operating points. However, the cases exist
at operating point 4 and 5 are not be able to treat at the moment, which will be
discussed in the following subsection.

See Table 5, the performance of the current clamping MCC SVM is better than the
traditional MCC SVM with regard to THD, under all treatable operating conditions
except operating point 1. This is because that the current clamping is not necessary in
this specific condition, zero-crossing case E1 occurs, which has been described in the
previous section.

It should be noticed that the most significant improvement of the THD, occurs in
operating point 6 which has the largest number of zero-crossings. This implies that a
better harmonic performance can be given by the functioning of the current clamping
strategy.

31



Table 5 Total harmonic distortion in percent for all treatable operating points

Operating point MCC SVM Current clamping MCC SVM
THD, [%] THD, [%]
1 6.9 6.9
2 11.3 8.2
3 6.9 6.7
5 6.5 6.4
6 12.9 7.2
7 7.0 6.3
8 8.0 6.5
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Fig 5.1 Current vector trajectories and line current waveforms at steady-state of the
operating point 8, p=48 X/=0.2 p.u.
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Fig 5.2 Comparison of harmonic performance between MCC SVM and Current
clamping MCC SVM at operating point 8, p=48 X;/=0.2 p.u.

5.2 One untreatable case at the moment

There is one special case ES in operating point 4, shown in Figure 5.3. Unlike case
E2, another two commutations are needed after the commutation of the corresponding
phase leg in this case where the desired base vector sequence is 1 -2—7—4 and an
additional commutation of C2 is needed at the end of this modulation interval. This
can only be done when IGBTs are used. However, the desired sequence has to be
changed as IGBTs are replaced by thyristors in this work.

The commutation of C2 has to be avoided in this case due to that the current vector
will finally move to sector 5, which implies that there are two options of the base
vector sequence at least: 1-6-5 and 1-0-5, as shown in Figure 5.3, and the clamping of
C2 occurs during the selected sequence. It should be mentioned that each treatable
case has a unique option with regard to the base vector sequence, and the dead time in
such cases is not difficult to calculate. However, in the case E5, the extra degrees of
freedom of the base vector sequence makes it a little bit tricky to find a solution.
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Fig 5.3 One untreatable case at the moment

5.3 Cascaded topology

In all simulations, the actual pulse number is 48 at all operating points, which will
give an equivalent pulse number 96. The line current waveforms of the single bridge
MCC and the cascaded MCC at operating point 8 are shown in Figure 5.4; a
comparison is also made between these two topologies with respect to the harmonic
performance and represented in Figure 5.5. See Figure 5.4, as expected, the line
current ripple of the cascaded MCC is much lower than the case of a single bridge
MCC, which results in a better THD,. At the same time, in the cascaded MCC, the
amplitude of the fundamental output current is almost the same as the single bridge
MCC, which is as desired, see Figure 5.5. It should be noticed that the high order
harmonics are significantly reduced by the elevated switching frequency. However,
the low order harmonics are not improved by the use of the cascaded MCC topology.

The comparisons made between the single-bridge MCC and the cascaded MCC with
respect to THDy under all treatable operating conditions are shown in Table 6.
Apparently, the THD, is diminished in accordance with the increasing effective pulse
number for all treatable conditions.
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Table 6 Comparisons between single bridge MCC and cascaded MCC with regard to
THDO (p = 48a Xl-single =0.2 p-u., Xl-cascaded =0.4 pu)

Operating point Single bridge MCC Cascaded MCC
THD, [%] THD, [%]
1 6.9 1.5
2 8.2 5.8
3 6.7 2.4
5 6.4 3.2
6 7.2 6.6
7 6.3 2.7
8 6.5 4.1
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Chapter 6
Conclusion and Future Work

This chapter summarizes the work in this thesis and puts forward future aims in this
field.

6.1 Conclusions

A previously proposed current clamping strategy provides a possibility to implement
the thyristor-based cycloconverter without having any auxiliary external circuits. As
the dead time is predicted according to the current trajectory which calculated by use
of the space-vector oriented modulation strategy, the studied converter topology can
provide soft switching for all semiconductor valves in all treatable operation points.

By applying this strategy, current reversal can be delayed in the corresponding phase
leg and, hence, the soft switching conditions are fulfilled at any instant of the
commutation interval. In some cases the desired base voltage vector sequence is not
feasible and a new sequence has to be established in order to maximally maintain the
desired voltage.

In order to obtain a better harmonic performance, the pulse number is preferably
chosen as a multiple of six. It should be mentioned that in all treatable operating
points the 5™ and 7™ harmonics as well as the total harmonic distortion are decreased
after using the current clamping strategy. It is becomes especially apparent at
operating point 6, where the current ripple is considerable.

Due to the doubled effective pulse number, a better harmonic performance is achieved

by the use of the cascaded MCC compared to the single bridge MCC case. High order
harmonics are significantly reduced due to this high equivalent switching frequency.

37



6.2 Future Work

The studied current clamping strategy is based on stopping the current in the
corresponding phase leg for a certain dead time, this result in the difficulties to decide
the new base vector sequence and the concerned duty ratio in some discussed special
cases which are not able to treat at the moment. A universal algorithm is required to
solve all cases. Furthermore, the implementation of the predictor for such a strategy is
not easy as the requirement of all parameters of a time-variant system. Therefore, a
possible better solution is to arrange the base vector sequence in a favorable way that
all zero-crossing cases are as in the case E4.
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Appendix
All Simulation Results

In this appendix, simulation results for all treatable operating points will be shown.
The phase inductance of all single-bridge MCC simulations is 0.2 p.u.. In the cases of
cascaded MCC, the phase inductance is increased to 0.4 p.u.. All THDys are referred
to the output line current. Pulse number for all simulations is 48.
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