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PREFACE

In many non-pollutant, enviroment friendly electrical energy generation
systems (wind turbines, solar pannels, fuel-cells etc.) the obtained output dc voltage
level varies in a large range. Before making this dc voltage grid compatible ac
voltage usually we use a DC-DC converter which delivers a constant dc voltage
regardless of the fluctuating dc input voltage. Another way to control the dc voltage
level is to use a Z-source network in the dc-ac converter’'s dc-link. Thus two things
get solved in one stage: the dc voltage level used in the inverter modulation
algorithm is kept under control and the desired ac output voltage is obtained.

The thesis deals with this recently proposed Z-source network as the dc-link
circuit in DC-AC converters between the dc voltage source and the single/ three-
phase inverter bridge which can boost the input voltage to any desired level without
any extra additional switch. The boost is realised with the shortcircuit of all the
inverter bridge switches. It proposes three new Z-source inverter topologies with
reduced switch count: one single phase and two three-phase Z-source inverter
topologies. In the detailed analysis of these Z-source inverter topologies throughout
the thesis the reader, besides the voltage and current relationships of the different
operating states of these Z-source inverter topologies, can find details regarding the
control algorithms and practical implementation issues and solutions as well as
simulation and experimental results in open and closed loop. The thesis also
proposes a improved control algorithm of the hybrid switched-capacitor DC-AC PWM
converters. The proposed improved control is verified through digital simulations
and experiments which validate the theory of the proposed improved control.

OUTLINE OF THE THESIS

The thesis comprises five chapters that unfolds as follows:

The first chapter after the brief presentation of the main formulae describing
the operation of a Z-source inverter it presents the single-phase Z-source inverters
with four switches and after that a new two-switch single-phase Z-source inverter is
proposed and analysed in details. Digital simulations and experimental results
validate the proposed topology at the end of this chapter.

The second chapter deals with a proposed four-switch three-phase Z-source
inverter. The theoretical background, starting from the traditional four-switch
three-phase inverter, necessary to understand the operation of the new topology is
followed by some details regarding the implementation of the control on a low cost
dsp and finally simulation and experimental result are presented.

After the first two chapters, hopefully, the reader has become familiar with
the Z-source inverter topologies in order to be able to cope with the delicate issues
and control aspects of the Z-source inverters presented in chapter four. This chapter
addresses the following main topics: maximum voltage boost, shoot-through state
generation (software and hardware implementation), Z-source inductor and
capacitor design.

In chapter four the new proposed improved four-switch three-phase Z-
source inverter (obtained from the re-arrangement of the Z-source topology
elements presented in chapter two) is described and validated through digital
simulations.

In the last chapter a improved SVM algorithm, which lowers the inverter
bridge voltage stress and optimizes the voltage gain, for switched-capacitor DC-AC
converters is presented and validated through simulations and experiments.
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Summary,

The thesis deals with the recently proposed Z-source network as
the dc-link circuit in DC-AC converters between the dc voltage
source and the single/ three-phase inverter bridge which can
boost the input voltage to any desired level without any extra
additional switch. The boost is realised with the shortcircuit of all
the inverter bridge switches. It proposes three new Z-source
inverter topologies with reduced switch count: one single phase
and two three-phase Z-source inverter topologies. The thesis also
proposes a improved control algorithm for the hybrid switched-
capacitor Cuk and Sepic derived DC-AC PWM converters.
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OBJECTIVES OF THE THESIS

The objectives of the thesis can be summed up as follows

Comprehensive study and presentation of the Z-source network based
converters

Design of new Z-source network based single and three-phase inverter
topologies with reduced number of switches

Analytical description of the new topologies

Validation of the new proposed topologies through digital simulations and
experiments

Study of the switched-capacitor hybrid DC-AC PWM converters with high
voltage gain

Development of a improved SVM algorithm, in terms of reduced voltage
stress of the inverter bridge and optimal voltage gain, of the switched-
capacitor hybrid DC-AC Cuk and Sepic derived topologies.

Validation of the proposed improved SVM algorithm through digital

simulations and experiments
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CHAPTER 1 SINGLE-PHASE Z-SOURCE
INVERTERS

1.1 Introduction

One of the major problems in single-phase voltage source inverters, having
in the input stage batteries, photovoltaic, and fuel cells or a diode rectifier fed by
the 230 V ac line, is the dc-link voltage level, which could be smaller than the
desired level, imposed by the application. Single-phase voltage source inverters are
used in photovoltaic or fuel cell grid-connected inverter systems as well as in
inverter based motor drive systems. A growing interest is also shown in the field of
hybrid electric vehicles.

Some of the solutions to boost the dc-link voltage are transformer-less
boost circuits or circuits with high frequency transformers which are introduced
between the dc voltage source and the inverter [1]-[3]. The well-known half-bridge
inverter’s [4] peak ac output voltage is limited to half the dc voltage. In [2][3] this
limited peak output voltage is exploited.

A great amount of the produced electrical energy is consumed in heating, air
conditioning and ventilation systems. The use of variable-speed drives in these
application increases the cost of the system even though they make them energy
efficient. For the above mentioned consumers the use of fixed-step drives is also
suitable and less expensive.

The cost reduction of fixed step-drives can be approached from two
directions: optimization of the static converter and optimization of the motor. The
optimization of the converter can be done by reduction of the number of switches
[71[8] and the optimization of the motor by the use of cheaper (cheaper to produce)
single-phase motors instead of three-phase ones [9]-[11].

The passive Z-source network as a filter and self-boost network was
proposed by F. Z. Peng in 2003 [1]. Up to today several studies have been carried
out on Z-source network inverters with fuel cells, photovoltaic panels,
ultracapacitors, wind turbines or combinations of these [6][13]-[16][19][21][26].
All these studies are related to the field of renewable energy or hybrid vehicles. In
the aforementioned studies the Z-source network is in the main power flow path
from the input to the output but it can be also used for voltage sag/swell
compensation [25] or even for electronic loads [28].

The majority of the studied topologies are for three-phase output voltage
and just a few for single phase [15][22]-[24]. The single-phase Z-source inverter
for uninterruptable power supplies (UPS) proposed in [22] pointed out the
competitive effeciency compared to traditional UPS topologies.

New topologies [5][18][27] were derived from the Z-source network
proposed by Peng.

Details regarding the voltage control in the Z-source network based on PI
and hysteresis controller can be found in [12][17].
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10 CHAPTER 1 Single-Phase Z-Source Inverters

The main reasons why the Z-source network seems to be a good choice for
the intermediate circuit between the dc-link voltage and the inverter are the
following:

» it provides a greater voltage than the dc link voltage if it is necessary

» it makes the inverter immune to short circuits produced by the

conduction of both transistors on the same phase leg (caused by EMI or
bugs in the control software of the transistors)

» it forms a second order filter and handles the undesirable voltage sags

of the dc voltage source [1]-[7].

1.2 Four-Switch Single-Phase Z-Source Inverter
Figure 1.1. presents the electrical circuit of the Z-source network connected
to a single-phase full bridge inverter. The diode D at the front end of the Z-source

network makes the circuit unidirectional. The electrical energy flows from the DC
voltage source to the load.

D, L

C, C,
VDC:

min

0- Lo

Al

Figure 1.1 Four-switch single-phase Z-source inverter
1.2.1 Principle of Operation. Voltage Gain

The four-switch single-phase Z-source inverter has two main operating
states: one active state (also called the non-shoot through state) charactarized by
the modulation of the dc-link voltage V; by the four switches T;-T; to obtain a
desired voltage waveform and frequency at the A and B output terminals and one
shoot-through state charactarized by the conduction of at least both transistors in
one phase leg to boost the average dc-link voltage V;. The two equivalent circuits
corresponding to the two operating states of the single-phase Z-source inverter are
shown in Figure 1.2.
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1.2 Four-Switch Single-Phase Z-Source Inverter 11

Vi, & Load

O? L2

b)

Figure 1.2 Equivalent schemes of the four-switch single-phase Z-source inverter in (a) active
state (non-shoot through state) and (b) shoot-through state.

In the active state the load is simbolized by a current source. Now assume
that the load is large enough and the average current of the load goes through the
diode D which was substituted with a wire. We will see later that for a lighter load
the converter has a third state the pseudo-active state. In this state the desired
output voltage waveform and voltage frequency can be obtained by applying one of
the well-known PWM modulation techniques: unipolar pulse width modulation or
bipolar pulse width modulation. During this state in steady-state operation mode the
average V;, voltage is equal with the average voltage across capacitors C; and C,.
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12 CHAPTER 1 Single-Phase Z-Source Inverters

Assuming C;=C,=C and L;=L,=L (vc1=Vci1=Vc and V3=V »=V,) in the
equivalent schemes and applying Kirchhoff’s voltage law in Figure 1.2a on the
voltage loops 1 and 2 (drawn with dotted line) we get

v =Vpc -ve (1.1)
VIN =V -V) (1.2)

Substituting the expression of v| from (1.1) into (1.2) the dc-link voltage will be
VIN :E_(VDC_E):ZE_VDC (1.3)

In the shoot-through state in Figure 1.2b the Z-source network voltages
across the inductors are equal with the voltages across the capacitors

v =ve (1.4)

A line appearing over a term indicates the average value of that term, terms
written with small letters and capital subscript indicate instantaneous values of that
term and terms written with capital letters and capital subscript indicate that we are
dealing with continuous terms.

Both states of the four-switch single-phase Z-source inverter are present
during one switching period. Now, with tst being the time duration of the shoot-
through state and Ts-tst the time duration of the active state the average voltage
across the inductors during one switching period T, can be expressed as

(Ts ~tstWpc ~ve )+ tstve (1.5)

V| = T
S

Knowing that in steady state the average voltage across the inductors is zero

=0 (1.6)

with the duty ratio of the shoot-through state

t
Dst =—$T (1.7)
S

from equation (1.5) we get the relationship between the average voltage on the
capacitors E and the input dc voltage Vpc and the shoot-through time tsr

—— _ 1-Dst
ve =——2T
C =1 2pgy /PC

VV—C—z (1.8)
DST=€£—
2°C g
Vbce
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1.2 Four-Switch Single-Phase Z-Source Inverter 13

T ; ! ! T

VeNide

0 i 1 i
0 oos 00 015 02 025 03 035 04 045 05

Figure 1.3 Relationship between capacitor voltages E/dc input voltage Vpc and shoot-

through time duty ratio Dgt

Figure 1.3 and (1.8) clearly show that at a 0.5 shoot-through duty ratio the
voltage across the capacitors is infinit, theoretically. In practice measures should be
taken to avoide excesive increas of the shoot-through time.

In Figure 1.2b the front-end diode D does not conduct due to the series
connection of the inductors which are in parallel with the capacitors thus the diode is
inversely polarized. To illustrate this situation better we will redraw the shoot-
through state from Figure 1.2b.

+ -
VDC :; V,-,,—O

0+ L2

Figure 1.4 Redrawn shoot-through state
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14 CHAPTER 1 Single-Phase Z-Source Inverters

Eqg. (1.8) shows that the average voltage across the capacitors increases as
the shoot-through duty ratio increases but on the other hand the average dc-link

voltage vy decreases in the first few switching periods as the duty ratio increases

because during the shoot-through time the dc-link voltage is zero. So the average
dc-link voltage over one switching period is

m=(1—DST)(2E—VDC) (1.9)

From (1.9) is obvious that the maximum voltage stress of the four-switch
bridge is equal with 2vc -Vpc . Now to reduce the current stress of the inverter

bridge the first step would be to drive all the switches simultaneously in the
transistor full bridge during the shoot-through time. That is why throughout the
whole thesis only this shoot-through state will be considered and any shoot-through
state involving only two switches in one or a number less than the total phase legs
in the used transistor bridge will be neglected!

For a given shoot-through duty ratio the maximum modulation index is

Mmax = 1-Dst (1.10)

Therefore the maximum average dc-link voltage can be expressed as

@Z(PDST)Z(ZE—VDC) (1.11)

The peak dc-link voltage across the inverter bridge can be written as (see Figure
1.2a)

VIN =vc -V = 2ve -Vpe (1.12)
Substituting (1.8) into (1.12) the peak dc-link voltage can be rewritten as

" 1
v =—— V, = BV, 113
IN =T 3pg; /pc = BVbc (1.13)

where

1

=————>1and 0<DgT <
1-2Dst ST

1
5 (1.14)

is the boost factor resulting from the shoot-through zero state. Further, the output
peak load voltage from the inverter can be expressed as

. v
Vac = _IZN (1.15)

where M is the modulation index. Using (1.13) and (1.15) the load peak voltage will
be

Vac =BMVDTC (1.16)
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1.3 Proposed Two-Switch Single-Phase Inverter 15

where the product BM is the buck-boost factor. By choosing an appropriate buck-
boost factor BM the output voltage can be stepped up or down.

1.3 Proposed Two-Switch Single-Phase Inverter

A new two-switch Z-source network is proposed in order to reduce the
number of switches in a single-phase inverter, from four switches in a full-bridge
inverter, to only two switches, as well as to maintain the desired average voltage
level in the dc-link.The proposed modified Z-source network is presented in Figure
1.5. In many electrical circuits instead of a high voltage rated electrolytic capacitor
series smaller voltage rated capacitors are used thus one load terminal can be
connected at the common node of two series capacitors. It can be noticed that this
change in the Z-source network reduces the number of switches in the inverter
bridge. The load is connected between the common node of the two series
capacitors and the common node of the two switches. We have to mention here that
the load terminal which is connected to the common node of capacitors C, and C;
could be as well connected to the midpoint of two capacitors connected in series
replacing capacitor C;.

D L

VDC jp—

0L

Figure 1.5 Proposed two-switch single-phase inverter

For the above circuit we make the following asumptions:

C;=Cp=C3=C;L;=Ly=L and E:E;vczzvmz‘%c (1.17)

If we write the equation for the voltage across one inductor during one
switching period which in steady state is equal with zero one could obtain the same
relationship between the input dc voltage and the output voltage as in (1.8). So the
voltage gain of the traditional Z-source network with four-switch bridge is also valid
for this new single-phase topology.
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16 CHAPTER 1 Single-Phase Z-Source Inverters

1.3.1 Principle of Operation

The proposed two switch single-phase Z-source inverter has three different
operating states, two active states and one shoot-through state. The three
equivalent circuits for the three states are illustrated in Figure 1.6

L+

b)
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1.3 Proposed Two-Switch Single-Phase Inverter 17

o
i}
—
N

o))

Figure 1.6 Equivalent circuits of proposed Z-source single-phase inverter for active state 1 b)
active state 2 (c) state 3 shoot-through state

Notice that we assumed that during the active states the diode D is always
conducting and during the shoot-through state it is blocked. With light loads diode D
gets blocked during the active states and the voltage boost relationship between the
input voltage Vpc and the average capacitor voltages is no more valid. Next the
three operating states will be discussed.

[State 1] The converter is in one of the two active states when only the
upper transistor T, is on. The load voltage v,. can be expressed as

vaC:VTC—vL but v, :VDC—E (1.18)
thereby the load voltage will be
3 —_
Vac =EVC -Vpc (1.19)

[State 2] The converter is in the other non shoot-through state. The lower
transistor T, is conducting and the upper transistor T; is blocked. The voltage on the
load is equal with minus the voltage across capacitor C,

"4
Vac =—7C (1.20)

[State 3] In this operating state the demanded load voltage boost is
realized. Both the upper and the lower switches are conducting, therefore an energy
transfer is realized from the capacitors to the inductors. It can be seen that the
circuit is asymmetrical (because the load is connected in parallel with the capacitor
C3), so the energy transfer from the capacitors to the inductors is not the same on
the upper and on the lower side of the equivalent circuit. In this state the output
voltage can be described by

BUPT



18 CHAPTER 1 Single-Phase Z-Source Inverters

4
Vo= _TC (1.21)

It is obvious that in the active state 2 and the shoot-through state 3 the
instantaneous output voltage is the same. From the expression for the
instantaneous output voltages in state 1 and state 2 we see that the instantaneous
voltage across the load will not be symmetrical to zero voltage. In other words for
different shoot-through duty ratio the proposed single-phase Z-source inverter will
not be able to generate the same magnitude peak voltage on the positive and
negative side of the output ac voltage for a sinusoidal reference voltage. To
overcome this issue in the prescribed output sinusoidal voltage we will inject a
continuous component as we will see later on. The amplitude of the injected
continuous component will be derived analitically. However with the injected
continuous component the output voltage and current at the fundamental output
frequency will have no low harmonics.

The average output voltage over one switching period can be described by

- — v
Vac =Dive - D27C (1.22)

D2 =Dz +Dst;
D;+D5 =Dj +Dy + Dgt = 1;

where by

b, (1.23)

t t
=5-/D2 :T—Z/DST =—I§T;
S S S

t; +to +tgT =Ts,

D; - duty cycle of statel

D, - duty cycle of state 2

D5 - duty cycle of state 2 and state3

Dgt - duty cycle of the shoot-through state (state 3)

The scope of the control algorithm of the proposed two-switch single-phase
inverter is to obtain the two duty ratios of the gating signals of the two switches T;
and T,. The two duty ratios can be described by

Z[%—V;cj
D’Z -
3VC
D, =D5 -Dst (1.24)
D;=1-D;

Now in (1.24) we have three equations and four variables. One possible way
to solve this issue would be to prescribe not only the output voltage v,. but the

average voltage on the capacitors % also. This would mean to prescribe the

capacitor voltages regardless of the prescribed output voltage. The optimum voltage
boost could be obtained by somehow corelating the capacitor voltage boost with the
prescribed output voltage. In other words to generate as much voltage boost as is
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1.3 Proposed Two-Switch Single-Phase Inverter 19

needed to be able to modulate the output voltage with the desired amplitude. The
following section will derive the optimum voltage boost.
Using (1.24) the average output voltage will be

3vc

Vac =Vc -D2 = (1.25)
Another form of (1.25), using D; instead of DZ’ on the right side, looks like
— _ 3v¢c v¢
Vage =D ——-—— 1.26
ac 1 2 2 ( )
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20 CHAPTER 1 Single-Phase Z-Source Inverters

1.3.2 Simulation Results
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Figure 1.9 Prescribed capacitor voltage waveform across C1
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Figure 1.10 Instantaneous voltage waveform across C1 and the input dc voltage
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Figure 1.11 Capacitor voltage waveforms across C2 and C3
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Figure 1.12 Instantaneous voltage waveform across the inverter leg
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Figure 1.13 Instantaneous voltage waveform across the inverter leg (zoom)
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Figure 1.14 Instantaneous load voltage waveform
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Figure 1.18 Instantaneous current waveform through inductor L1
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Figure 1.19 Instantaneous current waveform through inductor L2
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Figure 1.20 Instantaneous current waveform through front-end diode D (zoom)
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The used circuit for the simulation is shown in Figure 1.21 The circuit
parameters were the following:

» input voltage 110V

» the Z-source network inductors 6.4mH, the capacitors C;=235uF,

C2=C3=470|JF

» the RL load parameters Rjp;q=20%, L oa¢=70mH

» switching frequency 10kHz

The prescribed voltage boost is 2:1 as we can see in Figure 1.9 To avoid the
high inrush current the shoot-through duty cycle is increased linearly in 120ms
which can be noticed in the increase of the Z-source capacitor voltages in Figure
1.10 and Figure 1.11 We can see that the series Z-source capacitor voltages are half
the prescribed voltage. In Figure 1.12 and Figure 1.13 we have the voltages across
the inverter leg. Even if the instantaneous load voltage waveform is not symmetrical
to OV in Figure 1.14 and Figure 1.15 we can see in Figure 1.16 the filtered load
voltage waveform, at the fundamental frequency, is symmetrical as well as the load
current waveform in Figure 1.17. The last three figures Figure 1.18Figure 1.19 and
Figure 1.20 illustrate the current waveform of the Z-source network inductors and
the current through the front-end diode D.
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‘ J @
110 i 20 é P
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. . —| =
T = 06 .
1T 1470 4””1# t FEIGBTZ ﬁ)
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P -

et D14DET
1 @ DLL

Control_in_C_code

Figure 1.21 The simulated single-phase Z-source inverter with two switches

The following section presents the experimental waveforms of a prototype,
built in the laboratory, with the same parameters and the same control as in the
simulation.
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1.3.3 Experimental Results

@& 100mvV  &Ch2 100mV

Figure 1.22 The instantaneous voltage across C1 and the input voltage VDC

M40.0ms A Ch2 & 450mv,

Chil 100mv_ &Ch3[ 100mv

M40.0ms A Ch2 J  100mV,

Ch3[ 100mV &[eGE| 100mV &

Figure 1.23 The Z-source capacitor (C1,C2,C3) voltages and the input voltage VDC
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T

Chil 100mV  &Ch2| 100mv  &M10.0ms| A Ch2 4  138mVv|
Ch3[ 100mvV &eEE| 100mv

Figure 1.24 The Z-source capacitor voltages (C1,C2,C3) and VDC after start-up

@i Z0.0mv A aiM4E.00ms A Ch3 F 71.2mVv|
Ch3[ 20.0mvVweChal 20.0mv e

Figure 1.25 The Z-source capacitor voltage ripples after start-up

@ikl Toomv A ' M40.0ms A Chi - 118mv|

Figure 1.26 The instantaneous dc-link voltage at startup
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Figure 1.27 The instantaneous dc-link voltage and capacitor C1 voltage after start-up
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Figure 1.28 Instantaneous load voltage after start-up
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Figure 1.29 Load current at startup
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MA0.0ms Al Ch2 F 7.96 A

EEE[ 1.00 A 28jCh4[ 1.00 A <25y

Figure 1.30 The Z-source inductor currents at start-up

Ch2 Freq
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Figure 1.31 The Z-source inductor currents and the load current after start-up

As Figure 1.22-Figure 1.31 show, the experimental voltage and current
waveforms are similar to the simulated waveforms. In Figure 1.22-Figure 1.24 the
experimental Z-source capacitor voltages have small voltage spikes caused by the
voltage source as it can be seen in these figures. Figure 1.27 and Fig. 4.26 point out
that the instantaneous dc-link voltage is greater than the voltage across C1 which is
considered to be the average dc-link voltage. Figure 1.28 shows the asymmetricall
instantaneous load voltage waveform. One could notice in Figure 1.31 the almost
50Hz load current.

The control algorithm based on (1.24) and (1.32) was implemented on the
16-bit dsPIC30F3011 digital signal processor with a clock frequency of 96MHz As an
implementation detail of the control algorithm for the dsp we can say that the sine
values, needed in the control, only for the first 90 electrical degrees were stored in
the dsp. The carrier signal used in the dsp, for the gating signal generation of the
two switches, was right aligned and the switching frequency was 10kHz as in the
simulation.
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Summary

The topology, the capacitors C; and C, connected in X shape between the
two inductors L; and L, plus the front-end diode, and the operating principle of the
Z-source inverters was presented. The voltage gain of the Z-source network was
derived.

The new proposed two-switch single-phase Z-source inverter topology was
presented with its dual shoot-through state. Detailed analysis based on the
equations describing the new topology has been done revealing some delicate issues
in the operation of the new topology which has to be taken into account in the
control algorithm to properly control the voltages across the series capacitors.

As the first step of the validation process of the proposed topology
simulation were made based on the equations describing the inverter.

The control algorithm was implemented on a low cost digital signal
processor dsPIC30F3011 in C language. Finally the experiments in the laboratory on
a prototype with the parameters and conditions used in the simulation were carried
out and the experimental voltage and current waveforms were quite similar to those
in the simulation.
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CHAPTER 2 THREE-PHASE Z-SOURCE
INVERTERS

2.1 Introduction

The three-phase four-switch inverter presented in [1]-[3] despite his dc-link
voltage unbalance which affects the inverter performance is still a good candidate
for a reduced cost three-phase inverter. However, it can not deal with voltage sags
and has no voltage boost capability in contrast with the Z-source inverters [4][5].

The two six-switch three-phase inverters sharing the same Z-source
network [15] can be considered also a reduced element count soution because
instead of two Z-source networks it uses only one.

In essence they are self-boosting unidirectional dc-ac converters with only
six power switches (unless used in multilevel topologies [9][12][15]1[19]), which are
used with some PWM strategies to short-circuit the z-source and thus produce dc
voltage boosting. In between short-circuits the same six power switches produce the
required output voltage waveforms.

Making the Z-source inverter bidirectional means to ad an extra switch with
its inherent control circuit [16].

The proposed dc-ac topology combines the advantages of a traditional four-
switch three-phase inverter with the advantages of the z impedance network (one
front-end diode, two inductors and two X connected capacitors). This new topology,
besides the self-boost property, has low switch count and it can operate as a buck-
boost inverter. In contrast to standard four-switch three-phase inverter which
operates at half dc input voltage the proposed four-switch z-source inverter, by self
boosting, brings the output voltage at same (or higher) value as in six switch
standard three-phase inverter.

The self-boosting attribute of Z converters is “paid for” by some voltage and
current over rating [10][11]. The average dc-link voltage is equal with the voltage
across the capacitors in the z impedance network but the voltage strees of the
inverter bridge is much higher. On the other hand lower count four switch three-
phase inverters with split dc-link capacitor are characterized by half dc input voltage
used for output voltage PWM and thus a 2/1 current overrating of switches is
necessary. To alleviate this situation, while bringing back full dc-link voltage
utilization, a novel, four-switch three-phase z-source converter topology is proposed
in this chapter. This way the overcurrent rating in comparison with the six-switch
three-phase inverter is small, though some notable voltage overrating remains.
However this demerit should be justified by the additional voltage buck-boosting
attributes that can be indispensable for voltage sags handling in safety critical
applications.

Among applications we enumerate here renewable dc-ac interfacing of
photovoltaic panels, fuel cells, batteries and electric drive with frequent voltage
sags. This proposed novel inverter topology can be also used for small (1...10kW)
off-grid wind energy-electrical energy generation systems with permanent magnet
synchronous generators.

The chapter is organized as follows: first the equations describing the
operation of the inverter are derived, after that the shoot-through time generation
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34 CHAPTER 2-Three-phase Z-source inverters

and the gating signals are presented and finally digital simulations and experimental
results validate the theory.

2.2 Six-Switch Three-Phase Z-source Inverter

The circuit of the six-switch three-phase Z-source inverter in Fig. 2.1 is
similar to the four-switch single-phase Z-source inverter. It has one extra inverter
leg. Similar to the single-phase topology it has the same two operating states the
non shoot-through state and the shoot-through state thus the equations deduced in
Chapter 1 subsection 1.1.1 are valid for this topology also.

D, L
_l Ty 4 Ts _IK}Ts
U

+ Ci C. v v N
Voc T in [ w
| T, 4 Ty JK}TG
\
Lo
0+ L,

Fig.2.1 Six-switch three-phase z-source inverter

2.3 Four-Switch Three-Phase Voltage-Source
Inverters

The today’s widely used variable-speed drives for ac motors usually
incorporate a six switch inverter bridge. The necessity for further cost reduction of
the variable-speed drives can lead to the substitution of the six switch bridge with a
four switch bridge illustrated in Fig. 2.2. In case of a three-phase four switch
inverter one of the three-phase load terminals is at a fixed potential referenced to
the ground of the dc supply.

- J%}ﬂ J(&T; J(&T5 - %C J}(l}n JKET3 '
== || —
J_TC _IK&Tz J}(&n

Fig. 2.2 Six IGBT voltage-source inverter versus four IGBT voltage-source inverter
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2.3 Four-Switch Three-Phase Voltage-Source Inverters 35

With the reduction of the number of switches the possible switching states
of the inverter had been reduced also from eight to only four (see Table 2.1). Thus
the four switch inverter permits a fewer number of switching pattern
implementations to synthesize the output three-phase ac current from the dc
current than a six switch inverter.

T1|To|T3|T4|Ts|Te

S{/1/0(0[1/0]1 T To| T3 Ty
S,/1/0(1]0]0[1 S4/0(1]0]|1
S5/ 0|1/1/0[0]1 > 1S2/1/0(0]1
S40(1(1]01]0 S;(1/0(1]0
Ss|0(1]0[|1]1]0 S40/1(1]0
Se/1/0(0|1/1]0 0 — switch off
S;,/1/0/1]/0(11]0 1 — switch on
Sg|l0|1/0|1]0]1 Sy — switching state

Table 2.1 six IGBT inverter's switching states versus four IGBT switching states

The load phases can be connected in wye configuration or delta
configuration Fig. 2.2.

>
ST

UuN

W _— U U
Uwu

Fig. 2.2 Three-phase load configurations a) delta connection b) wye connection

For a balanced three-phase load we have the following relationships
between the phase voltages for delta load connection and wye load connection
respectively

upy )+ uyw () + uwy(t) = 0

2.1
uyn () + uyn (E) + uwn(t) = 0 2D
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Applying Kirchhoff’s voltage law on the voltage loops considered in Fig. 2.3.

the phase voltages (line to neutral voltages) can be calculated with the following
formulae

1
Uyn =Uyo —Uno =Uyvo 3 Uyo +Uyo +Uwo —| Uun +Uyn +UWN

=0
2 1
=34vo —E(Uvo + o) (2.2)
2 1
Uyn =Uyg —Ung = §Uvo —E(UUO +Upwo)
2 1
Uwn =Uwo —Uno = §Uwo —§(UU0 +uyp)
The expression of the line-to-zero voltage is
1
uno =5 (uuo +uvo +uwo) (2.3)

Uwo

Fig. 2.3 Wye connected three-phase load

The sinusoidal three-phase voltages for simpler manipulation can be
represented in the complex plane by the voltage space phasor defined by

2z 4
”_S:k[UUN(f)+ un(tle’ 3 +upltle’ 3 J/k ={§,\/g}
J'Z_—T” (27{) L [27{)
e =COS—+]SIH? =—

i4n

1
= 2.4
> (2.4)
e’ 3 —cos| s jein 22| oL
ST )M )2
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with the instantaneous phase voltages given by

uyn () = Uefr /2 coset)
uyp ()= Ueff«/Ecos(a)t - 23_;;)

uwn (t) = Uerr V2 COS(wt - 4?”) (2.5)
w = 27Zf = 2_7[
T

The most common scale coefficients k used for the voltage space phasor are
% or % .With the former the length of the voltage space phasor is equal with

the peak phase voltage with the latter it is equal with the effective phase voltages
multiplied by V3. Although using one or the other results in different formulae for
the complex plane components of a space phasor v,,vsz and finally the switching

time intervals t;,t, , it does not change the desired synthesized output voltage of

the inverter.
Using the simple well-known trigonometric formula

cos(a - b) = cos(a)cos(b) - sin(a)sin(b) (2.6)

by substituting the instantaneous phase voltages (2.5) into the definition of the
space phasor we get

2z jZJ 4z jﬁ
us =k Ueff\/ECOS(wt) + Ueff\/ECOS(wt - ?)9 3 4 Ueff«/ECOS(a)t - ?)9 3

= kUefr2 cos(wt) + cos(wt _ %)9] 237’ . cos( ¢ dr )9] 4;;]
cos(at) + {cos(wt{— %j - sin(a)t{g]j[_ % v g} N

+ {cos(a)t{— %} - sin(wt{— QD[— % -J @]

J3 1 V3

=kUeff\/— cos(wt{1+l—]—+—+]—J+sm ot e

= kUgfr 2 (2.7)

_j3_
73

4 74 "4 4 ‘4

)

— kUofe N2 g (cos(at) + j sin(wt))

The space phasor can be represented by its projections on the two axes shown in
Fig. 2.4.

Us = U + jug = |us|(cos(a) + j sin(a)) (2.8)
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Basically (2.7) and (2.8) are two formulae for the same space phasor therefore
3
lus| = kUerr 2 5 (2.10)

From (2.8) the amplitude of the space phasor can be expressed by

|u_s|=,/ua2 +uﬂ2 (2.11)

For the eight switching states in of the six switch three-phase voltage source
inverter in Table 2.1 using the expression of the voltage phasor in (2.4) we get eight
phase voltage phasors in the complex plane for a wye connected three-phase load
while for the four-switch three phase inverter we get only four phase voltage
phasors as we can see in Fig. 2.5.

Fig. 2.4 The space phasor in the complex plane
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FIm jIm“

V5 V6 —

Fig. 2.5 Phase voltage phasors in the complex plane for a six-switch (left)/ four-switch (right)
three-phase voltage source inverter with a wye connected load

A well synthetized sinusoidal three-phase load phase voltages can be
obtained if the voltage phasor in Fig. 2.4 rotates smoothly.

The reference rotating voltage phasor in Fig. 2.4 in between the voltage
phasors generated by the switching states of the two topologies can be obtained by
applying two or more voltage phasors for a different definite time duration thus for
the average amplitude of the applied voltage phasors during one T in Fig. 2.5 we
get different lengths and by trigonometrically summing the voltage phasors we get
the desired voltage phasor with the desired length and orientation. The last
sentence can be mathematically expressed by

Ug'Ts =tV +toVo +t3V3 +tgVy+t5Vs +tgVg +t7V5 +tgVyg

(2.12)
ti+to+tz3+tyg+ts +tg+ty; +tg=Tg
for the six-switch VSI and for the four-switch VSI by
Ug'Ts =tV + 1tV +t3V3 +t4V (2.13)

ti+to+tz3+t4=Tg

The number of applied voltage phasors during one switching period, their
time duration and their sequence is a matter of control algorithm of the prescribed
voltage.
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2.4 Proposed Four-Switch Three-Phase Z-Source
Inverter

As we could see in case of a z-source inverter with six switches the voltage
across the inverter bridge is zero when the voltage boost is applied by short-
circuiting at least one of the three inverter legs. So the shoot-through state of the
inverter limits the available maximum output voltage of the inverter. Hence to fully
utilize the voltage boost and to limit the voltage and current stresses of the inverter
bridge without affecting the output voltage, the placing of shoot-through states
during the zero voltage vector time intervals (no voltage seen by the load) seems to
be a practical solution [8].

2.4.1 Principle of operation

D, L1
7\/ K AT, Jl(}n
VDC_—? Vi, W N
| T, JK}T4
/\C3 |
Lo
0L L,

Fig. 2.6 Four-switch z-source three-phase inverter.

The proposed four-switch z-source three-phase inverter is shown in Fig. 2.6.
In essence, the novel topology shows that one of the capacitors in the Z network is
split into two and the middle point is connected to one phase of the load.

This 50% voltage drawback of conventional four-switch three-phase inverter
is eliminated by the proposed four-switch Z-source inverter because the shoot-
through state produces not only the voltage boost but it produces also an active
voltage vector, thus generating non-zero output voltage Fig 2.7.

The equivalent scheme of the shoot-through state of the proposed inverter
(when all four transistor are conducting) in Fig. 2.7 clearly shows that during the
shoot-through state the voltage seen by the load is equal with the voltage across
capacitor C,.
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S
Vbc —_

0L

Fig. 2.7 Shoot-through state equivalent circuit of the 4-switch z-source three-phase inverter.

By averaging the voltage across one inductor during one switching period in
steady state the same relationship can be obtained between the input dc voltage Vpc
and the average dc-link voltage Vi, as in eq. (2.7). The average dc-link voltage is
equal with the voltage across C; or across C, and Cs as for a three-phase z-source
inverter with six switches or for a single phase two or four switch Z-source inverter.
Before we step further into the analysis of the proposed topology we make the
following assumptions:

> The average voltages across C, and Cs are equal with each other.

> The front-end diode D1 is always conducting when the converter is in the
non-shoot through state, thus the pseudo-active state is
avoided.

It must be noticed that the new proposed topology does not have zero
voltage states and the comprehensive control strategies based on voltage space
phasors presented in [9][18][19].

2.4.2 Space Phasor Analysis

For the three-phase load in Fig. 2.6 the voltage space vector can be defined
as follows

J J
V_szé Vyn + € 3 Vyn +€ 3 VWN (2.14)

where vyy, vyn and vyy are the instantaneous phase voltages. With the four switches
in Fig. 2.6 five voltage vectors can be obtained, as shown in Table 2.2
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Table 2.2 Switching Pattern

T, T, T3 T,
\ 0 1 0 1
Vs 1 0 0 1
V3 1 0 1 0
V4 0 1 1 0
Vst 1 1 1 1

All voltage vectors are active voltage vectors as we will see in the following
section. Although two more shoot-through states can be obtained by turning on T,
and T, or Tz and T4 at the same time these states were neglected because the
maximum current flowing through the inverter bridge would only flow through one
leg of the inverter bridge which would lead to a bigger kVA transistor bridge. The
wye connected three-phase load terminal voltages referenced to ground are shown,
with respect to the switching pattern in Table 2.2, in Fig. 5.

V2 V2 V. AV V. V2 V. Ve V.
U ) V V W U W V W
N N N N
N
V W W U \Y U
Vpe-Ve  Vpe-Ve Vpc-Ve V/2 Vpe-Ve V/2
Tz&T4 on T1&T4 on T1&T3 on T2&T3 on T1, T2, T3& T40n

Fig. 2.8 Phase terminal voltages referenced to ground 0.

In order to derive the phase voltages we will consider

Ve =Vc1/Veo =Ve3 =

‘k
—_— 2.15

where V-1, Vo2 and V3 are the average voltages across C;, C, and Cs5 capacitors.

For a symmetrical balanced wye connected three-phase load (Fig. 2.6) the phase
voltages can be written as

2 1
VUN =3 VU0 —E(Vvo +Vio)
2 1
YWN =3 Vvo —E(Vwo +vyo) (2.16)

2 1
VwN = EVWO _E(VUO + Vvo)
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Substituting uyp, uyg and uyp, from Fig. 2.8, into (2.16) and using the

expression of the space voltage vector (2.14) the five voltage vectors can be
derived as

1 .2Y3|— 1 .3
Vo == V, - —-j—=V
2 [3+J3}C+[3 J3}DC
1
V3 = _EVC (2.17)
1 2V3 | 1 V3
Vy=|=-j— -=+j—=WV
4 [3J3}C+[ +J3JD
1—
Vst = -=V,
ST 3 C

The relationship between the average capacitor voltage %and the input dc
voltage Vpc can be expressed as

Ve =k -Vpe (2.18)
:ﬂ;k>1 (2.19)
1-2Dgt

Rewriting (2.17) using (2.19) the voltage vectors can be derived as

2
Vi=|k-2V
1 [ 3JDC

Vy = i(k—1)+ jﬁ(Zk—l)}VDc
= |3 3
V_3=—%kVDC (2.20)
Vg = i(k—1)+j£(—2k+1)}VDC
= |3 3
1
Vst = ~3Voc

Notice that in (2.20) the boost factor k influences the amplitude as well the
direction of the six voltage vectors.

For k=2 the six voltage vectors in the complex plane are illustrated in Fig. 2.9.
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Fig. 2.9 Locations of the voltage vectors in the complex plane.

The voltage vector generated by the shoot-through state Vst has the same
amplitude and direction as the Vs voltage vector.

The voltage space vector expressed in (2.14) can be rewritten in the
complex plane as

Vs =Vsq + JVsp (2.21)
The average voltage space vector over one switching cycle should be equal
with the sum of the five average voltage space vectors (V;..V4 and Vgr) over one
switching cycle T,
Zz(tlvl +toVo +t3V3 +t4Vy +t5TV5T)/T5 (2.22)
where

ty+tr+tz3+tg +tg =T (2.23)

BUPT



2.4 Proposed Four-Switch Three-Phase Z-Source Inverter 45

To obtain the expressions of vg, and vgs(9) the expressions of the five
voltage vectors (2.20) are introduced in (2.22)

Vea = BC [t)(3k - 2)+ (b2 + ta )k - 1)~ (3 + tsT K]
375 (2.24)
3V, -
Vsp = CTSC (t2 —tq)2k - 1)

Given (2.14)-(2.24) in this section it is possible to derive several algorithms that
can be implemented in a digital signal processor which, for a prescribed input space
voltage vector,

Vs =Vsq + JVsp (2.25)
calculate the duty ratios for the four transistors and generate the four gating pulses.

2.4.3 Hardware Implementation of the Shoot-Through
Pulse Generation

One easy way to generate the gating signals for the four transistors is to use
three synchronized PWM units in complementary mode of a DSP with some
additional circuitry.

Dst 1t D— T4
Vtri/l/l/]
DSP

Fig. 2.10 Block diagram of the PWM signal generation implementation.

Two of the three PWM generation units yield the two complementary signals
for the two phase legs of the inverter bridge based on the prescribed duty ratios Dy
and Dy. The third PWM unit generates the ST signal from Dsr. The four outputs
from the two units are ORed with the ST signal thus obtaining the PWM signals for
T1..Ta.
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Fig. 2.11 PWM signal waveform generation for T1, T2, T3 & T4.
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2.4.4 Open Loop Simulation Results

In the first step of the validation, the proposed four-switch z-source three-
phase inverter was simulated in PSIM. The circuit parameters were as follows

Vpc =90V, L; =Ly =6.4mH;C; = 235uF;
Cr>=C3=470uF;R; 1 =R/ > =0.902

Ve| =60V k™ = 2;f" = 50Hz

fs = 10kHz

A three-phase wye connected RL load was used with the following
parameters

Ry =10.50Q;Ry =10.6;Ry =10.2;
Ly =20.1ImH; Ly =18.49mH; Ly =17.7mH

Only open loop performance with imposed output voltage vector amplitude,
to derive commutation sequences and the required shoot-through time for the dc-
link voltage boost, was investigated both in simulations and experiments.

The simulated waveforms are shown in Fig. 2.12-Fig. 2.15.

4

Current [Al
L o
—  ——
——t— e — — =

. Time [s]

Fig. 2.12 Simulated load currents at start-up
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Fig. 2.12 Simulated load currents(zoom)
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Fig. 2.13 Simulated voltage waveforms across C1, C2, C3 and the input dc voltage at start-

up.
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Qurrent [A]

|

1
0.15 0.2 0.25 0.3 0.35
Time [s]

Fig. 2.14 Simulated z-impedance inductor current waveforms IL1 and IL2.

300

250

200

150

Voltage [V]

100+

50

T|me [s]

Fig. 2.15 Simulated instantaneous dc-link voltage Vi.

The shoot-through time was linearly increased from 0 to its nominal value in
0.120s to avoid the high inrush current Fig. 2.14. In Fig. 2.12 it can be seen that
the load currents are not perfectly symmetrical due to the connection of phase U to
the common node of capacitors C, and C; which causes the voltage potential at this

terminal to vary around %/2 Fig. 2.13.

The simulated inductor currents (which flow through both inverter legs
during shoot-through states) are shown in Fig. 2.14, and they are less than 150%
the peak load currents (Fig. 2.12). The boost dc-link voltage is shown in Fig. 2.15
(input dc voltage is 90V dc).
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2.4.5 Open Loop Experimental Results

A laboratory setup was built to experimentally validate the proposed four-
switch Z-source three-phase inverter. The control algorithm based on equations (1)-
(12) was implemented on a dsPIC30f3010 digital signal processor from Microchip
with a clock frequency of 120MHz. The experimental waveforms are shown in. Fig.
2.16-Fig.2.20.

The laboratory setup data are the same as for the digital simulations.

The experimental load currents in Fig. 2.16 are close to those from digital
simulations (in Fig. 2.12) though a bit more asymmetric. The inverter starting
experimental transients of Fig. 2.17-2.20 are similar to those obtained for same
transients by digital simulations in Fig. 2.12, Fig. 2.13 and Fig. 2.14 respectively.

The test and simulation load phase current transients (Fig. 2.16 and Fig.
2.12) fit rather well; the same observation is valid for V¢, V3 which pulsate around
the input dc voltage of 90V dc. The dc-link (boosted) voltage Vc; in experiments
(Fig. 2.17) pulsates around 160V while in simulation it is around 180V dc, while the
experimental inductor currents (Fig. 2.20) are smaller than the digital simulations
(Fig. 2.14). These discrepancies require further insight.

Current [Al

Time [s]

Fig 2.16 Experimental load currents.
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0.25 0.3 0.35

0.2
Time [s]

0.15

0.1

Fig. 2.17 Experimental voltages across C1 and C3 capacitors at start-up.

0.2 0.25 0.3 0.35
Time [s]

0.15

0.1

Fig. 2.18 Experimental voltages across C2 and C3 capacitors at start-up.
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4

Time [s]

Fig. 2.19 Experimental current waveform through phase U at start-up.

7
6.5
6
55
5
4.5
4
3.5
3
2.5
2
1.5
1
0.5p
0

|
- L 1 |
O'50 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time [s]

Current [A]

Fig. 2.20 Experimental Z-impedance inductor current waveforms IL1 and IL2.
2.4.6 Closed Loop Simulation Results

Digital simulations in closed loop were carried out with a three-phase wye
connected RL load as it can be seen in the simulated circuit in Fig. 2.21. The voltage
boost was 2:1. The control algorithm was written in C. Only one PI controller was
used to control the shoot-through time interval from the Z-source capacitor voltage
error. The PI controller can be seen in Fig. 2.22. The input is the error between the
prescribed C; capacitor voltage and the measured capacitor voltage and the output
is the shoot-through time interval. The PI controller output is shown in Fig. 2.23. We
can notice in Fig. 2.24 that the C; capacitor voltage smothly raises up to 400V while
the C, and C; capacitor voltages vary around the dc input voltage 200V.
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Fig. 2.21 Four-switch three-phase Z-source inverter with one PI controller
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Digital PI
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Fig. 2.22 PI controller for the Z-source capacitor voltage
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Fig. 2.23 PI controller output for a 2:1 voltage boost
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Fig. 2.24 Capacitor C1 voltage, input dc voltage, C2 and C3 capacitor voltages and L1 inductor
current (from top to bottom)
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2.5 Summary

This chapter presented the six-switch three-phase Z-source inverters. The
four-switch VSIs has been presented in comparison with the three-phase VSIs and
the space vector analysis baisc were also presented.

A new four-switch three-phase Z-source inverter topology has been
proposed. Its operating states had been analysed based on the space phasors. A
control algorithm has been presented. The presented analitical analysis of the
proposed topology has been verified in simulation and experiments.
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CHAPTER 3 CONTROL AND DESIGN ASPECTS OF
THE Z-SOURCE INVERTERS

3.1 Introduction

In the Z-source network the average capacitor voltage, being the average
inverter bridge voltage, it has to be controlled. Without a careful design of the Z-
source network elements, the capacitors and inductors, is not as easy to control it
due to undesired operating modes of the Z-source inverter. The inrush current,
which occurs at the connection of the voltage source to the Z-source inverter, is not
less important because it can cause the failure of the front-end diode or the inverter
bridge. This aspects will be adressed in this chapter after a thorough analysis of the
important publications related to this issues.

In [1] for the control of the average capacitor voltage two control loops are
used to show the good transient response of the Z-source inverter. One from the
voltage error of the prescribed output voltage and the measured output voltage with
a PI controller generates the prescribed voltage vector for the space vector
algorithm and the other loop from the capacitor voltage error with a PI controller
generates the ratio between the input dc voltage and the needed average capacitor
voltage. This ratio is introduced in the voltage boost formula which calculates the
shoot-through duty ratio. Even though the shoot-through time intervals are divided
in 6 equal intervals over one switching period the inverter bridge may suffer from
current overstress of the switches because the shortcircuits are made with only one
leg at a time. The two control loops should be linked to assure optimum capacitor
voltage boost.

Two shoot-through generation methods resulting naturally from the
introduction of two carrier signals presented in [2] is intresting but they face some
implementing problems of the two carrier signals on a dsp.

Maximum constant boost control presented in [3] overcomes the additional
current stresses of the Z-source inductor at lower frequencies of the inverter ouput
voltage in [4] but it needs an extra PWM pulse for the shoot-through pulse
generation while the latter naturally generates the pulses (with some additional
harware as we will see later) from the zero voltage states. However, the bottom line
is what the application can afford: some additional control algorithm and an extra
PWM output in the dsp or some extra hardware (control circuit).

Different operating states (five states) of the Z-source inverter are shown in
[5] which depend on the inductance of the Z-source inductor. Even though these
states, described by complicated equations, can be considered in the control loop
and the size of the Z-source network can reduced with smaller inductance it is
better to avoid these states in the design state of the Z-source inductor.

By state-space averaging of the two states of the Z-source network (shoot-
through state and non shoot-through state) small signal analysis was done in [6]-
[9] in oder to point out the performance and stability of the converter for paramter
variations of the Z-source network elements or the shoot-through duty ratio
variations. The RHP zero presence, which by the way is present in all boost
converter topologies, was also pointed out in the control-to-output transfer function.
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These small signal analysis provide useful information in the design of closed loop,
multi input-multi output, control systems of the Z-source inverters.

The two control strategies of the peak dc-link voltage (actually the peak
capacitor voltage which is not the same with the peak dc-link voltage) in [10][11]
improve the system transient response and the controller design even more the
system stability is enhanced.

Other control strategies are presented in [12] for dc-dc converters in [13]
for photovoltaic panels (PV) with maximum poper point tracking strategy (MPPT)
and in [14] for bi-directional adjustable speed drives (ASD) connected to the grid.
Note in [14] that an additional switch and filter capacitor is needed between the Z-
source network and the rectifier bridge.

In [15], besides a very good switching model for Matlab/Simulink of the Z-
source network, gradual tunning of the active state in order to improve the transient
response of the Z-source inverter is presented.

A good starting point for the Z-source inductor design based on the Z-
source inductor current analysis is presented in [16] by avoiding the pseudo-active
state.

3.2 Digital Simulation Issues

In the debugging process of the different control strategies [1]-[4] of the Z-
source inverters the first step is to simulate them in a dedicated software like
Matlab/Simulink, PSIM, PSpice, Saber etc. To develop a more complex control, the
computational time of these softwares could be too long. To simplify the Z-source
network model we can build a switching model based on the voltage and current
equations of the Z-source network. The two state equations of the Z-source network
in the non-shoot throguh state and the shoot-through states for the traditional Z-
source inverter in [1] can be written as

?iu 01 % 0 of; .
JE Vel ¢ 0 0 O0|vcy (3.1)
iI'1_2 0 0 0 1 iL2
dt L
%vcz 0o o0 -1 0__"C2
V
?iu 0 o0 cl) -1 i fTC
gever| |00 0 g . —-Load (3.2)
%iLZ 0 —% 0 0 |i2 VDTC
%vcz % o o0 o |Vc2] _iLoTad

Equation (3.1) describes the shoot-through state and (3.2) describes the
non-shoot-through state. Averageing the two equations we can obtain a state-space
averaged model over one switching period Ts
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oL o B0 -G Da2E

dt b D L1 ;

iv _YsT 0 YA v -D Load
ag"C1l_|77C N M T (3.3)
a D D lVc2 i

at veco TA 0 _ .CS:T 0 _DA Llé?d

The state-space average model can be used for system performance analysis of the
Z-source inverters [3.8]. The notations used in (3.1)-(3.3)
C1=Co=C;Lj=1Lyp=L,Dp+DsgT =1

Using (3.1) and (3.2) we can build the following switching-functional Z-

source network in Matlab/Simulink

TOP Control Path
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Fig. 3.1 Switching-functional model for Z-source network in Matlab/Simulink [8]

Note in Fig. 3.1 the control input to the logic switches makes the switch
between the two equations (3.1) and (3.2).

3.3 Inrush current

At the moment of the connection of the dc source to the Z-source inverter
the Z-sorce capacitors are discharged thus a great inrush current exists, which
charges the capacitors to half the input dc voltage.after that the resonance between
the Z-source capacitors and inductors takes place with large current and voltage
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surge. Finally the capacitors get charged to the input dc voltage level. The current
path of the inrush current is illustrated in Fig. 3.2.

Ts

Fig. 3.2 Inrush current path at start-up

The inrush current goes through the front-end diode, the Z-source
capacitors and the freewheeling diodes of the inverter bridge. A simulation was
made to show the inrush current with the following circuit parameters

L=L;=Ly=6.4mH;R =0.702;,C =Cy=Cy =2200ufF;Rc =0.050
Vpc = 250V

and the internal resistance of the voltage source and the resistance of each inverter
leg was considered

Rvpc = RPhaseLeg =0.102

1250.00 1) I(PhaseLeg) I(D)

1000.00 |

750.00 \

500.00 \

250.00\\
\
0.00 N — .
-250.00
-500.00
0.00 5.00 10.00 15.00
Time (ms)

Fig. 3.3 The inrush diode, Z-inductor, inverter phase leg currents and the voltage across the
Z-source capacitor
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The inrush currents and voltages are illustrated in Fig. 3.3. The inherent
property of the Z-source topology is that it can not be soft-started without
additional circuitry and these high currents could destroy the front-end diode or the
inverter bridge.

3.4 Z-Source Capacitor Voltage Control

The average capacitor voltage can be considered the Z-source network
output due to the fact that is equal to the average voltage seen by the inverter
bridge even if the peak dc-link voltage is considerably greater as we see in Chapter
1.

The proposed control algorithm presented in [1] is illustrated in Fig. 3.4

vc

C u vc 4
V' g PI > = % Dsr

> Yc 4
Vpc

Ve

Fig. 3.4 Capacitor voltage control using a PI controller

The PI controller outputs the voltage ratio between the capacitor voltage
and the input DC voltage. The PI controller can be implemented digitally using the
trapezoidal integration rule

ult) = K pelt)+ ulle - 1)+ %s[’;_p (elt) - elt - 1))} (3.4)

where Kp is the proportional coefficient Ti the integration time constant Ts the
switching frequency and ul(t-1) is the previous output of the integral term. The C
code of the PI controller law with output limitations described in (3.4) is given below

PI_out=PI_out_next;

//Sample the input of the PI controller

ER=Vc_star-Vc;

//Calculate the PI controller output using Trapezoidal Rule

PI_out_next=Kp*ER+Iprev+Ts/2*(Kp/Ti*(ER+ERprev));

Iprev=Iprev+Ts/2*(Kp/Ti*(ER+ERprev));

ERprev=ER;

if(PI_out_next>PI_out_max)

PI_out_next=PI_out_max;

if(PI_out_next<PI_out_min)

PI_out_next=PI_out_min;

The control method presented in Fig. 3.5 uses the measured capacitor
voltage. Another capacitor voltage control method, which uses only the measured
input dc voltage, is described in [16] which uses the following expression to
calculate the shoot-through duty ratio
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1 Vv
Dst :E——DC — (3.5)
Z[VDC - ZVCJ

3.5 Maximum Boost Control of the Z-Source Inverter

The peak sinusoidal output voltage is given by the product of the modulation
index and the boost factor (the shoot-through duty ratio) called the buck-boost
factor multyplied by half the input dc voltage. Therefore the desired peak output
voltage can be obtained by adjusting both terms of the buck-boost factor even
though this could result in a non-optimal adjust of the buck-boost factor. The buck-
boost factor can be rewritten as

Yac__ g (3.6)

VD% B

with the notations used in chapter 1.

As eq. 3.6 suggests that for a desired buck-boost factor which is optimal
regarding mainly the voltage stress of the inverter bridge and the voltage boost the
modulation index should be maximized and the boost factor should be minimized.
The next section will show how the maximum modulation index M can be obtained
and the minimum boost factor B for a given buck-boost factor MB and it also
investigates the voltage boost and the voltage stresses of the inverter bridge.

Using Dst = 1-M for the boost factor in eq. 2.13 we get

1 1
B= = 3.8
1-2(1-M) 2M -1 (3.8)
Therefore the voltage gain will be (using eq. 1.13 and eq. 3.8)
% M
G=MB-=_2_ _ (3.9)
V 2M -1
And the modulation index for a given voltage boost can be described as
G
= 3.10
2G -1 ( )

The peak voltage stress of the inverter bridge is proportinal with the boost factor

- G G
Vpc-Link = BVpc = WVDC =—¢ Vbc = (2G - 1\vpc (3.11)
2G -1

Based on eq. (3.9) the voltage gain versus the modulation index is
represented in Fig. 3.4. and the switches voltage stress versus the voltage gain is
represented in Fig. 2.5. It can be noticed that for M=1 no voltage boost can be
produced. For a low modulation index the voltage boost can be considerably high
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but this results in a greater voltage stress of the inverter bridge. The operation
region is the shaded area under the curve described by eq. (3.9). For M equal to 0.5
the voltage gain increases to infinite (see the horizontal interrupted line). Hence
modulation indexes should be higher than 0.5 for voltage gains greater than 1. For a
voltage gain of 2 the peak voltage stress of the inverter bridge/input dc voltage is 3,
50% higher than the voltage gain (see Fig. 3.5)

5.5

L

gain (MB)

o
(=
J

Voltag
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|

I;‘ahml lﬁgmﬂ

—

0.4 0.5 0.6 0.7 0.8 0.9
Modulation mdex (V)

Fig.3.4 Voltage gain (MB) versus Modulation index (M) for constant shoot-through duty ratio
(DST=1-M=const).
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Fig.3.5. Peak inverter bridge voltage stress/input dc voltage versus voltage gain (MB) for
constant shoot-through duty ratio (DST=1-M=const).

One of the simplest methods to generate shoot-through states in order to
obtain a voltage boost without affecting the output voltage is to generate them
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during the zero voltage vectors. Although it does not affect the output voltage
waveforms it is dependent on the modulation index M. If the modulation index
decreases the boost factor B can be increased. Without overriding the six active
states of the inverter with shoot-through states the boost factor is limited to 1-M.
This means that the maximum constant boost factor for a given modulation index M
is 1-M. In Fig. 3.6. the constant shoot-through time generation is illustrated. Three
shoot-through time intervals are evidentiated with gray bars from top to bottom.

The notations in the figure are as follows:
T1,T2,T3,T4,T5,T6 - gating pulses for the six transistors of the inverter bridge
ST - shoot-through pulses
Va,Vb,Vc - the three sinusoidal refrence signals
Vtri — the triangular carrier signal
VP,VN - positiv and negativ peak of the sinusoidal refrence signals respectively
proportional with the modulation index

For a constant shoot-through duty ratio (see the signal at the bottom of Fig.
3.6) the maximum shoot-through time duration, if we take a look at Fig. 3.6, is
genrerated by the intersection of the triangular carrier signal with the two signals VP
and VN and is equal with the time interval of the tail of the triangular signals
exceeding VP and VN. In Fig. 3.6. the constat shoot-through duty ratio is chosen to
be maximum possible (1-M). The maximum allowed constant shoot-through duty
ratio for a given modulation is not equal with the zero voltage vectors’ time interval
over each switching perod. If we get closer in time to one of the peaks of the three
sinusoidal refrence signals the maximum shoot-through duty ratio is approximately
equal with the zero voltage time intervals. In Fig. 3.6. this moments in time are

shown with interrupted lines at 776”72’ % and so on. Between two interrupted

YVVVYYVY

lines the zero voltage time intervals are always longer than the maximum allowed
shoot-through time intervals. So in between two interrupted lines the shoot-trough
time interval could be longer than the constant maximum shoot-through time
interval without changing the modulation index M. Varying the shoot-through time
interval between two interrupted lines according to the variation of the zero voltage
time intervals results in a higher average voltage boost. During each 60 degrees
(between two interrupted lines) the shoot-through time interval variation follows the
same variation pattern. Hence it is enough to calculate the average duty cycle over

60 degrees for example from % to 772 .
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Fig.3.6 Carrier-based PWM control with constant boost control (shoot-through time placed
during zero voltage time intervals)

Let us redraw the interval ”6 to ”2 with the shoot-through time interval

equal with the zero voltage intervals during each switching period. The varying
width gray bars in Fig. 3.6 illustrate the variation of the shoot-through time intervals
with the zero voltage time intervals. In order to calculate the average boost factor
first we have to calculate the average duty ratio for the shoot-through pulses shown
at the bottom of Fig. 3.6. In the first step we will consider only one switching period
and we will get to a formula for the zero voltage time intervals. For a carrer signal
frequency much more higher than the frequency of the sinusoidal reference signals
the reference sinusoidal voltages can be considered constant over one switching
period. This is shown in Fig. 3.6.
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Fig.3.7.Carrier-based PWM control with varying shoot-through time interval (shoot-through

time interval equal with the zero voltage time interval). Interval from % to ”2

The averaged value of the three reference sinusoidal waveforms over one switching
period Tgin Fig. 3.8 can be expressed as

Vs = T75Msin(a)

T . 2
Vy =-—=M -— 3.12
b > sm(a 3) ( )
Ve = IS msin[o - 42

2 3

where «ais the electrical degree, M the modulation index and T75 the height of the

carrier signal. In the considered switching period in Fig. 3.8 the zero voltage vector
time intervals (shoot-through time intervals) are delimited by the minimum and the
maximum sinusoidal reference voltages in this case Va and Vb.
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Fig.3.8 Signal generation for carrier-based PWM control with varying shoot-through time
interval (shoot-through time interval equal with the zero voltage time interval)

The shoot-through time interval during the switching period can be
described by

to =tst = 2(Ts —tx +ty,)=2Ts - 2ltx - t, ) (3.12)
where ¢ is the zero voltage time interval.

By elementary tigonometric manipulations for tx and t, we get

tx =Va = %Msin(a)

(3.13)
T. . 2r
t, =Vp =—=>Msinla - ==
y=Vo =3 ,[a 3)

With eq. 3.12. and eq. 3.13. the shoot-through duty ratio can be described by

2- [M sin(a)-M sin[a - Z;D

2

Dst = (3.14)
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6
integrating the expression of Dgt on this interval with the independent variable «

Next the average duty ratio in the interval [ﬁ,%j can be expressed by

T

2 2 2
IZda - J.M Sin(a)da - J.M Sin[a - Zérjda
6 3 5

b z _27-3Y3M (3.15)
z 2r
2
jZda
T
6

The average boost factor can be expressed as
B-— 1 (3.16)

T
1-2Dst  3J3M -z

With the shoot-through duty cycle equal to the zero voltage duty cycle all the time
the voltage gain can be expressed as a function only of the modulation index

(3.17)

LN
L]

Ln

Voltage gain (MB)

0.6 0.7 08 0.9 1
Modulation mdex (M)

e
h

Fig.3.9 Voltage gain (MB) versus Modulation index (M) for varying shoot-through duty ratio
with the zero voltage vector duty ratio.
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Fig.3.10 Average inverter bridge voltage stress/input dc voltage versus voltage gain (MB) for
varying shoot-through duty ratio with the zero voltage vector duty ratio.

The voltage gain versus the modulation index is represented in Fig 3.8. In
T_ . The
3J3
operation region got larger than in Fig. 3.8. Comparing Fig. 3.8 to Fig. 3.9. it can be
noticed that in Fig. 3.9. at modulation index M=1 the voltage gain MB=1.5 which
might be surpriseing. If we take a closer look at Fig. 3.7. we will see that even

this case the modulation index for which the voltage gain is infinite is at

though for a:% and the peak refrence sinusoidal voltage \73 =\7tr,- the shoot-

through duty ratio is zero for %< a <% the shoot-through duty ratio is different

from zero. The voltage gain versus the modulation index is represented in Fig. 3.10.
and is described by (using eq. (3.17) and eq. (3.18))

M-_ TG (3.18)
3J3G - =
The average voltage stress across the inverter bridge will be
= = 3V3G -7
VDC-Link =BVpe = ———Vpe =322 "y, (3.19)
ENCTV R 7 ¢

Due to the fact that the boost-factor B varies in the interval % to % the voltage

across the z-source network capacitors will also vary if it is small. For large z-source
network capacitors the peak voltage stress of the inverter bridge could be
considered to be equal with the average voltage stress

BUPT



72 CHAPTER 3 Control and design aspects of the Z-source inverters

J % B z 3J3G -z
Vbe-Link =VDC-Link =BVpc = ——=——Vpc = "——"Vpc
3J3M -7 z (3.20)

As a result of the variation of the shoot-through duty ratio with the variation
of the zero voltage vector duty ratio for the same voltage gain as in Fig. 3.9.
(DsT =1-M = const.) the voltage stress across the inverter bridge is lower.

By injecting third harmonic components the modulation index can be
extended even more. The reference sinusoidal voltages with the injected third
harmonic components will be

Va=M VDTC[sin(a) + ésin(3a)j

Vb = mY2C | sinf ¢~ 27 ) Lsinl 3( o - 2% (3.21)
2 3 6 3
Ve = Yoc sin a—4—” +isin 3 a—4—”
2 3 6 3
with the maximum modulation index M = % =1.154.

The pulse generation strategy for the carrier-based PWM control with third
harmonic injection and variable shoot-through duty shown in Fig. 3.11. is similar to
the case without signal injection.
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Fig. 3.11 Carrier-based PWM control with 3rd harmonic injection and varying shoot-through
time interval (shoot-through time interval equal with the zero voltage time interval)

Following the same steps as in the previous case the shoot-through duty
ratio over one switching period, the average shoot-through duty ratio, the average
boost-factor and the voltage gain will be expressed.

Thus the average shoot-through duty ratio over one switching period is

2- M[sin(a) + ésin(3a) - sin[a - 2;) - ésin[3(a - Z;JD
(3.22)

2

Dgr =

Integrating the above expression of Dgr on the interval ”6 to ”2 leads to

the average shoot-through duty ratio
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5 (s H
I 2da-M j(sin(a) S sin(3a)]da - j[sin(a _ le + isin[3(a _ Z”DJda
6 3) 6 3

2
.[Zda
%

Dy - 22=3V3M

e (3.23)

Finally the boost factor and the voltage gain

- 1 T
B- - (3.24)
1-2Dst  33M -z
G-mMB-—" (3.25)
3«/§M -

Despite the injected 3rd harmonic components in the reference sinusoidal
voltages the expressions of Dg7,Ds7t,B and G did not change thus the voltage

stress across the inverter bridge remains the same (see Fig. 3.12 and Fig. 3.13).
With the 3rd harmonic injection the modulation index M has been increased for
voltage gains between 1 and 1.5 (Fig. 3.12).

Voltage gain (MB)
L

NG

15 Operation mg}on
i e

0.5 0.6 0.7 0.8 0.9 1 1.1
Modulation mdex (V)

Fig.3.12 Voltage gain (MB) versus Modulation index (M) for varying shoot-through duty ratio
with the zero voltage vector duty ratio (3rd harmonic injection).

BUPT



3.5 Maximum Boost Control of the Z-Source Inverter 75

3 [}
7§ RO P ot et STy e _______ = <
e
?‘i’ B 4 Lias .._.JI.-?J_/.....
s A
. . T
@ L / :
ol b ]
> : bd
5 o 4
E '3 - = _-E_/_r;:-"____ - a
2 ,,-‘:/4: ........... : .......... e
-
1 o :
1 2 3 4 5
Yoltage gain

Fig.3.13 Average inverter bridge voltage stress/input dc voltage versus voltage gain (MB) for
varying shoot-through duty ratio with the zero voltage vector duty ratio (3rd harmonic
injection)

3.5.1 Hardware Implementation of the varying shoot-
through pulses with the zero voltage vector pulses

The shoot-through signals can be generated in two ways: in the control
program in the signal processor or hardware by extra gates added between the
signal processor which generates the gating signals for the six switches of the
inverter bridge and the drivers of the switches.

Usually the six PWM outputs of a digital signal processor used to control a
three-phase inverter bridge are set to the complementary mode, meaning that if
one transistor on a phase leg is on the other one is off. Briefly one way to generate
the shoot-through signals in the control program is to override the complementary
PWM outputs during the zero voltage time intervals which means that at least one
extra timer (or extra PWM output synchronized with the 6 PWM signal generation
internal unit) should be used, besides the PWM generation internal module of the
signal processor, to determine the moments in time when the PWM outputs has to
be overridden. Therefore the traditional space vector PWM generation algorithm has
to be modified.

Without modifying the traditional space vector PWM algorithm the shoot-
through signals can be generated by extra hardware thanks to the characteristics of
the two control algorithms presented in the previous section: the shoot-through
duty ratio=zero voltage duty ratio all the time. The schematic of the extra hardware
needed between the DSP and the drivers of the inverter bridge is shown in Fig.
3.14.
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Fig.3.14. Hardware variable shoot-through signal generation (shoot-through duty ratio=zero
voltage duty ratio)

After the complementary initialization of the PWM module in the DSP the
PWM output signals of the DSP for the lower switches PWM2, PWM4 and PWM6 are
on while the PWM signals for the upper switches PWM1, PWM3 and PWM5 are off.
This state could be set well before the SVPWM algorithm starts. Thus the enable bit
has to be kept low until the SVPWM algorithm starts in order to avoid a long shoot-
through state which could lead to the failure of the inverter. The triple input AND
gate for the upper switches PWM1, PWM3 and PWM5 monitors the zero voltages
generated by turning on all the upper switches and outputs one if all of them are on
while the 3 input NAND gate does the same thing for the lower switches of the
inverter bridge. The two gates together cover the two zero voltage states. The or
gate multiplies the two outputs and if the 3 input AND gate’s enable is on it sends
the resulting shoot-through state signals to the output 2 input OR gates which
override the PWM input if ST is on.

The enable pin can be used to switch of the boost action of the control
algorigthm if the prescribed output voltage level is lower than the input dc voltage.
Thereby the voltage stresses of the inverter bridge will be reduced.

3.6 Pseudo-Active State of the Z-Source Inverter

So far the analysis of the voltages across the inductors and the capacitors of
the Z-source network leaded to the formulae of the voltage gain and the voltage
stresses of the inverter bridge. A closer analysis of the currents in the Z-source
network reveals an other operation state of the converter. For this scope we will
consider a three-phase Z-source inverter with wye connected load Fig. 3.15.
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Fig. 3.15 Three-phase Z-source inverter

We have seen that mainly it has two operating states: the shoot-through
state and the non shoot-through state or the active state. For the current analysis
we assume that the shoot-through states are generated only during the zero voltage
vectors and they have a shorter time interval than the zero voltage vector, the PWM
signal generation is done with a middle aligned triangular carrier signal. The two
inductors inductances are equal to each other as well as the two capacitors of the Z-
source network.

With the shoot-through time interval not necessarily equal to the zero
voltage time interval we have three equivalent states for the three-phase Z-source
inverter in Fig. 3.16.
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BUPT



78 CHAPTER 3 Control and design aspects of the Z-source inverters
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Fig. 3.16 The equivalent circuits for a) shoot-through state b) active state and c) zero voltage
state

In the shoot-through state in Fig. 3.16a. the currents are
ip=0
ip =ip—ic =-ic (3.26)
iin =i —ic = 2i;

The relationships between the currents in the active state when the power
from the input is delivered to the output (the diode is conducting) are

ic =i —ijn
iD :iL +iC =2iL—i,'n (3.27)
iin =2i —ip
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Finally in the zero state when the inverter bridge current i;,, is zero the

inverter bridge is in one of the two zero voltage states all the upper switches or all
the lower switches are on

iin =0
ic =i —iip =i (3.28)
iD = i[_ +iC = Zil_

Investigating the current levels of the three different states we will notice
that in the zero state the current through the diode depends only on the current
through the inductors on the other hand during the active states it depends on the
current through the inductor and the dc-link current i;,

ip = 2i] —ij (3.29)

In the shoot-through state the diode is not conducting as illustrated in Fig.
3.16a and in eq. (3.26) because the voltage at the cathode of the diode is twice the
capacitor voltage and at the anode is the input dc voltage so the diode is reverse-
biased. We know that when the current through the diode gets negative the diode
stops conducting therefore in eq. (3.29) if the dc link current becomes greater than
twice the inductor current the front-end diode of the z-source network stops
conducting. Considering that this situation could occur during the active state
(power delivered to the load), if

iin = 2iy (3.30)
In this state only the Z-source network will deliver power to the load. This

state will be called the pseudo-active state.
The equivalent circuit of the pseudo-active state is shown in Fig. 3.17.

—1*
Voc™——

0L

Fig. 3.17 The equivalent circuit of the pseudo-active state
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The relationships between the current in the equivalent circuit in Fig. 3.17. can be
expressed as

ip=0
ic =ip—-ip =-i|
iin =i —ic =2i (3.31)

iin = =ij
n n
2

What happens in the pseudo-active state is that the dc-link current i,

becomes 0.5 times greater than the current through the inductors and as a
consequence the front-end diode stops conducting. Because the load inductance is
much greater than the Z-source network inductors’ inductance the dc link current
during the pseudo active state could be considered constant and equal with twice
the inductor current

iin = 2ip =const
diy
“L_o 3.32
ot (3.32)

Vin =Vc —VL =VC

Vi =

As eq. (3.32) shows, during the pseudo-active state, the voltage across the
inverter bridge drops from V¢ to 2Vc-Vpe.

Let us examine the voltages across the inverter bridge and across the
inductor in the four possible states:

the shoot-through state v;, =0,v; =v¢
> the active state v, = 2vc - Vpc, v =ve -Vpe
> the zero state vj, = 2ve —Vpe, v =ve -Vpe

» the pseudo-active state v;, :E, vp =0

It can be noticed that during the pseudo-active state the voltage across the
inverter bridge is not equal with the voltage in the active state. In the derivation of

the relationship between E and Vpc the starting point was the zero average

voltage across the inductors in steady-steady. Note that in pseudo-active state the
voltage across the inductors is zero. Therefore the formula for the average capacitor
voltage will be different.

The voltage across the inductor will be integrated again in order to obtain
the new formula

TS
7 :TijVL(t)dtZO
)
1 (—— _
T—(chsr + (VDC —VCXTS -tst —fPA)+0~fPA)= 0 (3.33)
S

ve -1 PsTDea
1-2DsT - Dpa
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where Dpy = trA
Ts
the active state time duration.
As eq. (8.8) shows the average voltage across the capacitor becomes
greater in the presence of the pseudo-active state.
For the graphical representation of the last eq. in (3.33) we will consider the

shoot-through state duty ratio Dgr =0.3 and the pseudo-active state
Dpa <[0,0.2].

is the duty ratio of the pseudo-active state and Tg —tgy —tpg is

2.6 I \ \
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Fig. 3.18 The ratio between the capacitor voltage and the input voltage v c as a function of
DC

the pseudo-active state

In Fig. 3.18 the horizontal line represents the ratio VC/VDC for no pseudo-
active state.

The most important thing to be kept in mind is that the pseudo-active state
is generated by the load current not by the control. Through a careful design of the
z-source network inductors the pseudo-active state thus simplifying the control
algorithm.

3.6.1 Pseudo-active state average duty ratio

As we have seen in the previous section the pseudo-active state depends on
the z-source inductor inductances, the instantaneous dc-link current i,-,,(t) and the
load parameters. In the following the average pseudo-active state will be derived. In
the upper part of Fig. 3.19 we have the instantaneous dc-link voltage waveform in
the presence of the pseudo-active state tpy .
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Fig. 3.19 Dc-link voltage v,-n(t), dc-link current i,-,-,(t) and z-source inductor current iL(t) in

the presence of the pseudo-active state tpy

The average of this voltage can be expressed as

Ts tsiope

Vin = % Ivin (t)dt = Ivin (t)dt - tsljpe ((ZE -Vpc thlope - tPA)*' EtPA) (3.34)
0

slope

Substituting the formula for % in (3.33) into (3.34) we get

—— [ 1-Dst —Dpp 1
Vip = Vbc = BpaY, 3.35
in [1 ~2Der —Dpa 1-Dey ) PC = BrPAVDC (3.35)

where Bpy is the new boost factor.
In case of a constant shoot-through duty ratio we have
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Dsr=1-M (3.36)
Using (3.36) in (3.35)

M — Dpp 1 1
Bpp=——"PA = Dpp=—" 3.37
PA= S0 —1-Dpg M’ PPA " 0s (3.37)

The peak phase voltage can be expressed

Vbc 1-Dst —Dpap
Vae = MB V 3.38
ac PA T3 = 2= 2Dsr —Dps) PC (3.38)

During a switching period we know the constant shoot-through time
duration but the zero voltage vector and the pseudo-active state time durations
change, in one period T of the fundamental output current, as we walk along the
time axis in Fig. 8.5.

The average zero voltage duty ratio can be defined by

- ) - 567r
Do = TJ ola)de = 5” . jDo (3.39)
0 6 6~
In Fig. 3.20 the zero voltage duty ratio is
Do(@)=1-D4(a)-Dst (3.40)
where
Dl(a):%+éMSin(a)=%Jr%(l—Ds-,-)sin(a) (3.41)

Substituting (8.41) with (8.40) for the average duty ratio (8.39) we obtain

— 1. 3y3 343
Dp==|1- -2~ D 3.42
o 2[ > [ > J srj ( )
The average dc-link current m can be given by
51
— a1t 1 ¢ 3
iin = ?'[ 5 = j/ac sinfa)der == ac (3.43)
0 6 6 ¢
The voltage across the inductor is
u _L_’ or at =LA (3.44)
ur
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Applying (8.44) on the down-slope of the inductor waveform in the interval
[ta/tbl]

L 2 1— L — 1 1—
At:ta—tbl = IL—EII'n):_—[IL +EAL—EII'nj
ve -Vbpc vc -Vbc (3.45.1)
__ L Pout+_cfsr_i§,fac
VC—VDC VDC L 4 2

Another way to express At using only time variables (see Fig. 3.19) would be

—T_s:T_s(l_ﬂ]_i[l_ﬂ}fs_T_@ (3.45.2)

tpa
At =t _tPA
slope =757 " H0 5 7 27 | 2 27 | 4

Finally using (3.33) in (8.45.2) from the two expression of 4t we obtain the
average duty ratio for the pseudo-active state

_"’CSL(’%«M_lﬂfaC}[“%E}[ ve -Vpc _1} ve

Bpg = /€ ~Voc \Voc 23 2z )\ 2vc ~Vic 2vc ~Vipc
1+ 33 ve-Vpc , _Vc -2
27 J2ve =Vpc  2ve -Vpc
(8.46)

3.6.2 Design of the Z-source Inductor

In order to derive the formula for the Z-source inductor we will analyse the
inductor and the dc-link voltage waveforms during one switching period. During one
switching period in the active state time interval the dc-link current i;; has two

current levels due to the two consecutive active vectors. In the analysis of the
currents we will consider a sample switching period at the peak current in phase U
(or the values of the phase currents at 0 electrical degrees) thus only one voltage
vector will be during the active state (only one current level).

Fig. 3.20 Load current waveforms
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iy = \/EICOS(O) = \El
iy =iy = \/51 COS[O —2—ﬁj = —%\EI

3

The equivalent circuit of the load during the active state is shown in Fig.
3.21.

Fig. 3.21 The load equivalent circuit for the active state

Next the instantaneous dc-link ij, current the inductor i; current and twice
of the inductor current 2i; waveforms are illustrated in Fig. 3.22.
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Fig. 3.22 The dc-link current iin the Z-source inductor current iL and 2iL during one switching
period Ts

In Fig. 3.22 the dc-link current i, was a little bit scaled down to avoid the
overlap with some portions of the inductor current waveform. The zoomed current
waveforms in Fig. 3.22 are the currents for the equivalent circuit presented in Fig.
3.20.

The notations used in Fig 3.22 are as follows

fL,[ - peak and average inductor current

fac - the peak of the sinusoidal load current
> to,tsTt,t1 - zero voltage vector time duration, shoot-through time duration, and

active voltage time duration
where

ty +tg +tsT =Ts (3.47)
The condition which should be met in order to avoid the pseudo-active state is
2ip (t) > ijn(t) and tp < t < t¢ (3.48)

The expression above has to be satisfied all the time. In the considered switching
period in Fig. 3.22 the dc-link current during the zero voltage vector V time

intervals is zero, during the active voltage vector V_1 time intervals is equal with the
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peak output current, due to the considered situation in Fig. 3.22, while during the
shoot-through time intervals ST it is twice the inductor current. As we can see in
Fig. 3.22 the boundary in time where the Z-source inverter enters the pseudo-active

state, twice the inductor current becomes equal with the dc link current, is at 7,
where the down-slope of the twice the inductor current waveform would intersect
the dc link current waveform (see the small circles in Fig.3.22). Hence this
intersection of the two waveforms has to be avoided.

The voltage across the Z-source inductor during the 0<t <tgppe Is

described by

Z:Ld’ét(t):v,x e (3.49

The inductor current has its maximum at t; and its minimum at t5. In this

time interval the instantaneous inductor current can be described by the equation of
a straight line

iL(t):VDCf_VCtH?L, 0 <t <tsope (3.50)
The peak inductor current can be expressed as
~ — 1 .
i =i +EAIL (3.51)

where the expression of the peak-peak inductor current is

- |Vpe -ve ve -V
4 = %ts/ope :%ts/ope (3.52)
Substituting (3.51) into (3.52)
A — 1ve-V
i =i, +E%ts,ope (3.53)

By inserting (3.53) into (3.50) and in order to avoid the pseudo-active state (3.48)
it will look like

V —V_ t — V_—V tsiope i
2[%(t5/OPE_TOJ+IL+ ¢ [ bC Zp Zlin(t)

Vpc -Vc t — .
%[tslope - FOJ +2ip > jn(t) (3.54)

¢ _Ts-tst
slope = 2

ty <t<t.
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From (3.54) the expression of the Z-source inductor inductance can be derived

vc -Vpc
L> ——2C~(1-Dst - 2Dp)
2f(2i, — ijn t)) (3.55)

t 1
DO :T—O,fs :T_
S S

It can be noticed in (3.55) that the size of the inductor is inversely
proportional to the switching frequency and directly proportional to the shoot-
through duty ratio and the zero voltage duty ratio and the dc-link current. The worst
situation is obtained for i;; equal with the peak ac output current and zero voltage

vector duty ratio equal with 0. However the deduced formula for the inductor is
switching pattern dependent. For the worst case

L>YCVbC (1 p,) (3.56)
2f52iL_iaC

For a three-phase Z-source inverter with wye connected three phase load
with known output power, power factor, line-to-line voltage and varying dc input
voltage we have

Pout =Ppc :VDCE (3.57)
The average input current
— P,
ipc = —V‘;“é (3.58)

To make fully use of the average dc-link voltage (the average voltage across the Z-
source capacitor) the average capacitor voltage can be expressed as

Ve = 2Va¢ (3.59)

And the shoot-through duty ratio using (7) will be

Doy - 2Vac ~Vpc (3.60)
Wac -Vpc

n 2
VaC :£VLL (361)
3
The output power
Pout = \/Euaceff_line iaceff_line CO$(¢) (3.62)
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Using (3.59)(3.61) and (3.62) the peak output phase current is given by

i iz Pout

ac = J3 V11 cos(y) (3:63)

The average inductor current in steady-state is equal with the average input current

- — P
iL =ipc =—V‘;“Ct (3.64)

Finally using (3.29)(3.60)(3.61) and (3.64) in the expression of the inductance we
get

vl C°5(¢{4‘;LLVDC - \/gVoczj

L> (3.65)
8 . A n
\/gfspout(VDCZ - L/E Vi +6v), C05(¢)JVDC +8V.2 C05(¢)]
The maximum value for L can be obtained for
a o (3.66)
dve
Solving (3.66) we get
. . 2
Vo 46V, cos(p)+ 4V, \/3 cos® (¢) - 2 cos(g) (3.67)

2+ 3cos(p)

Further investigations can be made in order to get a more realistic formula for the
Z-source inductance in (3.56) because in this case the worst case scenario was
considered, which may not occur during the operation of the inverter.

3.6.3 Dimensioning of the Z-source capacitor

We assume that all the energy stored in the capacitors is delivered to the load
during one switching period

1 2 1 2
ECtotVCmax _EctotVCmin
Pout = T (3.68)
S

where
Ciot =C1+Cr =2C (3.69)

and due to the shoot-through state the switching frequency gets doubled
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2 2
Ve max” — VCm,-n

Ts

Pout = 2C (3.70)

For a desired ripple voltage 4V

— 1
Ve max =Vc +EAVC

g (3.71)
Ve min =Vc —EAVC

Substituting (3.71) into the expression of the output power (3.70) and
rewriting it for the considered ripple voltage we get the formula for the capacitance

__Pout (3.72)
4ACfsvc

Summary

Different simulation methods of the Z-source inverters have been explained.
Inherent topology problems like huge inrush current have been pointed out. A few
Z-source capacitor voltage control strategies were presented. Boost control
strategies were explained as well as Z-source inductor and capacitor design
algorithms which avoid the pseudo active state.
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CHAPTER 4 IMPROVED THREE-PHASE Z-SOURCE
INVERTERS

4.1 Introduction

The improved Z-source inverter with six switches proposed in [1] in 2009 is
a single stage buck-boost inverter as the Z-source inverter presented in [2].
Fundamentally it consist of the same components: the front end diode, the two port
X shaped network formed by two identical inductors and two identical capacitors,
the six switch inverter bridge and one dc voltage source which can be a solar panel,
fuel cell or the rectified output voltage of a permanent magnet synchronous
generator connected to a wind turbine. Even though it incorporates the same
components by rearranging Fig 4.1 the elements enhances its properties. The two
drawbacks which are overcome by the new topology would be
» the inrush current and the resonance of the Z-source capacitors and inductors at

start-up which could cause failure of the devices
» the high average Z-source capacitor’s voltage which is always equal to the
average dc-link voltage

Several other current and voltage fed new Z-source topologies proposed by
the same authors can be found in [3].

Simple constant boost control with third harmonic signal injection in the
reference sinusoidal signals [4], well-known from the traditional Z-source inverter,
is used in case of the improved topology in order to increase the modulation index
and reduce the voltage and current stress of the inverter bridge.

The feed-forward plus feedback control for the improved Z-source and not
only presented in [5] uses only the measured input dc voltage for rough regulation
of the shoot-through state and the measured peak output voltage is used for precise
adjust of the shoot-through duty cycle. This method assures fast response for load
and input voltage variations without taking into account the Z-source network
model.

4.2 Six Switch Improved Three-Phase Z-Source
Inverter

The recently proposed switched inductor Z-source inverter [6] has a higher
voltage gain then the traditional one and the improved Z-source topologies but it
has extra diodes and inductors in the Z-source network. The improved Z-source
inverter topology with six switches is shown in Fig. 4.1
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Fig. 4.1.Improved Z-source inverter with six switches

Fig. 5.1 clearly shows that the front end diode D and the inverter bridge
changed places.

4.2.1 Principle of Operation. Voltage Gain

The improved Z-source inverter topology has two operating states like the
traditional one: one shoot-through state generating the desired voltage boost and
one non-shoot-through state when the average dc-link voltage is pulse width
modulated by the inverter bridge. The two equivalent circuits of the two states are
shown in Fig. 4.2.
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Fig. 4.2. Equivalent circuits of the improved Z-source inverter a) shoot-through state b) non
shoot-through state

As we can see in Fig. 4.2 in both states the voltage across the capacitors
changed polarity compared to the traditional Z-source inverter (see in chapter 2). In
the shoot-through state, as we expected, the diode stops conducting Fig. 4.2a). In
the shoot-through state all the switches in the inverter bridge are turned on thus
the voltage across the inverter bridge is zero. In the non shoot-through state it
conducts. Writing Kirchhoff's voltage law in the shoot-through state the voltage
across the inductor is given by

Vi =VDC +\E (4.1)

Note that even though the voltage across the capacitors being zero the
voltages across the inductors will be equal with the input voltage and with the
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polarity of the inductor voltage shown in Fig. 4.2a) therefore at the cathode of the
diode the voltage potential is +Vpc and at the anode of the diode is —Vpc. That is
why the diode is not conducting because is inversely polarized.

In the non shoot-through state the voltage across the inductor can be defined by

VL =-V¢ (4.2)

The non shoot-through state includes the active states as well as the zero voltage
states of the inverter bridge.

Through the average voltage across the inductor in steady state during one
switching period we get the shoot-through duty ratio

TS

V_|_=i IVL('E)=0

Ts .
- 1 R -
VL :T_(tST (VDC +Vc)+(Ts —tg7 )(—Vc ))=0 (4.3)

S

-—__ Dst
Ve =1 opg; 'OC

In (4.3) for zero shoot-through duty ratio the voltage across the capacitor is
zero meaning that the voltage across the capacitor can be gradually increased.

As demonstrated in [1] the voltage ripple of the capacitors, the Z-source
inductor current ripple, the input current ripple and the inverter bridge peak voltage
stress are the same as in case of the traditional Z-source inverter. However, there
remains one delicate aspect, which needs further investigation, of the operation in
the non shoot-through state: whether the diode is conducting or not in this state.
Looking at the currents in the non shoot-through state we can say one thing for
sure: the diode is conducting only when the inductor instantaneous current in this
sate is greater than half the dc-link voltage.

The duty ratio versus the ratio of the average capacitor voltage of the Z-
source network and the input dc voltage is represented graphically in Fig. 4.3.
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Fig. 4.3 VC/VDC versus DST for the traditional and for the improved Z-source inverter

It can be seen in Fig. 4.3. that the ratio between the average capacitor
voltage and the input dc voltage starts from zero or for zero shoot-through duty
ratio the capacitor voltage is zero. As a result of the circuit configuration the
capacitor voltage can be increased gradually from zero.

The average dc-link voltage is given by (see Fig. 4.1)

Vin =VbC +VL +VC (4.4)

but the average inductor voltage
v =0 (4.5)
So, the average dc-link voltage, for this improved topology, is greater with the input
voltage compared to the average dc-link voltage in the traditional Z-source inverter

topology

Vin =Vbc +Vc (4.6)
while the average dc-link voltage of the traditional Z-source inverter is the
average Z-source capacitor voltage. In other words for the same average dc-link
voltage the capacitor voltage stress for the improved topology is lower than for the

traditional one thus low voltage capacitors can be used. Still the peak voltage stress
across the inverter bridge remains the same.
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4.3 Proposed Improved Four-Switch Three-Phase Z-
source Inverter

The improved z-source inverter with 6 switches got better properties by the
rearrangement of the circuit elements of a traditional Z-source inverter with six
switches. One way to further improve the characteristics of the Z-source inverters is
to reduce the number of switches Fig. 5.4. This of course introduces some control
difficulties and it has some output limitations but eliminates the cost of two switches
and their driver circuits. The proposed improved Z-source inverter with four
switches leaves the main elements in the same place as in case of the improved Z-
source inverter with six switches. It uses only four switches and the floating load
terminal, which was connected to the eliminated inverter leg, is connected at the
common point of two capacitors used instead of one of the Z-source network
capacitors.

The derivation of the different operating states of the proposed topology and
finally the switching times calculation is based on the theory for four-switch three
phase inverters presented in [8]

Ts

Vin

" &}
}(&n

f—db—ﬁb—

AL

VDC e

min
o
et
@)

GNDL L>

Fig. 4.4 Improved Z-source inverter with 4 switches

It can be easily demonstrated, by the integration of the voltage across one
inductor, that the voltage boost formula (4.3) used at the improved six switch
topology is valid for the proposed topology in Fig. 4.4 as well. The improved Z-
source inverter with four switches has one more operating state, the shoot-through
state, compared to the four switch three-phase inverters. The shoot-through state is
generated with all the switches on. By interfering in the topology of the Z-source
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network the shoot-through state becomes not only a voltage boost state but also an
active state for the inverter at the same time as we will se later. Only the shoot-
through state’s equivalent circuit will be drawn to point out the duality of this state.

Vo ——

Fig. 4.5 Shoot-through state equivalent circuit of the improved Z-source four switch inverter

The load voltage across the load phases is the sum of half the average
capacitor voltage and the input dc voltage

\"
Vioad = TC +Vbce “4.7)

With the chosen reference potential the common mode of the two capacitors
the five possible switching states are illustrated in Table. 4.1.

Ty T2 T3| Ty
S{/0/1/0(1
S;110(0 (1
S;11/0(1]0
S4/01111]0
Ssr 1111
0 — switch off
1 — switch on

S, — switching state

Table 4.1 The five possible switching states

The load terminal voltages refrenced to ,,0” are shown in Fig. 4.6.
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W V VUO =VDC +%
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Fig. 4.6 Load terminal voltage potentials at different switching states

The load terminal to neutral N voltages (the phase voltages) for the five

switching states using the voltage potentials in Fig. 4.6 can be expressed as

Cc
VUN = ——

UN >

. . \Ze:
Switching state S1 VN = - —=
VWN = tVC

(4.8)
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5— 2
VUN =g Ve +=Vbe

3
o 7— 1
Switching state S2 VN = -5 Ve _EVDC 4.9)
\ —lv_flv
WN =3 Vc ~3Vbe

1— 1
VUN =g Ve +§VDC

Switching state S3 VYN = éVC + %VDC (4.10)
1— 2
\% =-—Vc - =V
WN 3 Cc 3 DC

7— 1
VUN =-=Vc —3Vbc

6 3
oo 5— 2
Switching state S4 VYN = EVC +§VDC (4.11)
1— 1
\; =—vc - =V,
WN 3 C 3 DC

1— 1
VUN =g Ve +=Vpbe

3
o 1— 1
ST switching state SST VYN = EVC + EVDC (4.12)
1— 2
\% =-—Vc - =V
WN 3 Cc 3 DC

Note that in the shoot-through state the phase voltages are the same as in
state S3.

From the five switching states we will get five voltage space phasors in the
complex plane by substituting the three phase voltage expressions from the five
switching states (4.8)-(4.12) into the definition of the voltage space phasor

5 _J3|—
Vo =|=>— j2X Ve +2V,
Vo=|5~J 2]0 DC

1 .43 |— 1 .43
V =| =+ + | —+ _ 413
Va=|g+] 6}/c [3 | 3}/DC ( )
V — 71 J_3 + *i+J—3
—4 6 ' 6 3 173 |PC
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As we could have expected the space voltage phasor corresponding to the
shoot-through state and state 3 are identical. Therefore in the complex plane the
two space phasors will have the same orientation and amplitude.

Finally the expressions of the u, and uz components of a desired voltage

space phasor ug using can be given by

Uy = %(Z(Zk ~1)to —tg — 2tg)+Ts(k + 2))
S

ug :%(Z(Zk+1)(7t17t2)+Ts(k+2)) (4.14)
S
s
Vbc

With proper control algorithm the desired voltage space-phasor can be
generated from the five available in (4.14)

4.3.1 Simulation Results

Digital simulations were made in PSIM to partially validate the theory of the
improved Z-source inverter with four switches. The circuit in Fig. 4.4 was
implemented in PSIM and the control algorithm based on (4.14) was written in C
code to generate the gating signals for the four switches. The load used was a wye
connected three-phase RL load. The simulated circuit parameters were as follows:

Vpc =100V;L; =Ly =6.4mH;Cq = 470uF;
Cr =C3 =940uF ;R 1 =R 2> =0.902

k* =2;f" = 50Hz

fg = 10kHz

RiLoad __Phase = 150

Lioad _phase = 60mH

In Fig. 4.7 we can see the capacitor voltages and the L; Z-source inductor
current. We can notice that the two series capacitor voltages have almost the same
average value. In Fig. 4.8 besides the L, inductor current and the load current we
have the filtered phase voltage. Fig. 4.9 shows the instantaneous and average dc-
link voltage. As we can see in Fig 4.7 and Fig. 4.9 the dc-link voltage is not equal
anymore to the average C; voltage as in the case of the traditional Z-source
inverters. Thus for the same voltage boost a higher average input dc-link voltage
can be obtained.
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Fig. 4.7 The input voltage VDC, the capacitor voltage C1, C2 and C3 capacitor voltages, L1
inductor current (from top to bottom)
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Fig. 4.9 The instantaneous dc-link voltage and the filtered dc-link voltage (from top to
bottom)

4.4 Summary

This chapter presented the improved Z-source topology derived from the
traditional Z-source inverter. New improved four-switch three-phase topology has
been presented with detailed space vector analysis. Based on the space vector
analysis the control algorithm was written in C and finally digital simulations were
carried out to verify the theory.
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CHAPTER 5 SWITCHED-CAPACITOR HYBRID DC-
AC PWM CONVERTERS

5.1 Introduction

This chapter presents a control algorithm for the newly proposed diode-
assisted buck-boost voltage-source inverters (VSIs), with high voltage gain, which
takes into account the changing of the dc-link voltage (two leveled) during one
switching period due to the parallel charging and series discharging of the capacitors
in the diode-capacitor network. Additionally it lowers the components voltage
ratings.

In dc-ac applications where at the input there is a solar panel, fuel-cells or
series ultra-capacitors the input voltage is low compared to the desired dc-link
voltage for a VSI and it varies in a wide range. Hence the boost converter between
the VSI and the dc voltage source should have a high voltage gain and a good
voltage sag override capability. The two dc-ac converters called diode-assisted
buck-boost VSIs [1] with a proper control algorithm can easily satisfy the above
mentioned demands. The voltage boost algorithm used in [1] works well only for
very high voltage gain and for moderate voltage gain (when the desired output
voltage is not so high and the voltage boost might be reduced to lower the losses) it
needs some modifications in the control algorithm.

The new high gain dc-dc converter presented in [2] contains the circuit
analysis and the design guidelines for the converter and by the elimination of the
output LC filter the dc-ac circuit presented in [1] can be obtained, of course with
proper control algorithm.

By combining a step-up or step-down structure with the well known buck,
buck-boost, boost, Cuk, Sepic and Zeta converters [3] new high step-up/step down
voltage gain dc-dc converters can be obtained and eliminating the output filter of
these dc-dc converters and adding appropriate control new high voltage gain step-
up/step down dc-ac converters can be realized.

Charging in parallel of two inductors and discharging them in series can lead
to high voltage gain as presented in [4].

Despite the fact that the boost-switched capacitor-inverter with a multilevel
waveform output [5] uses the same topology as in [1] it provides an output
frequency equal with half the switching frequency of the boost switch thus it is
suitable only for high frequency ac power supplies [7]. Other topologies having
multilevel output waveforms suffer from EMI interference problems [8] or they are
voltage level number limited [6].

Topologies of dc-ac converters with enhanced functionality has been
reported in [9]-[11].

The extreme minimum and maximum duty cycles of the buck or boost
converters lead to poor efficiencies of the converter. Using the transformer concept
on voltage regulators can drag the duty cycle in a realistic interval, from a practical
point of view, thus increasing the efficiency[12]. Some applications in the field of
microprocessors need under 1V supply voltage which has to deliver high currents
and deal with fast dynamics [13].
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From the energy level comparison in the inductor in [3] the quadratic
converters got in the frist place before the hybrid dc-dc topologies [3] and the
traditional buck/boost or buck-boost topologies. In other words the quadratic
converters [14] [15] need a bigger inductor. Even more they may present some
current and voltage overstresses.

High voltage gain applications are also in the automobile industry for high
intensity discharge lamps [16] or in the telecomunication industry (e.g. from 45V-
380V dc battery-inverter dc-link[17]).

The flyback converter has a high voltage gain but due to the leakage
inductance the switch suffers from high voltage stress. With adequate leakage-
inductance energy recycling techniques [18]-[20] the voltage stress can be reduced.

From a functional point of view the switched-capacitor hybrid dc-ac PWM
VSIs (or diode-assisted PWM VSIs) can be divided into two stages: voltage boost
circuit (formed by an inductor and a transistor) plus a diode-capacitor network - dc-
dc voltage conversion - and the VSI part - dc-ac conversion Fig. 6.1 and Fig.6.2.

L D1
- TA+ TR+ gﬁsm
+ + hE AkE o
cLM -~/ c2
. A
up
vde(t g vi
+—C
TA- TB- TC-
s AkE AHkE
Fig.5.1 Cuk-derived buck-boost VSI
T D1
'IL'[ﬁJp 7 TA+ TB+ Eﬂ
g » kE O OAARE o
c1\> =/ c2
A
vde (3 L b

TA-

hEF ALz Ak

TB-

TC-

&

Fig. 5.2 Sepic-derived buck-boost VSI

The two VSIs in Fig. 5.1 and Fig. 5.2, combining a Cuk or Sepic dc-dc
converter with a VSI have the ability to charge in parallel and discharge in series the
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5.2 Improved Control of the Cuk-Derived Buck-Boost VSI 111

two capacitors in the diode-capacitor network. This parallel charging and series
discharging introduces a voltage level change in the instantaneous input dc-link
voltage V; of the inverter bridge during one switching period Ts. So the dc-link
voltage has two different constant values during one switching period of the
converter if all transistors operate at the same switching frequency. In traditional
space vector modulation (SVM) algorithms the dc-link voltage is considered to be
constant during one switching period, thus these algorithms can be applied only on
portions of the switching period where the dc-link voltage is constant [1]. In the two
control strategies presented in [1] active vectors are applied only when the two
capacitors are in series, “filling” the remained parts of the switching period with zero
voltage vectors. The drawback of this control strategy is that the inverter poorly
utilizes the available dc-link voltage especially when the voltage boost is small.

The boost-switched capacitor single-phase inverter with five-level output
voltage presented in [6] fully utilizes the dc-link voltage but unfortunately the
frequency of the output voltage of the inverter stage is constant and is half the
switching frequency of the boost stage. The main characteristics of these VSIs are:

» the voltage boost is realized in one stage

» high voltage gain

» during the voltage boost the intermediate circuit is reconfigured because of the
diode-capacitor network and the dc input voltage seen by the VSI is changed during
one switching period

This last characteristic is exploited in this chapter in order to fully utilize the
dc-link voltage, to increase the voltage gain even more and to decrease the
elements voltage ratings.

In the following the improved control algorithm for each of the two buck-
boost VSI topologies will be presented separately after that digital simulations and
experimental results validate the proposed improved control.

5.2 Improved Control of the Cuk-Derived Buck-Boost
VSI

The two equivalent circuits for the Cuk-derived buck-boost VSIs when T, is
on and when T, is off are shown in Fig. 5.3. a and b.

L D1
c2 &M &m Egm
T F AE A
A
Yda(t vi
_—
cl TA- TB- TC-
ty- AhE A HRE
D2
a)
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L

h ! HJE& a@ aézs

Yde(t

TA- TB- TC-

I ESS IS

b)
Fig. 5.3 Equivalent circuits of a Cuk-derived buck-boost VSI a) Tup on b) Tup off

Writing the equation of the rise and fall time of the current in the inductor L
we can derive the voltages across the capacitors C; and C, as

Vadc Ve —Vidc
=4E pypT, = -E79 (1-DypTs (5.1)

Ve =Vc1=Vco = Vic (5.2)

1-Dyp

t
where Dyp = % is the duty cycle of the gating signals of the transistor Tp.
S

It can be seen in Fig. 5.3 that during the on state of transistor T,, the
instantaneous DC-link voltage V; is Vc1+V=2Vc and during T, off it is Vc.

The question is how this changing dc-link voltage, during one switching
period, can be used efficiently in the SVM algorithm. During one switching period
two active voltage vectors are used as well as one zero voltage vector. In a
traditional SVM algorithm the two active and one zero voltage vectors’ application
time is calculated with a constant dc-link voltage.
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113

FIm

A

v*=vdc/ V3

V1=2/3*Vdc
-

Re

Fig. 5.4 Locations of the switching state vectors and their maximum lenght

Vi a) b) c)
2%V, 2%V, 2%V,
| | |
I I I
| | |
| | |
| I Ve I Ve Ve
I I I I T T
| | | I I I
| | | | | |
| | | [ (. |
| | | [ (. |
b |t b B P! B
SR tup up
Ts T Ts

Fig. 5.5 Instantaneous DC-link voltage during one switching period Ts and the possible

positioning of t1 and t2 for the diode-assisted buck-boost VSI

Referring to the first sector, the stator voltage vector can be expressed as

v

S

Tl (t1vy +t2v2)

(5.3)

Note that the two time intervals t; and t, are calculated with a constant dc-link
voltage during the switching period but our dc-link voltage is not constant it has two
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dc levels during Ts Fig. 5.5. During the boost time interval t,, the input dc-link
voltage V; is equal with 2V and during Ts-t, it is equal with Vc.

For a prescribed voltage boost t,, we have a two-leveled dc-link voltage V,
and three possible placements of the two active voltage vector time intervals t; and
t,.Fig. 5.5. The first situation is for very high voltage boost, for D,, greater than
0.76 and it is neglected in our control algorithm [1].

As a first step in the development of the proposed improved control
algorithm we consider an average dc-link voltage Vpc, during Ts. The average dc-
link voltage used in both control algorithms in [1] is Vpci.(3) which for the same
required output voltage by the load is greater than Vpc,.

Why is the average DC-link voltage so important? Because this gives the
maximum length of the switching state vectors and finally the linear modulation
range.

The two average dc-link voltages Vpc; and Vpe; during Ts and the maximum
dc-link voltage Vpgink are derived in (5.3) where Dy, is the boost duty ratio
Dup=t,p/Ts. With the average dc-link voltage Vpc, we calculate ti and ty, time
intervals for the two switching state vectors V; and V, respectively with a traditional
space vector modulation (SVM) algorithm afterwards we readjust the length of these
time durations taking into account the instantaneous dc-link voltage V; obtaining t;
and t, in Fig. 5.5.

2Dup
Vbci = DupZVC :Tvdc
“Dyp
Vocs = Dyp2Ve + (1 Dyp e = —2up 5.3
pc2 =Dyp2Ve +( up)C—l_D dc (5.3)
up
2
VbcLink :ﬁVdc
“Dup

It is obvious (see eq. 3) that with Vpcp, which fully utilizes the dc-link
voltage, we can get much longer switching state voltage vectors than with Vpc; for
the same voltage boost.

t1o‘ t1o‘ t _ s
> ; > > [ Sa.
yes Calculate Calculate ta0 _If 8 is odd ta0 Calculate Calculate
SVM —» interchange ™ Sg.
new Ug Uaiga & Upeta s : s t &t £ Sat,Sp+ & Sc+
o |£10 with t20 . 2
> > > [ Sc.
Uge
Ay
3
£y
€ > [ Sas
Calculate 2 Calculate
o | Uaita & Ubea s P s, St & St [P Ser
> = Sc.

Fig. 5.6 Control algorithm for Cuk-derived buck-boost VSIs

Thus for the same length of the prescribed voltage vector V* a smaller
voltage boost is needed, when using Vpc, instead of Vpc;. Furthermore, the voltage
ratings of the components will be lower.

In order to fully utilize the dc-link voltage and to operate in the linear
modulation zone the length of the prescribed voltage vector V* gives the needed

voltage boost and it is equal with 1/\/5 times the average DC- link voltage Vpcs.
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From
«| _ Vbc2
V| - =82 (5.4)
J3
using (5.3) one can obtain
ﬁ V-1
Vo I
Dup :—dC\E (5.5)
1+ X2 v
Vdc

The voltage boost is introduced only when the length of the prescribed
voltage vector V* exceeds the linear modulation zone, the area delimited by the
circle. The modulation index is always 1 when voltage boost is needed. This way the
dc-link voltage is fully utilized.

Once we got t;g and tyo with Vpc, the next step is to determine the relative
position of tyg, tyo and t,, to each other and finally to adjust them to obtain t; and t,.

1+ D, t
26010, 20w, 1 (5.6
3 Ts 1-Dyp 3Ts 1-Dyp

Equation (5.6) will tell us the relative position of t;q, tyo and t,, to each other.
But first a switching pattern has to be chosen. The gating pulses of the transistors
will be left aligned.
By simplifying (5.6) we get
2D,

th S—UPTS (5.7)
1+Dup

If (5.7) is true than we have the case in Fig. 5.5b and t; and t, can be expressed as

ty :t10(1+Dup)

(5.8)
to = t'20(1+ Dup)_tup +tg

If (5.7) is not satisfying for t; and t, we get the following expressions Fig. 6.5c

t1:t10(1+Dup)_tup (5.9)
ty = t20(1+ Dup) '

Now the case in Fig. 5.5a will be analyzed (which results from both control
algorithms in [1]). We have to determine the minimum D, for which t,,=t;+t,. The
sum between t; and t, (one of them is equal with 0) is minimum when ty is

maximum and t, is maximum for a = n% where n=0,6 . For a =0 we have

v =Ly, (5.10)
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Vpco _t1 2
—===—==Vpc>
V3 T3

t
T—IVDCZ =Dyp2Vc
S

(5.11)

From (5.11) the Dyymin for the case in Fig. 5.5a is 0.76. The above
calculations demonstrate that for a boost duty ratio lower than 0.76 case a) in Fig.
5.5 never appears so we can skip this case from the control algorithm.

The left aligned gating signal generation is shown in Fig. 5.7.

S TA+

S TB+

STC+

S Tup

Ts

- -
-l

Fig. 5.7 Left-aligned gating signal generation for the 7 transistors in the Cuk-derived buck-
boost VSI
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It can be noticed in Fig. 5.8 that for a desired average dc-link voltage
VDCLink avg* if using Vpc; instead of Vpc; we will have a smaller boost factor and a
smaller voltage rating for the inverter bridge (the input voltage V4.=100V).

B ! ; !

VDCLInk

w1
o
o

1N
o
O

N
o
e}

Vde

VDC,VDC1,vDC2 & VDCLIink [V]
2 a8
(o] o]

00 0.2I 014 | D.IS 0.8 1
Duty Cycle Dup [-]

Fig. 5.8 Relationship between VDC1, VDC2, the maximum DC-link voltage VDCLink and Dup
for Vdc=100V

In the following section we will move on to the Sepic-derived buck-boost VSI control
which we will see is similar to the Cuk derived one.

5.3 Improved Control of the Sepic-Derived Buck-Boost
VSI

For the Sepic-derived buck-boost VSI presented in Fig. 5.2 we have the two
equivalent circuits shown in Fig. 5.9 a and b for the ON and OFF states of T,,.
During the boost time interval and the OFF time interval of T, the dc-link voltage is
2Vc +Vye and respectively V.

The voltage across the capacitors can be derived as

D
P Ve (5.12)
1-Dyp

Ve =Vcr =Vez =
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Fig. 5.9 Equivalent circuits of a Sepic-derived buck-boost VSI a) Tup on b) Tup off

The average voltages Vpc; (used in [1]), Vpcx and the maximum voltage stress of
the inverter bridge have the following expressions

2
Vpci = Bup *Bip Va
1-Dyp %
2D,
Vpbc2 = #Vdc (5.13)
~Dyp
1+ Dup

VocLink = T p,. Vdc
~Dyp

Fig. 5.10 shows the relationship between Vpci, Vpcz, the inverter transistor
bridge voltage rating Vpcink and the boost factor Dy, for an input voltage of

Vgc=100V.

BUPT



5.3 Improved Control of the Sepic-Derived Buck-Boost VSI 119

The same pattern used for the Cuk-derived buck-boost VSI control algorithm
can also be applied for the Sepic-derived buck-boost VSI to get to the formulae of
tio and too.

After we have calculated the preliminary ti, and t;, time intervals with
(5.12) and (5.13) the final t; and t, can be derived from (5.14)

1+Dup

tio < Ts (5.14)

For the last two situations in Fig. 5.5b and 5.5c the expressions for t; and t, can be
presented as

2D

U
t; =tio 7 Dp
+t”pt (5.15)
t2 :2[_’20 +ﬂ
up
and
t; =2t10 -Ts (5.16)
ty =2ty )

Following the same path shown in (5.10) and (5.11) the minimum boost
duty ratio Dypmin, for which the first situation in Fig. 5.5a has to be considered in the
control algorithm, can be easily calculated and is equal with 0.73.

585 8 8

o

100

VDC,VDC1,VDC2 & VDCLIink [V]

O 1 1 1
0 0.2 0.4 0.6 0.8 1
Duty Cycle Dup [-]

Fig. 5.10 Relationship between VDC1, VDC2, the maximum DC-link voltage VDCLink and Dup
for Vdc=100V
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5.4 Simulation Results

The improved control algorithm was simulated in PSIM and validated
through experiments on a Cuk-derived buck-boost VSI. The circuit parameters, for
simulation and experiments, of the Cuk-derived buck-boost VSI with a three-phase
RL load were as follows

Vgc =70V;L=1.4mH;C; =Cy =680ufF;
Rppase =102, L1554 = 10mH;
fs = 10kHz;

The integration step size is 5 microseconds.

For 1 second the prescribed voltage vector length is V¥*=60V and the output
fundamental frequency is equal with 50Hz (boost time interval) after that for 1
second V*=30V and the output fundamental frequency is equal with 20Hz (no
boost). This algorithm is repeated over and over to show that the proposed control
algorithm of the dc-ac converter works well even when there is no need for voltage
boost.

Fig. 12 shows the boost duty ratio and the phase and line voltages.

VvV_C
100.00 —
80.00 ¢ |
| |

60.00 |
40.00
20.00

0.00

0.00 1.00 2.00 3.00 4.00
Time (s)

Fig. 5.11 Simulated voltage waveform across capacitor C1
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Fig. 5.12 Simulated dc-link voltage waveform during voltage boost and no-boost
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Fig. 5.13 Simulated zoomed dc-link voltage waveform during voltage boost
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Fig. 5.13 Simulated collector-emitter voltage waveform of the boost transistor Tup
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Fig. 5.14 Simulated boost inductor L current waveform
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Fig. 5.15 Simulated line to line output voltage waveform during voltage boost
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Fig. 5.16 Simulated load phase current waveforms
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Fig. 5.17 Simulated phase current waveform at the boundary of the voltage boost and no
voltage boost intervals

5.5 Experimental Results
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Fig. 5.18 Experimental voltage waveform across capacitor C1
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Fig. 5.19 Experimental dc-link voltage waveform
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Fig. 5.20 Experimental zoomed dc-link voltage waveform during voltage boost
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Fig. 5.21 Experimental collector-emitter voltage waveform of the boost transistor Tup
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Fig. 5.22 Experimental boost inductor L current waveform
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Fig. 5.23 Experimental line to line output voltage waveform during voltage boost
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Fig. 5.24 Experimental current waveform through one phase of the load
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Fig. 5.25 Experimental phase current waveform at the boundary of the voltage boost and no
voltage boost intervals

The experimental and simulated capacitor voltages in Fig. 5.11 and Fig. 5.18
clearly show that when there is no need for voltage boost in the dc-link, the voltage
across the capacitors is equal with the supply voltage V4. The two leveled DC-link
voltage during voltage boost is evidenced by Fig. 5.12, 5.13 and Fig 5.19, 5.20.
Fig. 5.14 and Fig. 5.21 show that the maximum voltage stress across the boost
transistor T, during voltage boost is equal with the voltage across the capacitors V.
even though the maximum voltage across the inverter IGBT bridge when T, is on is
equal with twice the voltage across the capacitors Fig. 5.13 and Fig. 5.20.

The experimental current of the boost inductor L in Fig. 14 is similar to the
simulated one in Fig 5.22.

Furthermore it can be seen in Fig. 5.15 - Fig. 5.17 and Fig. 5.23-Fig. 5.24
that the line to line experimental voltages and the RL load experimental currents are
close to those in simulation.

For the simulation of the control algorithm for a Sepic-derived buck-boost
VSI the equations for t; and t, (5.8) and (5.9) has to be changed with (5.15) and
(5.16) and transistor T, switches places with the inductor L.

The control algorithm illustrated in Fig.5.6 was implemented on a
dsPIC30F3011 16-bit digital signal processor and the oscilloscope used for the
acquisitions was DSO3062A 60MHz, 1Gs/s from Agilent Technologies. The control
program was written in C.

5.6 Summary

Swtiching capacitor high gain dc-ac converters were presented. A new
control algorithm for the high gain VSIs has been derived which works even for
moderate voltage boost. The control algorithm was simulated and tested on a
laboratory setup. Finally the simulated and experimental waveform were presented
and discussed.
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CHAPTER 6 EXPERIMENTAL SETUP

Power supplies for logic
i - == and driver circuit
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Fig 1. Laboratory setup for Z-source inverter experiments

Fig. 2 Z-source inductors
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Load resistors Load inductors

Fig. 3 The used RL load

The match keeping the
communication stable®

Fig. 4 MPlab ICD2 programmer and debugger
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Main circuit Diodes D1&D2 Driver board with 6 x
HCPL316]

Boost transistor and w Control board with
driver board with dsPIC30F3011
HCPL3120

Fig. 6 Boost inductor

In Fig. 1 we can see the laboratory setup used to carry out the experiments
for the Z-source topologies. In Fig. 2 we have the used Z-source inductors which
have 6.4mH each. In Fig. 3 the used RL load is illustrated. The programmer used to
program the dsPIC30F3011 with the C code control algorithm was a low cost
programmer and debugger from Microchip called ICD2 Fig. 4. In Fig. 5 and Fig. 6 we
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have the laboratory setup used for the switched-capacitor hybrid DC-AC PWM
converters with high gain. The load was the same as for the Z-source topologies Fig.
3.

Block for DLLs generated from C
code in Visual C++

Fig. 7 PSIM software for circuit simulation

The dedicated software for electrical circuit simulation PSIM6.0 was used to simulate
the proposed topologies. Each control algorithm was written in C code in Visual
C++. From this C code DLL control files for PSIM were generated. Next the control C
code with small modifications was compiled in MPlab 7.0 (see Fig. 8) and dsp code
was generated. The dsPIC30F3011 was programmed with ICD2.
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CHAPTER 7 ORIGINAL CONTRIBUTIONS AND
CONCLUSIONS

The dc output voltage of the enviroment friendly electrical energy generation
systems fluctuates in a wide range and usually its voltage level is less than the input
voltage desired at the input of a DC-AC converter. The voltage can be boosted with
a DC-DC converter to the desired voltage level for the DC-AC stage or with a DC-AC
converter including a Z-source network. The combination of the Z-source network
and a traditional single or three-phase inverter enhances the properties of the DC-
AC stage thus providing the ability to boost the input voltage and to override the
voltage sags. One way to further improve the properties of the DC-AC stage is to
reduce the number of switches in the single/three-phase inverter bridge from
four/six to two/four. Based on the above listed reasoning the original contributions
and conclusions of the author would be the following:

» Comprehensive study of the single and three-phase Z-source inverters with
four respectively six switches has been carried out. The relevant formulae
describing the operation of a Z-source inverter were pointed out;

» Three new Z-source inverter topologies (one single-phase and two three-
phase Z-source inverter topologies) were proposed

» The operation and the different operating states of the proposed topologies
were analyzed in detail and finally equations describing the operation of the
proposed Z-source topologies were derived

» Based on the analytically derived equations the new Z-source topologies
were validated through digital simulations

» Two of the three proposed Z-source inverters were validated through
experiments

Another drawback of the alternative electrical energy sources is the low output
voltage level which has to be greatly boosted to obtain acceptable voltage level at
the DC-AC conversion stage input in order to be able to deliver energy to the grid.
The Cuk and Sepic derived switched-capacitor DC-AC PWM converters have a high
voltage gain therefore these topologies can be used to obtain in the same time high
voltage boost and ac output voltage. Related to these topologies with high voltage
gain the following original contributions can be found in the thesis:

> A new efficient control algorithm for the high voltage gain switched-

capacitor DC-AC PWM converters was proposed in order to lower the
inverter bridge voltage stresses through optimal voltage gain generation and
full use of the volt-second product available at the input of the three-phase
inverter transistor bridge

» The proposed control algorithm was validated by simulations and

experiments
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Finally, the original contributions related to the used laboratory setups:

» Two laboratory setups were designed and build by the author from scratch
in order to validate the proposed Z-source inverter topologies and the
control algorithm for the switched-capacitor DC-AC PWM converters
experimentally

» The control algorithms used in experiments were implemented on a low cost
digital signal processor dsPIC30F3011. The control programs were written in
C language
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