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ABSTRACT

BUCK/BOOST CURRENT-SOURCE-INVERTER TOPOLOGIES, MODULATION
AND APPLICATIONS IN HEV/EV MOTOR DRIVE

By
Qin Lei

To provide higher boost ratio in motor drive or PV application, a new family of
switched-coupled-inductor inverters has been proposed in this work, with voltage buck-boost
function. The voltage-fed switched-coupled-inductor inverter has higher boost ratio and
lower active device voltage stress than Z-source inverter at the same voltage gain, and has
wider voltage buck/boost range than conventional boost-converter inverter. The current-fed
switched-coupled-inductor inverter is a capacitor-less solution among the buck-boost
inverters, which reduces the system size significantly. Compared to traditional
boost-converter-inverter, it has less switch count, and less active device current stress.

To achieve higher efficiency with a single-stage buck-boost inverter for HEV/EV motor drive
application, a current-fed quasi-Z-source inverter topology has been selected and a 24kW
prototype has been built in the lab. A zero vector placement technique in SVPWM has been
proposed for this inverter to obtain lowest switching loss, lowest current ripple, lowest output
harmonics and lowest voltage spike on the device in both constant torque and constant power
operation regions, in order to achieve higher efficiency, higher power density and lower cost.
A 24kW current-fed quasi-Z-source inverter has been built in the lab and tested. The full
power rating efficiency reaches 97.6%, and peak efficiency reaches 98.2%, both of which
have a 3%-4% improvement on traditional two stage configuration. The power density is

15.3KWI/L, which also has 30% improvement on the commercial unit in HEV.



To achieve higher switching loss reduction, a Space-Vector-Pulse-Width-Amplitude
Modulation (SVPWAM) method has been proposed for buck-boost current source inverter.
By using this method, the switching loss is reduced by 60%, and the power density is
increased by a factor of 2 to 3, with a less output harmonic distortion than normal SVPWM
method. A 1 kW boost-converter-inverter prototype has been built and tested using this
method. The overall system efficiency at full power rating reaches 96.7% and the whole
system power density reaches 2.3 kW/L and 0.5 kW/Ib, all of which are remarkable at this
power rating. As a result, the proposed SVPWAM can make the buck-boost inverter suitable
for applications that require high efficiency, high power density, high temperature, and low
cost, such as EV motor drive or engine starter/alternator.

To implement buck-boost function on direct matrix converter, four control methods including
simple maximum boost, maximum boost, maximum constant boost control and hybrid
minimum stress control have been proposed for the newly proposed direct Z-source matrix
converter, and verified with simulation/experiments.

Two new discontinuous operation modes have been proposed for current-fed quasi-Z-source
inverter topology. Simulation and experiment results are given to verify the theoretical
analysis. A transient state-space model has been built for current-fed quasi-Z-source inverter
to demonstrate its fast transient response in motoring and regenerating transition. The
analytical, simulated and experimental results all show that the inverter only needs several
switching cycle to complete the transition, which makes it suitable for HEV/EV motor drive

application.
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CHAPTER 1 INTRODUCTION

The Z-source inverters (ZSls) have been proposed in [1] to overcome the limitations and
problems of the traditional voltage-source inverter (VSI) and current-source inverter (CSl),
which provide an attractive single-stage dc-ac conversion that is able to buck-boost voltage,
increase efficiency and reduce cost. However, the ZSIs still have some drawbacks. The main
drawback of the voltage-fed ZSI is that the input current is discontinuous in the boost mode
and the capacitors must sustain at a high voltage, while the main drawback of the current-fed
ZSl is that the inductors must sustain high currents. The quasi-Z-source inverters (qZSIs)
have been proposed in [2] to further improve on the traditional ZSls. Besides the advantages
inherited from the ZSls, the gZSIs also have their own merits, including reduced passive
component ratings, continuous input current, a common dc rail between the source and
inverter, and so on.

Since the publication of ZSls, the voltage-fed ZSI received more attention than the
current-fed ZSI. The performance, control methods and applications of voltage-fed ZSI are
well-investigated in [3]-[11]. Nevertheless, it has a significant drawback that cannot maintain
bidirectional power flow. The bidirectional power flow can only be achieved by replacing the
diode with a bidirectional conducting, unidirectional blocking switch [12]-[13]; however, in
this case, the advantages of single-stage topology are missing. The current-fed ZSI/qZSl,
unlike the voltage-fed ZSI/gZSl, is bidirectional with a diode. The regeneration capability
with a single-stage configuration makes the current-fed ZSI1/gZSI a competitive power
converter topology. Moreover, with the newly developed reverse blocking IGBT (RB-IGBT),

the CSI is becoming more efficiency and thereby more attractive [14], [15].



1.1. Problems of conventional current source inverter topology
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Figure 1.1. Conventional IGBTs and series diodes based CSI

The conventional current-source inverter as shown in Figure 1.1 has two major problems:
unidirectional power flow and voltage boost operation, which make it impossible to be used
in many applications, such as hybrid electric vehicles and general purpose variable-speed
motor drives.

The CSls are less investigated and applied, compared to the VSls, partly because the
switches of the CSI have to be reverse blocking. If IGBTs are used for the current-source
inverter, the reverse blocking capability can only be achieved with diodes connected in series
to the IGBTSs as shown in Figure 1.1. This yields to relatively high semiconductor conduction
loss. The newly developed RB-IGBT has the symmetrical voltage blocking characteristic.
That is, it can block both forward and reverse voltage in its off state [14], [15]. The
improvement of the semiconductor switches has made CSIs more attractive in several
applications, as in uninterrupted power supplies (UPSs), ac drives and reactive power
compensators due to its intrinsic output short-circuit protection, ruggedness and direct current
control ability [16-17].

The conventional CSI has nine possible switch states, of which three are zero states

(vectors) and six are active states. Three zero states can be assumed by turning ON an upper



switch (S;, Sz or Ss) and a lower switch (S4, S or S;) from the same phase-leg. Six active
states can be assumed by turning ON the switches from different phase-legs. A relationship
between the rms value of output phase voltage (Vo), power factor (cos¢ ), input dc voltage

(Vin ) and the modulation index (m ) can be determined:

Vo = 2\/§Vin (1.1)

° " 3/3mcos ¢

Equation (1.1) indicates the CSI can only boost voltage. For a given power factor load,
decreasing m leads to higher output voltage, as in the boost converter the increment of the

duty cycle leads to higher output voltage. Whenm is the maximum value (i.e.m = 2/\@),

V2Vin
3cos

we can get minimum output ac voltage,Vo min = . Let’s define two operation modes:

motoring operation (power flows from dc side to ac side) and energy regeneration operation
(power flows from ac side to dc side). Ifcos¢ <0, the CSI can draw energy from ac side to dc
side. However, the polarity of the input voltage in motoring and in energy regeneration
operation is opposite from each other. Since the input voltage source, such as battery, cannot
change the polarity in practice, the CSI is effectively unidirectional. In conclusion, the
conventional CSI has two major problems: unidirectional power flow and voltage boost
operation, which makes it impossible to be used in many applications such as hybrid electric

vehicles (HEVs) and general purpose variable speed motor drives.

1.2. Problems of conventional current source inverter modulation
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Figure 1.2. Space vectors of the CSI (For interpretation of the references to color in this and
all other figures, the reader is referred to the electronic version of this dissertation)
There are many kinds of modulation methods for current source inverter and voltage
source inverter proposed previously. There are two basic types of modulation methods:
carrier based regular sampled method (including continuous PWM[18-23] and discontinuous
PWM[24-28]); space vector PWM control [27, 29-31]. Paper[22] utilized master and slave
references to be compared with carrier directly to generate a switching pattern instead of
using mapping method [20], but it didn’t reduce switching frequency or increase current
utilization compared to SVPWM control. Paper[26] proposed two generalized discontinuous
carrier-based pulse width modulation (GDPWM) methodologies for CSI to reduce the
switching frequency further by 1/3. However, the discontinuous PWM introduces higher
harmonics in the output and also higher temperature variation of the device package.
paper[28] presented a vector PWM method to minimize the switching loss, by placing zero
vector at proper sector and by injecting triplet harmonics. Similarly for current source

inverter, the zero vectors can be intentionally arranged to bring down the switching loss.



Paper[24] presented a dead-band PWM pattern which makes a 33% switching frequency
reduction for a equivalent harmonic spectrum, compared to SPWM, but it has the same
problem as DPWM. Paper[34] concluded that the third harmonic injection method is better
for low modulation but modified SPWM is better for high modulation in terms of harmonic
and ripple current.

Various types of Z-source inverter modulation have also been proposed in the old
literatures. Papers [1, 4, 32-33] proposed the carrier-based PWM control method. Paper [4]
presented a method utilizing the maximum shoot through duty ratio in order to achieve
minimum voltage stress on active devices; however, the varied shoot through duty cycle may
introduce six times base frequency harmonics in output. In order to overcome this problem,
paper [32] proposed a maximum constant boost control which injects a zero sequence voltage
in the reference to make the shoot through duty cycle constant. Papers [1, 33] presented a
method which inserts the open zero state into the edge of PWM, in order to reduce the
number of switching, however, it may cause larger power loss due to multiple times of diode
reverse recovery.

The evaluation process for different modulation methods has been researched by many
papers [27, 35-38]. Basically the evaluation criteria includes switching losses[84, 27, 28,
38-40], current/voltage ripple[34], harmonics[29, 36, 41, 42] and implementation complexity.

PWM sequence is defined as a function of modulation index and power factor. From the
state average point of view, each switching vector can be displaced anywhere within the
switching cycle because the displacement has no effect on the amp-second average of the

resulting current pulses corresponding to the reference vector[39]. The sequence of switching



vectors should minimize the inverter switching loss, inductor current ripple and output
voltage/current harmonics[31].

Paper[39] presented several kinds of switching sequences such as FSM, HSM, MHSM,
MFSM, CSVM, and also concluded that CSVM is better than others if M<0.64.

This dissertation selects the SVPWM control to achieve higher input current utilization,
lower switching loss and lower total harmonic distortions. For both voltage-fed and
current-fed Z-source inverter, there are four switching states at any switching cycle, including
two active states, one short zero state (shoot through state in voltage-fed Z-source inverter),
and one open zero state. So there is more flexibility to arrange them to get the same
volt-second equation, but different performance. In the modified SVPWM control method for
this circuit, different PWM sequences can lead to different switching loss, current ripple, total
harmonic distortion, and also the voltage spike on the switching devices. For each optimizing
target, several rules which results in better performance have been summarized. A group of
sequences have been sieved according to these rules. A complete analysis has been given to
select the optimized sequence.

In order to further reduce the switching loss in the inverter, a space vector
pulse-width-amplitude modulation (SVPWAM) has been proposed. If it is used in voltage
source inverter, a front stage dc-dc converter is needed to generate a variable dc link voltage,
and then fed to inverter. In HEV/EV motor drive application, the two stage
boost-converter-inverter is a classical topology, since the battery voltage is designed to be
lower or equal to half of the motor drive input voltage. Also because of this boost converter,

the dc link voltage of inverter is possible to be controlled. A 1kW boost-converter-inverter



system is built here to demonstrate the power loss reduction of SVPWAM. Both simulation
and experimental results are given. Secondly, for SVPWAM application in current source
inverter, the topology “current-fed quasi-Z-source inverter” is selected to be a representative
of a voltage buck/boost current source inverter. The dc link voltage can be controlled to be
desired variable voltage by regulating the extra control freedom “open zero state duty cycle”.
Simulation results are given to demonstrate the power loss reduction in this CSI case.
1.3. Topology synthesis literature

The increasing diversity of possible applications and the continuous demand for smaller,
lighter and more efficient power converters have spurred the interest in fundamental
topological properties of PWM converter and the construction of new converter topologies.
Converter synthesis method is procedure to generate a converter to implement the desired
functions, which is also useful for getting a better understanding of conversion principles. A
number of previous works related to the problem of synthesis have been reported, most of
them are related to DC-DC conversion. Several circuit manipulations have been sued for
converter synthesis: cascade connections of existing converters [45]; duality transformations
[46, 47], inversion of source and the load [129], differential or parallel connections of two
converters [129], recognition of topological properties and constrains [122-125], canonical
switching cell [126-127]. An analytical approach for generating switched-mode converters is
proposed in [130], the main idea of which is to find an algebraic representation for the
converter topology so that synthesis of complete classes of converters can be reduced to
synthesis of all possible algebraic representations. To extract the useful topologies in this

method, some general properties and conditions for dc-dc conversion are established



[131-132]. In [133] and [134], there is a reexamination about the fundamental topological
assumptions on PWM converters.

This dissertation also tries to investigate the synthesis techniques for inverter topology
and develop new topologies based on that. Some dc-dc conversion topology derivation
technique have been reviewed and summarized first. One inverter derivation technique is
summarized from the Z-source inverter topology. It has been applied on various types of
basic dc-dc converter topologies and new converters with desired properties has been found.

A new family of switched-coupled-inductor inverters has been proposed in this
dissertation, with voltage buck-boost function. In voltage-fed switched-coupled-inductor
inverter, a boost function can be implemented by introducing an extra shoot-through state on
the inverter bridge. It utilizes the same principle as the Z-source inverter, but has higher boost
ratio and lower active device voltage stress at the same voltage gain. It also has wider voltage
buck/boost range than conventional boost-converter inverter. In  current-fed
switched-coupled-inductor inverter, a buck function can be implemented by introducing an
extra open zero state on the inverter bridge. The current-fed topologies are capacitor-less
solution among the buck-boost inverters, which reduces the system size significantly. In
addition, compared to traditional boost-converter-inverter, it has less switch count, and less
active device current stress. Compared to current-fed Z-source inverter, it has higher boost
ratio and lower active device current stress. The inverter can sustain minimum voltage and
current stress at a certain operation point, through adjusting the trans-ratio and the shoot
through/open circuit duty cycle. The simulation results are given to verify the theory analysis

and demonstrate the great merits of the switched-coupled-inductor inverter. It is beneficial to



be applied in dc-ac applications that demand a high voltage gain from a very low voltage dc
source, such as the micro-inverter in photovoltaic, or G/M in HEV
1.4. Problems of traditional direct matrix converter

The matrix converter (MC) is a direct ac/ac converter with sinusoidal input/output
waveforms and controllable input power factor [49-51]. It has less passive component
compared to the existing back-to-back converter. Its control methods, circuit operation and
possible applications have been investigated in paper [52-70]. It has a good
perspective especially when the reverse-blocking IGBT is available now.

In a traditional matrix converter, the three switches on the same output phase leg can not
be gated on at the same time because doing so would cause a short circuit(shoot through) to
occur, which would destroy the converter. In addition, the maximum voltage gain can not
exceed 0.866. These limitations can be overcome by Z-source matrix converter [1], which
adds an ac impedance network (Z-network) in the input. The Z-source matrix converter
advantageously utilizes the shoot through states to boost the ac voltage by gaiting on three
switches on the same output phase leg, to boost the voltage to be greater than the input
voltage. In addition, the reliability of the converter is greatly improved because the shoot
through states can no longer destroy the circuit. The commutation steps can be simplified.
Therefore, it provides a low-cost, reliable, and efficient structure for buck and boost ac/ac
conversion.

1.5. Scope of the thesis
This dissertation focuses on the following subjects:

Chapter 2 explores the topology synthesis process for voltage/current-fed Z/quasi-Z/trans-Z



source inverter, direct Z-source matrix converter family, and proposes a new family of
topology “switched-coupled-inductor inverter”, to provide a high boost ratio and compact

solution for HEV/EV motor drive.

Chapter 3 presents a comprehensive circuit analysis of five topologies: current-fed
quasi-Z-source inverter, current-fed Z-source rectifier, switched-coupled-inductor inverter
and Direct Z-source matrix converter. It includes the equivalent circuit states, voltage and
current gain, operation regions, calculation of ac output voltage and current, passive

component stress and active switch device power rating.

Chapter 4 presents two modulation methods for current source inverter both in SVPWM
point of view: DPWM and CSVPWM, and proposes the third method PWAM, all of which is
based on different selection and placement of zero vectors. The different switching sequences

are proposed and compared in terms of spectrum, THD and switching loss.

Chapter 5 proposes the zero vector placement technique in SVPWM control of Z-source
inverter, in order to achieve lower harmonics, lower switching loss, lower voltage spike and
lower current ripple and also demonstrates it through a 24 kW current-fed quasi-Z-source

inverter prototype experiments.

Chapter 6 analyzes the switching loss reduction function and harmonic performance of

SVPWAM method which has been proposed in chapter 4 for both VVSI and CSI, through the
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case studies. A 1kW boost-converter-inverter prototype has been built to experimentally

demonstrate the stated advantages of the method.

Chapter 7 proposes three shoot through control methods and the hybrid minimum stress
control method for direct Z-source matrix converter family and demonstrates them through

experiments.

Chapter 8 presents the two new found discontinuous operation modes for current-fed
quasi-Z-source inverter when the power factor is low or capacitance is small, and analyzes
the capacitor voltage waveform and the critical conditions for this circuit at different

modulation methods.

Chapter 9 proposes the large signal and small-signal circuit model for current-fed
quasi-Z-source inverter, current-fed Z-source rectifier and switched-coupled-inductor inverter.
The transient performance of the first topology has been investigated and demonstrated

through experiments.

Chapter 10 discusses the major contributions of this dissertation and the future work

recommendations.
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CHAPTER 2 CURRENT SOURCE INVERTER TOPOLOGIES

2.1. Introduction

The increasing diversity of possible applications and the continuous demand for smaller,
ligher and more efficient power converters have spurred the interest in fundamental
topological properties of PWM converter and the construction of new converter topologies.
Converter synthesis method is procedure to generate a converter to implement the desired
functions, which is also useful for getting a better understanding of conversion principles. A
number of previous works related to the problem of synthesis have been reported, most of
them are related to DC-DC conversion. Several circuit manipulations have been sued for
converter synthesis: cascade connections of existing converters [45]; duality transformations
[46-47], inversion of source and the load [129], differential or parallel connections of two
converters [129], recognition of topological properties and constrains [122-125], canonical
switching cell [126-127]. An analytical approach for generating switched-mode converters is
proposed in [130], the main idea of which is to find an algebraic representation for the
converter topology so that synthesis of complete classes of converters can be reduced to
synthesis of all possible algebraic representations. To extract the useful topologies in this
method, some general properties and conditions for dc-dc conversion are established
[131-132]. In [133] and [134], there is a reexamination about the fundamental topological
assumptions on PWM converters.

The purpose of this chapter is to investigate the synthesis techniques for inverter
topology and develop new topologies based on that. Some dc-dc conversion topology

derivation technique have been reviewed and summarized first. One inverter derivation
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technique is summarized from the Z-source inverter topology. It has been applied on various
types of basic dc-dc converter topologies and new converters with desired properties has been
found. Most importantly, a new family of switched-coupled-inductor-inverter topology has
been proposed to implement high boost ratio single stage buck-boost function. It has less
switching count, smaller passive size and less device stress than the other topologies with the
same function.

2.2. Topology synthesis techniques

2.2.1. Graph theory

Buck Boost Buck-Boost up cuk down
(1) 2 3) 4) (5) (6)
zeta New 1 SEPIC Quasi-Z-Source  New 2 Z-source
(7 (8) 9) (10) (11) (12)

Figure 2.1 Twelve basic dc-dc converter topology from graph theory
In 1970s, based on the switching mode converter concept proposed by professor
Middlebrook, various kinds of methods are proposed for topology derivation. The Caltech
group proposed the mathematic method to derive topology based on connection matrix and
the basic rules for the circuit existence [131]. They even developed the computer program to

exhausting all the possible two state or three states converter topologies. A Poland professor
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proposed how to derive the basic dc-dc converter from graph theory [122]. Figure 2.1 is a
review for the twelve basic topology derived from the graph theory. They are classified into
three categories. In the first group, the two trees are voltage source-capacitor branch and a dot;
three circuits are formed by connecting the dot to two different nodes in the first tree, in
which the connections means the switch. In second group, another branch is a two node
capacitor; three circuits are formed by connecting the two nodes to a single node in the first
tree. In third group, the branches are the same as the second group; but the two nodes are
connecting to two different nodes in the first tree, to form six circuits. It is found that the
Z-source and quasi-Z-source dc-dc converter appear in the last group.

2.2.2. Duality
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Figure 2.2.Current source dc/dc converter from duality of voltage source converter

In electrical circuits, electrical terms are assoc

relationship is formed by interchanging voltage and

the list of electrical dualities: voltage and current; parallel and serial; resistance and
conductance; impedance and admittance; capacitance and inductance; reactance and

susceptance; short circuit and open circuit; Kirchhoff’s current law and Kirchhoff’s voltage

law; Thevenin’s theorem and Norton’s theorem.

Figure 2.2 listed some classical duality exam

circuits. As well known, Cuk converter is the dual of buck-boost converter. The voltage
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source parallel resonant converter and current source one are dual. It is found that the recently
proposed Z-source converter family also has dual circuit.

The voltage-fed Z-source converter is dual of current-fed quasi-Z-source converter; the
voltage-fed quasi-Z-source converter is dual of current-fed Z-source converter. This also
means the derivation of previously proposed quasi-Z-source topology can start from applying
duality on Z-source topology. As shown in Figure 2.1 the dotted line, the duality principle is
like this: mesh is transformed into node; inductor changes to capacitor; capacitor changes to
inductor; resistance becomes admittance; voltage source becomes current source, and the
direction obeys right hand discipline. For the switch, it is special. Actually for duality circuit
derivation, each switching state equivalent circuit needs to be transformed. For example, the
two state dc-dc converter in Figure 2.1 left hand side. The duality needs to be applied to each
state. Thus the switch is either on or off in each state. To transform to dual circuit, the switch
on state needs to be changed to off; and off state needs to be changed to on. Thus the dual
circuit for each state could be obtained. Finally, they are combined into one switching circuit.

2.2.3. Bilateral inversion transformation
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Figure 2.3. DC/DC converter derivation from inverse transformation
By inversing the input and output, a new group of dc/dc converter topologies can be
derived from the existing 12 structures in Figure 2.1, as shown in Figure 2.3. The resulting
voltage gain is equal to the inverse of the gain of the original circuit on the left. The original

circuit which conducted quasi-Z-source and Z-source dc/dc converter is also featured as a

1-2D

buck-boost converter, with the voltage gain equal to

T ST HEER Eid
RIRES .

(a) Boost + Boost (b) Boost + Forward (c) Boost + Flyback

2.2.4. Cascade
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Figure 2.4. Topologies generated by cascading basic circuit

If the number of switches is allowed to exceed two, more combinations of circuits can
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bring the advanced features. Like the ones shown in Figure 2.4, the cascade connection of the
circuits increase the circuit boost ratio, and also add some new features such as isolation to

the circuit. A good design makes them all only utilize one active switch.

2.2.5. Parallel
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(c) Interleaved boost converter (d) Two level boost converter

Figure 2.4. Topologies generated by paralleling basic circuit
Another technigue is paralleling circuit, in order to reduce the current stress, or form a
interleaved circuit, or reduce the current ripple. Figure 2.4 lists some examples of the parallel
connection. The multilevel voltage or current source converter/inverter is utilizing this
parallel technique, as well as the interleaved converter.

2.2.6. With transformers
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Figure 2.5 Topologies derived from adding isolation transformer between input and output
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Figure 2.5 (cont’d)
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(b) Coupled-inductor isolated basic dc-dc converter
In some applications, the isolation between input and output is required, such as PV
inverter. The isolated transformer can be used here to implement this goal. The place to add
this transformer is the node that has zero voltage. Thus the transformer will not change the
basic operation states of the circuit. There are two methods to apply the isolation: one is by
transformer like Figure 2.5 (a) shows; the transformer is inserted between two capacitors,
which are the split single capacitor in the original circuit; another is by coupled inductor like

Figure 2.5 (b) shows; a single inductor is changed to coupled inductor with opposite coupling;
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the energy will transform from one inductor to another one completely depending on the
switching state. The new finding here is that: the so called “Walking-Johnson” circuit is
derived from boost converter; the so called “Inverse Walking-Johnson” circuit is derived
from buck converter; the flyback circuit is derived from buck-boost converter. The feature of
this inductor that can be transformed is one of its terminals is connected to two
complementary switch.

2.2.7. Extension of canonical switching cell

S G ¢ S G i
S0y
5 ; T

=

M

Gv=D v=-D/(1-D) Gv=1/(1-D)  Gv=(1-2D)/(1-D) or
(2D-1)/D
Gv—-D/(l-D) Gv=1/(1-D) Gv—l/(l D) Gv=D/(1-D)

Figure 2.6. Topologies derived from adding isolation transformer between input and output
Another important technique to extend the converter topology is “switching cell”. If the
number and kinds of passive components, and the number of switches are fixed, several
different structures of switching cells can be constructed. Except for those that does not obey
the basic circuit rule, each switching cell can be used for constructing several topologies,
depending on the way to connect the source and load to it. Figure 2.6 lists some examples of

the topologies deriving from the switching cells. They are referred to paper []. All those

21



mentioned topologies derived from duality, inversion and graph theory can all be derived by
playing the switching cell.

2.3. Derivation of buck-boost Z-source inverters

_/4_ :J

1 UL o

Voltage-fed quasi-Z-source Inverter 1

Voltage-fed quasi-Z-source Inverter 2
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Voltage-fed Z-source Inverter
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Inverse Walking-Johnson Voltage-fed tans-Z-source inverter

Figure 2.7. Voltage-fed Z-source inverter topologies derived from basic dc-dc converter (D is
the shoot through duty cycle, Gv is the voltage gain between output equivalent voltage and
input)

The voltage-fed Z-source inverter can all be derived from the converter, as Figure 2.7

shows. The left hand side of this figure shows the circuit (10),(12), inverse-walking-Johnson
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and (8) from the basic circuits in Figure 2.1. From dc-dc converter to inverter transformation,
one special technique is used here: replacing one switch by inverter bridge. Thus the on state
of this switch is corresponding the shoot through of the inverter bridge, the off stat of this
switch is corresponding to the active and open zero state of the switch. For each dc-dc circuit,
there are two ways of doing this replacement since they have two active switches. But some
of new inverters do not have the voltage buck-boost function. As shown in Figure 2.7, the
voltage-fed quasi-Z-source inverter is derived by replacing the lower switch of the left circuit
by the voltage source inverter bridge. Similarly, another voltage-fed quasi-Z-source inverter
topology and the voltage-fed Z-source inverter topology are obtained by replacing different
switches in the left dc-dc converter respectively. These three Z-source topologies, their
voltage gains are all (1-D)/(1—2D), which is a buck-boost function with the variation of D.
The fourth inverter is the recently proposed voltage-fed tans-Z-source inverter[], which has
extended voltage gain range than traditional Z-source inverter because of the trans-ratio. It
can be derived by replacing one of the active switches in the inverse-Walking-Johnson circuit
by an voltage source inverter bridge. This circuit works similarly to Z-source inverter, but
with higher boost ratio. The energy transfers from one winding to another winding in the
coupled inductor at different switching states. The fifth inverter is a new found circuit here,
which is also a buck-boost inverter with gain (1-D)/ D, from the transformation of the left
side dc-dc circuit, which is also one of the basic 12 circuits. In summary, from this derivation
principle, it can be seen that the inverter bridge has an extra shoot through state, in which all
the switches are turned on. The more this shoot through state is applied, the more the voltage

can be boosted.
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The feature of this group is that all the circuits are the single-stage buck-boost inverter
with only one diode in front. The advantages are: (1)voltage buck-boost function (2)
shoot-through can be tolerated (3) less active switch (4) coupled-inductor can be utilized to
reduce the size. The disadvantages include: (1) high current stress on the bridge switch (2)

increased number of passive components.
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Figure 2.8. Current-fed Z-source inverter topologies derived from basic dc-dc converter
(CF=current-fed; ZSI=Z-source inverter QZSl=quasi-Z-source inverter)

Table 2-1.\oltage gain of current-fed Z-source inverter topologies in Figure 2.8

Circuit CF-ZsSlI CF-QZzsSI CF-QZSI2 CF-trans-ZSI
Voltage gain | 1—2Dgp 1-2Dgp 1-2Dqp 1-(@+n)Dgp
Da Da D D

The current-fed Z-source/quasi-Z-source/trans-Z-source inverter also can all derived
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from the basic dc-dc converters, as shown in Figure 2.8. For current source inverter bridge,
the corresponding unit in dc-dc converter is a series combination of one active switch and one
capacitor, because the switch is equivalent to inverter bridge, and the capacitor is equivalent
to output capacitor. The first dc-dc circuit generates current-fed Z-source inverter; the second
dc-dc generates two current-fed quasi-Z-source inverters; the last group the current-fed
walking-johnson dc-dc converter is first derived from the voltage-fed one, and then by using
the same technique, the current-fed trans-Z-source inverter is derived. Therefore, the off state
of the corresponding switch in dc-dc converter is transferred into the extra open zero state of
current source inverter, which is not allowed in the traditional current-source inverter. This
extra state brings the buck function to CSlI, just as the voltage gain shown in the Table 2-1.
D represents active duty cycle, which is proportional to modulation index. And
Dop represents extra open zero state duty cycle.

The feature of this group is that all the circuits are the single-stage buck-boost current
source inverter with only one diode in front. The advantages are: (1)voltage buck-boost
function (2) regeneration with only a diode (3) open-circuit can be tolerated (4) less active
switch (5) both output voltage and current are sinusoidal (6) coupled-inductor can be utilized
to reduce the size. The disadvantage is high voltage stress on the bridge switch.

2.4. Newly derived inverter topologies with buck-boost function

From other basic or extended dc-dc converters, by applying the same technique, some
new topologies are derived here, as shown in Figure 2.9. Inverter (a) and (b) are similar, both
of which have the mixed voltage/current source. The disadvantage of these two inverters is

high voltage and current stress on the front active switch. Inverter (c) and (d) is buck-boost
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Figure 2.9. New inverter topologies with buck-boost functions derived from basic dc-dc
converter (D is the shoot through duty cycle, Gv is the voltage gain between output
equivalent voltage and input)
inverter with trans-ratio n. The coupled inductor implements two functions: isolation and
voltage regulation. From the voltage gain equation, it can be found that it has one more
control freedom, the trans-ratio n. Thus wider voltage buck/boost range can be achieved. Also
for a certain voltage gain equation, the duty cycle D and trans-ratio n can be tuned at the

same time to minimize the voltage and current stress on either active device or passive.



2.5. Proposed switched-coupled-inductor inverter family with buck/boost function
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Figure 2.10. Voltage-fed switched-coupled-inductor inverter topologies

A new family of switched-coupled-inductor inverters has been proposed here, with
voltage buck-boost function. In voltage-fed switched-coupled-inductor inverter, a boost
function can be implemented by introducing an extra shoot-through state on the inverter
bridge. It utilizes the same principle as the Z-source inverter, but has higher boost ratio and
lower active device voltage stress at the same voltage gain. It also has wider voltage
buck/boost range than conventional boost-converter inverter. In  current-fed
switched-coupled-inductor inverter, a buck function can be implemented by introducing an
extra open zero state on the inverter bridge. The current-fed topologies are capacitor-less

solution among the buck-boost inverters, which reduces the system size significantly. In
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Figure 2.11. Current-fed switched-coupled-inductor inverter topologies
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Figure 2.11 (cont’d)
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addition, compared to traditional boost-converter-inverter, it has less switch count, and less
active device current stress. Compared to current-fed Z-source inverter, it has higher boost
ratio and lower active device current stress. The inverter can sustain minimum voltage and
current stress at a certain operation point, through adjusting the trans-ratio and the shoot
through/open circuit duty cycle. The simulation results are given to verify the theory analysis
and demonstrate the great merits of the switched-coupled-inductor inverter. It is beneficial to
be applied in dc-ac applications that demand a high voltage gain from a very low voltage dc
source, such as the micro-inverter in photovoltaic, or G/M in HEV

The simplest method of extending the duty cycle range of classical dc—dc converters
consists of connecting the tapped point of the single inductor to other components such as
main switching device, freewheeling diode, input or output rails giving rise to the
well-known tapped-inductor converter circuits [1]. One of the buck converter derived version
is named as Watkins-Johnson converter [2, 3].

By using tapped-inductor converters, the weight, size, complexity, and cost associated
are reduced when compared with other duty cycle extension methods (such as cascading

several basic dc—dc converters and the use of multi-winding transformers). Using tapped
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inductor, it forms an additional control parameter, the trans-ratio of the tapped inductor. So
the high step down or step up function can be implemented [4,5] Since the tapped inductor is
similar to the auto transformer, the energy is stored in the inductor when the transistor is
turned on and released to the output when it is turned off. Different connection ways of the
tapping point to the outside components generate different topologies, thus brings different
voltage and current stress on active device and passive components [6]. The best topology
can be chosen at a given voltage gain requirement.

The tapped inductor can also assist soft-switching of the active switch in dc-dc converter
[7, 8]. It can also be utilized as the output filter [9, 10] to form a soft-switching loop for full
bridge converter [9, 10].

A novel switched-coupled-inductor inverter is proposed here, inspired by the principle
of the tapped inductor converter. It utilizes an extra shoot through state in VVSI and open zero
state in CSI to implement voltage buck-boost function. It has been demonstrated through
theory and simulations that the proposed switched-coupled-inductor inverter has much wider
range for voltage buck/boost, and lower voltage/current stress than other extended buck-boost
inverter, including boost converter inverter and Z-source inverter. Both of the voltage-fed and
current-fed topologies have fewer active switch than other extended topologies. Current-fed
topologies are a capacitor-less solution, which greatly reduces the system size.

In a word, the proposed family of topologies provides a high boost, low cost and compact
solution for a buck-boost inverter. It is suitable to use in photovoltaic micro-inverter and
electrical vehicle motor drive.

The concept of tapped-inductor structure is to utilize the trans-ratio variation to extend
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the duty cycle range of the conventional dc-dc converter. It permits a different mix of voltage
and current ratings for the various elements of the circuit, and particular for the switch and
diode. This idea can be transformed into inverter to get the similar benefits. The
voltage-fed(VF)/current-fed(CF) switched-coupled-inductor inverter (SCII) topologies are
shown in Figure 2.10 and Figure 2.11.

The front switch can be either a diode or an active switch, depending on the polarity of
its flowing current and blocking voltage. It is found from calculations that: in voltage-fed
topologies, circuit 2, 4, and 6 could use a diode for front switch, as long as they meet certain
design parameter conditions; in current-fed topologies, all the circuits have to use an active
switch in front. This active switch is a single device without any anti-parallel or series diode.
Compared to boost-converter-inverter system, it has less active switch.

In summary for voltage-fed switched-coupled-inductor inverter, it is featured as a
single-stage buck-boost voltage source inverter with coupled-inductor. Its advantages contain:
(1) high boost ratio (2) tolerating shoot-through (3) reduced size. Its disadvantages include: (1)
high voltage stress on the device when boost ratio is high (2) clamp circuit is needed because
of the leakage inductance of coupled inductor (3) discontinuous input current. However, the
first disadvantage can be overcomed because different topologies can be selected at different
voltage gain requirement to achieve minimum voltage/current stress on devices or passives.

In summary for current-fed switched-coupled-inductor inverter, it is featured as a
single-stage buck-boost current source inverter with coupled-inductor. Its advantages contain:
(1) no dc capacitor (2) two inductor are coupled together on the same core to achieve size

reduction (3) high voltage boost ratio; Its disadvantages include: (1) device must sustain high
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current stress when boost high (2) the front switch has to be active device (3) clamp circuit is
needed because of the leakage inductance of the coupled inductor (4) input current is
discontinuous. However, the first disadvantage can be overcomed because different
topologies can be selected at different voltage or current gain requirement to achieve
minimum voltage/current stress on devices or passives.

2.6. Direct Z-source matrix converter topology

The matrix converter (MC) is a direct ac/ac converter with sinusoidal input/output
waveforms and controllable input power factor [2-4]. It has less passive component compared
to the existing back-to-back converter. Its control methods, circuit operation and possible
applications have been investigated in paper [5-24]. It has a good perspective especially when
the reverse-blocking IGBT is available now.

The Z-source matrix converter advantageously utilizes the shoot through states to boost
the ac voltage by gaiting on all the three switches on the same output phase leg. Therefore,
the Z-source matrix converter can boost the voltage to be greater than the input voltage. In
addition, the reliability of the converter is greatly improved because the shoot through states
can no longer destroy the circuit. Also the current commutation steps can be simplified.
Therefore, it provides a low-cost, reliable, and highly efficient structure for buck and boost

ac/ac conversion.
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Figure 2.12. Topologies of (a-c) traditional MC (d-I) direct Z-source MC family
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Figure 2.12 (cont’d)
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Figure 2.12 (cont’d)
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Figure 2.12 (cont’d)
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Figure 2.12 (cont’d)
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A family of direct Z-source matrix converter is shown in Figure 2.12, which has been
proposed from our lab in paper []. The basic principle to derive these topologies is: apply the
basic cell of Z-source/quasi-Z-source/trans-Z-source to each input phase of matrix converter.
Thus the shoot through state in Z-source inverter is equivalent to the shoot through on three
input phases of the matrix converter. The value and size of the Z-source LC network on the
input side of matrix converter is much smaller than the ones in Z-source inverter dc side,
because they are ac component, so they don’t need to flow the dc current or undertake dc
voltage. For example, compared to the Z-source indirect matrix converter proposed in other
literatures, this ac capacitor and inductor are much smaller. However, the number of passive
components also increases by 3 or 2/3. The sacrifice of the numbers of passives brings the
benefits of reduced passive ratings. In addition, there is another advantage of direct matrix
converter over the indirect one. Since the Z-network is separate from the matrix converter,

the 18 switch RB-IGBT matrix converter module can be used. This module is more compact

37



than the two inverter structure. Also the passive size is reduced because the value and rating
are significantly reduced. Thus the size of the inverter may be reduced by using this Z-source
direct matrix converter topology.

For voltage-fed (VF) Z-source MC, its voltage gain can only reach 1.15, and also the
phase shift caused by the Z-network makes the control not accurate. But for voltage-fed
quasi-z-source matrix converter, the voltage gain can go to 4-5 times or even higher
depending on the voltage rating of the switch. Although Z-source matrix converter has least
amount of LC components, but it has limited voltage boost ratio, inherited phase shift caused
by the Z-network, and also discontinuous current in the front of Z-source network.
Quasi-Z-source matrix converter has higher boost ratio, no phase shift and lower switch
voltage and current stress. In addition, the circuit in Figure 2.12(d) has continuous input
current. In conclusion, voltage-fed quasi-Z-source matrix converter is a component less, size
compact, high efficient, wide range buck-boost matrix converter.

2.7. Summary

Several converter synthesis techniques have been summarized and discussed, including
graph theory, duality, inversion, cascade, parallel, switching cell, transformer and so on. A
special inverter derivation technique “replacing one active switch by an inverter bridge” has
been found from the relationship between basic dc-dc topology and Z-source inverter
topology. By using this technique, several other single stage buck-boost inverter has been
derived. More importantly, a group of switched-coupled-inductor inverter topologies,
including voltage-fed and current-fed family, has been derived based on the tapped-inductor

dc-dc converters, by using the same technique. The proposed new inverter topology has
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higher boost ratio, less passive component, and smaller size than traditional dc-dc converter.
It has three control freedoms: modulation index, extra shoot through/open zero state duty
cycle, trans-ratio of the transformer. Different topologies and different control parameters can
be selected according to different voltage/current gain requirement, in order to achieve

minimum voltage and current stress on active devices and passive components.
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CHAPTER 3 STEADY STATE CIRCUIT ANALYSIS

3.1. Introduction

The circuit analysis of five topologies has been given in this chapter: current-fed
quasi-Z-source inverter, current-fed Z-source rectifier, switched-coupled-inductor inverter
and Direct Z-source matrix converter. It includes the equivalent circuit states, voltage and
current gain, operation regions, calculation of ac output voltage and current, passive
component stress and active switch device power rating. For switched-coupled-inductor
inverter, the voltage gain and voltage/current stress are compared among different topologies
in the family. For Z-source matrix converter (MC), voltage-fed Z-source MC and voltage-fed
quasi-Z-source MC have been selected to be analyzed on boost ratio and phase shift. The
relationship between voltage gain and the control parameters such as modulation index, shoot
through/open zero duty cycle are all derived, in order to aid the modulation of the circuit. The
general analysis technique is the volt-seconds balance of dc inductor and the am-seconds
balance of dc capacitor during one switching period.

The conventional current-source inverter has two major problems: unidirectional power
flow and voltage boost operation, which makes it impossible to be used in many applications
such as hybrid electric vehicles (HEVs) and general purpose variable speed motor drives. The
Z-source inverters (ZSIs) can solve both problems. The quasi-Z-source inverters (qZSIs)
were recently proposed as an important improvement to the traditional Z-source inverters.
Besides the advantages inherited from the ZSlIs, the gZSIs also have several of their own
merits. This chapter presents a comprehensive study on the new features of the current-fed

gZSl, including the advantageous buck-boost function, improved reliability, reduced passive
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component ratings, and unique regeneration capability. The current-fed gZSI are bidirectional
with an additional diode, unlike the voltage-fed Z-source inverter that needs a switch to
achieve bidirectional power flow. A modified space vector pulse-width modulation (SVPWM)
method is proposed and the available operating regions for motoring and regeneration
operation are analyzed in this chapter. Since the current-fed gZSI has the same operation with
the current-fed ZSI, many results of this chapter are also applicable to the current-fed ZSI. A
reverse blocking IGBT (RB-IGBT) based current-fed qZSI prototype was developed in the
laboratory. Both simulation and experimental results are shown to verify the theoretical
analysis.

The voltage-source PWM rectifier (VSR) is a boost converter, thus its dc output voltage
is much greater than the ac voltage, whereas the current-source PWM rectifier (CSR) is a
buck converter and having a dc voltage smaller than its ac voltage. In addition, the CSR can
only provide unidirectional power flow, thus unsuitable for regenerative operation. Recently,
reverse blocking IGBT (RB-IGBT) has been developed for current-source and matrix
converters. In this chapter, a current-fed Z-source PWM rectifier is proposed to overcome the
limitations of the traditional VSR and CSR. The current-fed Z-source PWM rectifier with
only six active switches can buck and boost voltage and provide bidirectional power flow.
This chapter describes the operating principle of this current-fed Z-source PWM rectifier,
presents a detailed steady state analysis and transient analysis. A RB-IGBT based current-fed
Z-source PWM rectifier has been developed in laboratory. Both simulation and experimental

results are shown to verify the operation and theoretical analysis.
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A new family of switched-coupled-inductor inverters has been proposed in this thesis,
with voltage buck-boost function. In voltage-fed switched-coupled-inductor inverter, a boost
function can be implemented by introducing an extra shoot-through state on the inverter
bridge. It utilizes the same principle as the Z-source inverter, but has higher boost ratio and
lower active device voltage stress at the same voltage gain. It also has wider voltage
buck/boost range than conventional boost-converter inverter. In  current-fed
switched-coupled-inductor inverter, a buck function can be implemented by introducing an
extra open zero state on the inverter bridge. The current-fed topologies are capacitor-less
solution among the buck-boost inverters, which reduces the system size significantly. In
addition, compared to traditional boost-converter-inverter, it has less switch count, and less
active device current stress. Compared to current-fed Z-source inverter, it has higher boost
ratio and lower active device current stress. The inverter can sustain minimum voltage and
current stress at a certain operation point, through adjusting the trans-ratio and the shoot
through/open circuit duty cycle. The simulation results are given to verify the theory analysis
and demonstrate the great merits of the switched-coupled-inductor inverter. It is beneficial to
be applied in dc-ac applications that demand a high voltage gain from a very low voltage dc
source, such as the micro-inverter in photovoltaic, or G/M in HEV

The matrix converter (MC) is a direct ac/ac converter with sinusoidal input/output
waveforms and controllable input power factor [49-51]. It has less passive component
compared to the existing back-to-back converter. Its control methods, circuit operation and
possible applications have been investigated in paper [52-70]. It has a good

perspective especially when the reverse-blocking IGBT is available now.
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In a traditional matrix converter, the three switches on the same output phase leg can not
be gated on at the same time because doing so would cause a short circuit(shoot through) to
occur, which would destroy the converter. In addition, the maximum voltage gain can not
exceed 0.866. These limitations can be overcome by Z-source matrix converter [1], which
adds an impedance network (Z-network) in the input phase lines. The Z-source matrix
converter advantageously utilizes the shoot through states to boost the ac voltage by gaiting
on all the three switches on the same output phase leg. Therefore, the Z-source matrix
converter can boost the voltage to be greater than the input voltage. in addition, the reliability
of the converter is greatly improved because the shoot through states can no longer destroy
the circuit. Also the current commutation steps can be simplified. Therefore, it provides a
low-cost, reliable, and highly efficient structure for buck and boost ac/ac conversion.

3.2. Current-fed quasi-Z-source inverter

The Z-source inverters (ZSls) have been proposed in [1] to overcome the limitations and
problems of the traditional voltage-source inverter (VSI) and current-source inverter (CSl),
which provide an attractive single-stage dc-ac conversion that is able to buck-boost voltage,
increase efficiency and reduce cost. However, the ZSIs still have some drawbacks. The main
drawback of the voltage-fed ZSI is that the input current is discontinuous in the boost mode
and the capacitors must sustain at a high voltage, while the main drawback of the current-fed
ZSl is that the inductors must sustain high currents. The quasi-Z-source inverters (qZSIs)
have been proposed in [2] to further improve on the traditional ZSls. Besides the advantages
inherited from the ZSls, the gZSIs also have their own merits, including reduced passive

component ratings, continuous input current, a common dc rail between the source and
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inverter, and so on. Since the publication of ZSls, the voltage-fed ZSI received more attention
than the current-fed ZSI. The performance, control methods and applications of voltage-fed
ZSI are well-investigated in [3]-[11]. Nevertheless, it has a significant drawback that cannot
maintain bidirectional power flow. The bidirectional power flow can only be achieved by
replacing the diode with a bidirectional conducting, unidirectional blocking switch [12]-[13];
however, in this case, the advantages of single-stage topology are missing. The current-fed
ZSl1/gZSl, unlike the voltage-fed ZSI/qZSl, is bidirectional with a diode. The regeneration
capability with a single-stage configuration makes the current-fed ZS1/gZSI a competitive
power converter topology. Moreover, with the newly developed reverse blocking IGBT
(RB-1GBT), the CSI is becoming more efficiency and thereby more attractive [14], [15].

This section focuses on the new features of the current-fed gZSl, especially the
regeneration capability. Since the current-fed gZSI, in a manner, is consistent with the
current-fed ZSlI, the study results of this paper are also applicable to the current-fed ZSI. A
current-fed gZSI prototype using RB-IGBTs was developed in the laboratory. Both

simulation and experimental results are given to verify the theoretical analysis.
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Figure 3.1 shows the conventional voltage source inverter and current source inverter.
When they are applied in hybrid electrical vehicle motor drive, they have the following
disadvantages: they are either a buck or boost converter, which limits the high voltage
operation of VSI motor controllers and the low voltage low speed operation of CSI motor
controllers; they are vulnerable to EMI noise, which is caused by shoot through states in VSI
and open zero state in CSI; CSI only has unidirectional power flow since the input voltage

source can not change its polarity.
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Figure 3.2. (a) voltage-fed Z-source inverter (b) current-fed Z-source inverter
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An alternative approach is Z-source inverters (ZSIs), which provide an attractive
single-stage dc-ac conversion that is able to buck-boost voltage, increase reliability and
reduce cost.

However, voltage/current-fed ZSI also have their own limits: for voltage-fed ZSlI, its
input current is discontinuous in boost mode and its capacitor sustains high voltage; for

current-fed ZSl, its inductor must sustain high currents.
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Thus the recently proposed current-fed quasi-Z-source inverter in Figure 3.3 has been utilized
in the HEV motor drive application to replace the Z-source topology. The current-fed
quasi-Z-source inverter has the following advantages. Compared to voltage source inverter: it
is a single-stage buck-boost inverter; it can tolerant short circuit in the bridge; and its output
voltage is not PWM type but continuous sinusoidal. Compared to current source inverter: it
can buck and boost voltage; it can tolerant open circuit in the bridge; it provides regeneration
capability. Compared to two stage boost converter inverter: it is a single stage; it has two less
active switches, which reduce the cost. Compared to voltage-fed Z-source inverter: it can
regenerate power with only a diode in front; it has common dc rail between input and output.
Compared to current-fed Z-source inverter: it has much less inductor current stress, which
reduces the power loss; it has common dc rail. Compared to voltage-fed quasi-Z-source
inverter: it can regenerate power without changing the front switch into active switch, thus
reduces the switch count. Except for the above advantages, when this topology is adopted in
hybrid electrical vehicle motor drive, it has the following additional benefits: the output
current has less harmonics, and the motor has no high frequency loss, because both of the
output voltage and current are sinusoidal; in addition, the motor has less bearing leakage
current because of the reduced common mode voltage.

3.2.1 Equivalent circuit states
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Figure 3.4 Equivalent circuits of the current-fed gZSI in continuous mode
During one switching period, there are three basic operation states depending on the
inverter bridge’s switching state. Figure 3.4 (a) (b) (c) shows the equivalent circuits of the
three states. The traction motor can be considered as a three-phase RL load connected in Y
connection. State I: Active state. Inverter bridge is operating in one of the six traditional

active vectors, equivalent to a voltage-source (denoted asVOUt ). The

Table 3-1.The passive and device voltage in each circuit state

Operation states \ Variables

Ve Vi Vpn Vb
Stateslt-agctive Vin Ve —Veq | Ve -VLoOr Veq | 2V -V,
StaztzrloI étftzort Vin Ve ° 2Ve
Cmosw | o | e | owe |

-quasi-Z network capacitor is being discharged during this process and the diode is off. The

load current in the third phase flows through the capacitor and back to another phase. State II:
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Short zero state. The dc link is shorted and separated from the load. The capacitor is still
being discharged and the diode is off. The load current circulates through the capacitor path.
State I11: Open zero state. The inverter bridge is equivalent to an open circuit. The capacitor is
being charged and the diode is on in this state.

Note that the open-circuit zero state doesn’t affect the PWM control of the inverter,
because it equivalently produce the same zero current to the load terminal. The available open
circuit period is limited by the zero-state period that is determined by the modulation index.
Generally, the voltage on the diode is expressed as:

Vp =Vpn —(Vc1+Ve2) (3.1
Considering the circuit symmetry and zero average voltage on the inductor, the voltages on
two capacitors are the same and equal to the input voltage. So the diode is off in short zero
state and is on in open zero state. In active state, when the input and output voltage
satisfies: 2V, >Vqyt, the diode is also in off state. If the condition can not be met or the
capacitor is too small to maintain the voltage when it is discharged, the circuit will turn into
new states which will be discussed later. The summary of capacitor voltage V¢, inductor
voltage V|, dc link voltage Vp, and diode voltage Vp are shown in Table 3-1.
3.2.2 \oltage gain and current gain
Considering the average voltage of the inductor L3z over one switching period should

be zero in steady state:

Da + Dgh — D, 1-2D
A+ Dsh ~P0P . — OP . (3.2)

Vo =
out DA DA

Where, Dp,Dgn,Dop are the duty ratios of state I, state I, and state Ill respectively.

Obviously, Dgy + Dp + Dop =1. In the same way, considering the average current of the
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capacitors C; and C,over one switching period should be zero in steady state, one has

Dop Dop
ly1=1-= I, = l; 3.3
L1 L2 Dsh N DA _ DOP in 1— 2DOP in ( )

3.2.1. Operation regions
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Figure 3.5 Operation region according to voltage gain vs. Dp curve

According to the constrains, the voltage gain can be plotted as a function of active duty

cycle, in which for a certain Dp, the voltage gain occupies an area, not a single line, as

shown in Figure 3.5.
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Figure 3.6. 11/ 1j, versus Dgp of the current-fed qZSlI

The gain 11/ 1j, is only controlled by Dop according to equation (3.3), and its
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relationship with D, is shown in Figure 3.6. The direction of quasi-z source inductor
current will always keep unchanged, so the direction of 1, will be changed when the sign of
current gain changes. Obviously, when Dgyis smaller than 0.5, Ij,is positive, so the
inverter works in motoring operation; when Dgyis bigger than 0.5, lj,is negative, so the
inverter works in energy regeneration operation. In another point of view, seeing from the
output of the quasi-z network, Ipy can not be reversed because the inverter bridge is
unidirectional conducting, so the power flow direction only depends on the polarity of Vg .
As shown in Figure 3.5, motoring operation is corresponding to region A and region B when
Vout IS positive. However, as previously mentioned, region A is only available when the diode
is replaced by a RB-IGBT. The polarity of V,,; will be reversed when cos¢ <0. So energy
regeneration operation corresponds to region C.

In summary, according to the sign of voltage gain, region B is motoring region, and
region C is regenerative region. Region A is not available because voltage gain can not
exceed 2 in this case; otherwise, the diode will un-properly turn on in active state since
Vout Is always bigger than two times of capacitor voltage (which is equal to input voltage).

At certain voltage gain requirement, there are infinite combinations of two control
freedoms. The criterion to judge the best operation point is to obtain minimum voltage and
current stress on the device when the voltage gain can reach the same requirements. Mode 1
and mode at the edge of the shadowed operation region at which Dpis the maximum
available value are demonstrated to be the best operation point. In model, Dop=0 , the
current-fed qZSI operates like the conventional CSI. The gain is also the potential maximum

gain that the current-fed gZSI can obtain with a given active duty ratio. In mode
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2,Dgp =1-Dp, the voltage gain is the potential minimum gain that the current-fed qZSI can
obtain with a given active duty ratio DA. Therefore, we can get the desired voltage gain by
tuning the two degrees of control freedom, Dp, Doy . The sum of these two control freedoms

should be smaller than one, thus a parameter which represents the ratio of the Dop in zero

state duty cycle as follows:

_ Dop
1-Dj

(3.4)

When the current-fed gZSI operates in model, one has k=0 because no open-zero states exist
in this mode, we have

Vo = ﬂ (3.5)
3v/3mcos ¢
When the current-fed qZSI operates in mode2, one has k=1, because all short-zero states are

turned into open-zero states in this mode

64/6m—2+/27 Vi

Vo =
" 33z -mcosg

(3.6)

Above equations indicate that the output ac voltage can be stepped up and down by
appropriately choosing operation mode and modulation index.

3.2.1. Calculation of the ac output voltage and current

Taking section Il as example, the average equivalent voltageV, , can be calculated as:

2z
Vour == 2 Tiah + ToVac g _ V27 s (37)
ou 3 % T1+T2 2 0

The average equivalent duty cycle D can be expressed as

2
D_A:S_[f Ti+Toy,_3Y3 (3.8)

T 27
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From (3.2), (3.7) and (3.8), the ac output voltage can be expressed as :

_ 227 - 22k (27 —33m)
3J37mcos ¢

Vo Vin (3.9)

When the current-fed qZSI operates in mode 1, k=0, so the expression of V is the same as

equation (3.5). While it operates in mode 2, k=1, the output phase voltage V,in mode 2 can
be derived. It has already been shown in equation (3.6).

So the output ac voltage can be stepped up and down by appropriately choosing operation
mode and modulation index.

The dc output current of the quasi-z network ipp is calculated as:

11
1-2Dgp "2 1-2Dgp

ipN =ljn +ipg +icp = lin (3.10)

Where Sp is the switching function of the diode.

Since the average current of the capacitor over one switching period in steady state

should be zero, the dc link current can be simplified as:

1-D
P g (3.12)

ipN =

So the output peak phase current from the inverter can be expressed as

N

e =—Mipy =—mM i
ac =, pn =7 1_2D0p in

(3.12)

Equation (3.12) shows that the output current can be stepped up and down by choosing an
appropriate modulation index and open zero state duty cycle. Also in another view, if the
required output power is fixed, the battery charging and discharging current can be controlled
through regulating the open zero duty cycle Dgp - Note that the open-circuit zero state doesn’t
affect the PWM control of the inverter, because it equivalently produce the same zero current

to the load terminal. The available open circuit period is limited by the zero-state period that
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is determined by the modulation index. Obviously the instantaneous input and output power
are equal, since the output current could be boosted, the output voltage could be proportional
bucked, and the motor can operate in the low speed operation.
3.2.1. Passive component stress and total switching device power rating

Both current-fed gZSI and current-fed ZSI have the energy regeneration ability with
only a diode. Similarly to current-fed gZSl, current-fed ZSI also has three states in
continuous mode. Its capacitor voltage is also equivalent to input voltage which is the same

as qZSI. Also it has the same voltage gain Vgt /Vj, Which is illustrated in Figure 3.5.

—2Dgp

However, its inductor current can be expressed aslj =15 = , Which is different

from gqZSI shown in equation (3.3). For the same Dop » in motoring operation, qZSI has lower

inductor current stress than ZSlI, which is beneficial; while in energy regeneration operation,
ZSI has lower inductor current stress than gZSI. For both topologies, the capacitor voltage is
equal to the input voltage, so they have the same capacitor voltage stress.

For both qZSI and ZSlI, at a given output power, the voltage gain is fixed at a certain

value. But there are infinite choices forDaand Doy at a given voltage gain as shown in
Figure 3.5. In order to make the current stress on the inductor lowest, Dgpshould be
designed to be zero at motoring operation mode and to be maximum at regeneration operation
mode according to Figure 3.5. So the best operation point in region B for a given voltage gain

which is bigger than 1 is on the curve of mode 1 and the best point for voltage gain smaller

than 1 is on the curve of mode 2 because the Dgp can be smallest when the D is maximum.

For region C, the best operation point is on curve of mode 2 because Dop IS maximum.

Compared to traditional configuration with bidirectional DC/DC converter and VSI, the
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current-fed gZSI has lower average switching device power rating.
3.3. Current-fed Z-source rectifier

The voltage-source PWM rectifier (VSR) is a boost converter, thus its dc output voltage
is much greater than the ac voltage, whereas the current-source PWM rectifier (CSR) is a
buck converter and having a dc voltage smaller than its ac voltage. In addition, the CSR can
only provide unidirectional power flow, thus unsuitable for regenerative operation. Recently,
reverse blocking IGBT (RB-IGBT) has been developed for current-source and matrix
converters. In this chapter, a current-fed Z-source PWM rectifier is proposed to overcome the
limitations of the traditional VSR and CSR. The current-fed Z-source PWM rectifier with
only six active switches can buck and boost voltage and provide bidirectional power flow.
Section 3.2 describes the operating principle of this current-fed Z-source PWM rectifier,

presents a detailed steady state analysis and transient analysis.

Figure 3.7. Current-fed Z-source rectifier

3.3.1. Equivalent circuit states
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(c). State 111—Open Zero: Dop

Figure 3.8.0peration states of current-fed Z-source PWM rectifier

Figure 3.8 shows the equivalent circuits of the current-fed Z-source PWM rectifier,

where rectifier bridge becomes an equivalent voltage-source (Veq). The solid arrows in

Figure 3.8 define the positive direction of the current in Lj,Ly,Cq,Co, Ly and the dotted
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arrows show the actual direction in rectification operation. The sign + and — shows the
defined positive direction of the voltage. In state I, short zero state, the rectifier bridge is
equivalent to a short circuit, the dc-link voltage Von is zero, and the diode D is off because
the voltage on the diode is equal to two times of the capacitor voltage which is a negative
value. In state I, active state, shown in Figure 3.8 (b), the dc-link voltage Von is equal to
Veq and the diode D is off because the Ve is negative in rectification operation; in state IlI,
open zero state, shown in Figure 3.8(c), the rectifier is equivalent to an open circuit and the
diode D is on which makesV| =V . In all three states, the following equations are satisfied,
assuming the Z-network has symmetric parameters thatC; =C» =C, Ly =Ly =L:

Ve1=Ve2 =Vde,Vpn =Ve —ViL,Vp =2Vc ~Vpn (3.13)

In SVPWM control, the instantaneous value of Vgqin one sector can be expressed as

follows:
3V2
v _Tl'Vab +T2'Vac _ \2/_COS¢V (3 14)
& Ty +To sing o™ '

, WhereVgms 1S the rms value of the input phase voltage ;¢ is the angle between input

voltage and current; ¢ is the angle of the current reference vector; Veq contains dc value

and 6 w voltage ripple and changes with phase angle, nevertheless, the average value in every
sector is constant, calculated as:

27 32

—— a5 VermsCOSO o 2z

Veq =( I 32 )15 ==, Vsrms cos¢ (3.15)
3

sind
When the rectifier input voltage and current has unity power factor,cos¢ =—1, the average

equivalent voltage is Veq = —\/Eﬁvsrms /2, which is always a negative value in rectification

operation.
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3.3.2. Voltage gain equation

Dsh. Da, Dop are the duty ratios of state I, state 11, and state 111 respectively. Obviously
that Dgp + Dp + Dgp =1. According to equation (3.13),
Instate I, Vpy =0, Ve =V, Vide =Vde —2Ve = Vdc:
Instate 11, Vg =Veq, Vide =Vdc —2Ve +Veq =Veq —Vdc:
Instate 111, V| ;. =Vqc;
The average voltage on Ly in an overall switching period is zero. So from voltage seconds

balance, one has:

—Vdc - Dsh + (Veq —Vdc) - Da +Vgc - Dop =0 (3.16)
Ve = DA \/eq=——%——-veq (3.17)
DA+DSh_DOP 1—2Dop
So the voltage gain is
Da Dop =0
Vde _ b (3.18)
2Dp -1

In the same way, considering average current of capacitor over one switching period

should be zero in steady state, one has:

lgo =2sh *Pa~Dop _1-2Dop | (3.19)
1-Dop 1-Dop
2Dp -1
lse _) ", Dop =1-Da (3.20)
|
L1 Dop =0

3.3.3. Operation regions
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Figure 3.9. Voltage gain Vqc /Veq V.s. Dp inall Dgy

The voltage gain versus D, is graphically illustrated in Figure 3.9, in case 1 ,without any
open zero states and in case 2, turning entire short zero states to open zero states. When
turning parts of short zero states into the open zero states, the voltage gain will be in the

shadow operation region. Voltage gain can not be positive because it can cause the diode

improperly ~ conducting in state |. Diode Voltage is Vp=2Vgc -Vp, .In  state
l,Vpn =0,Vp =2Vc =2Vg4c s When Dpis 0~0.5, Vyc/Vgq <Oand when Dpis 0.5-1,
Vgc /Veq > 0. For rectifier, Vgq <0becausecosg=—1and Vgq is reversed. So in order to
get positive Vy.to prevent diode from unexpected conducting, the voltage gain should be

negative. Note that, the output voltage can be higher or lower than the input voltage. In

energy regenerative operation, Dp range is 0.5~1.
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Figure 3.10. Current gain Igc /1. vs Dp inall Dgp

: . © Current-fed
4r R quasi-Z-source

. rectifier
Current-fed Z- |
source rectifier

Figure 3.11. Currentgain 1 /lgcvs Dgp inall Dgp

The current gain versus Dp and current gain versus Dgpare shown in Figure 3.10

and Figure 3.11 respectively. The shadow area is the rectification operation region. In

rectification operation, the dc current on Ly is flowing from AC side to DC side. Since the

direction of Z-source network inductor current will keep unchanged, the current gain of

Idc/IL2 will be negative which means Dop >0.5. The current gain vs. Dop is also plot for

current-fed quasi-Z-source inverter. It can be seen that the current-fed Z-source rectifier has
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lower current stress than quasi-Z-source rectifier at the same Dop - Thus Z-source topology

has better efficiency and lower cost than quasi-Z-source topology in rectification operation.
3.3.4. Calculation of the ac output voltage and current

To get voltage gain between dc and input ac rms phase voltage, the average value of

D and average value of Veq need to be derived from three phase AC system.

According to the space vector control diagram, the instantaneous duty ratio of active

state can be calculated as:

_)

T1+T2 _ 2 |

T B

, Where mis the modulation index of the PWM rectifier and & is the angle of the space

Dp = sinezgmsine (3.21)

vector. Obviously that Dachanges with the angle in every sector. However, the average

value of Dp keeps the same in all sectors, which can be calculated as:

3«/5

T

—— T1+T2 \/_ 3
Dp=-—1—2-

- > (3.22)

j3 singdg =22
2

In addition, the average value of Vegq is the same as conventional CSI which is calculated in

equation (3.14). From equation (3.17), (3.18), (3.22), the voltage gain between output dc

voltage and input three phase rms voltage can be derived as:

Dp_, 1 3J6mcos¢

— Vg = V. 3.23
1-2D,, eq 2Dgp ~1 1 srms (3.23)

Vdc =

When Dop =0, the equation is the same as conventional current source shown in (3.14);
when Dop =1-Da, it stands for changing all the zero state into open zero state, which is

corresponding to mode 2. When Dgyis fixed at a certain value, the voltage gain only

depends on the modulation index and input power factor. The relationships between them at

Dop = 0.65are shown in Figure 3.12.
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Figure 3.12. The dc output gain Vqc /Vgrms m and power factor, at Dgp =0.65
3.3.5. Design of Z-network L and C in continuous mode
For the three operation states shown in Figure 3.8, in short zero state and active state,
inductor current is increasing and the inductor is in its charging time; during the open zero
state the inductor current is decreasing and the inductor is in its discharging time. But the

average current of L is a constant value which has been derived in equation (3.19), written as:

L= |dcﬂ (3.24)
1-2Dgp

Assume that the capacitor voltage keeps equal to the dc voltage, so the current ripple peak to

peak value of L is:

Vv -V ay
NL}f%J:T%%J: ﬁDﬁr (3.25)

, Which takes Dqp to calculate since it is relatively constant.

So the minimum current can be calculated as:

1-Dy V,
p dc
lhmm=——"-"1lgo —=Dpn T 3.26
Lm 1—2DOp de oL ©oP ( )

In order to make it working in the CCM, it must have
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I >0 (3.27)

Therefore

2(1- Dop)'dc

(3.28)

Furthermore, the expressions for capacitor voltage in non-open zero state and open zero

state are shown as follows:

-D
|C=|dc_|L=%ldc<0 [Non—open zero state]
Sooe (3.29)
o=l =% . S0 0 tat
c=I_= dc > [Open zero state]

Obviously the capacitor discharges in non-open zero state and charges in open zero state. The

peak to peak value of the voltage ripple is

Dop 1-D
AVe =1C - Dop)T _ Dop(1=Dop) lgcT (3.30)
So the minimum capacitor voltage is
— AV¢ Dop (1 Dop)
Vemin =Ve +—= =Vgc + ——— lgcT 3.31
Cmin =VC 2 dc 2(2D0p “1)C dc ( )

In order to avoid the diode improperly conducts in active state, the diode voltage Vp has to
be a negative value.

In active state:

VD =V|_ +VC

Ve
_ _ q
Veq Ve —VL} =Vp =2\¢ Veq >0=>Ve > > (3.32)

While in rectification operation, Veq is a negative value. So the minimum capacitor voltage

should be bigger than zero. Therefore the requirement for capacitor value in continuous mode

is
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I:)op a- Dop) lacT
2(1=2Dgp Vdc

(3.33)

Assumed the operation condition isVy; =85V , Doy =0.65, T =100us, Igc =—8A, then the
design value for L and C should satisfy:
L>0.25mH, C > 3.6uF (3.34)

In the simulation and experiments, L=2mH, C=200uF.

3.4. Switched-coupled-inductor inverter

The simplest method of extending the duty cycle range of classical dc—dc converters
consists of connecting the tapped point of the single inductor to other components such as
main switching device, freewheeling diode, input or output rails giving rise to the
well-known tapped-inductor converter circuits [93]. One of the buck converter derived
version is named as Watkins-Johnson converter [94, 95].

By using tapped-inductor converters, the weight, size, complexity, and cost associated
are reduced when compared with other duty cycle extension methods (such as cascading
several basic dc—dc converters and the use of multi-winding transformers). Using tapped
inductor, it forms an additional control parameter, the trans-ratio of the tapped inductor. So
the high step down or step up function can be implemented [96, 97] Since the tapped inductor
is similar to the auto transformer, the energy is stored in the inductor when the transistor is
turned on and released to the output when it is turned off. Different connection ways of the
tapping point to the outside components generate different topologies, thus brings different
voltage and current stress on active device and passive components [98]. The best topology

can be chosen at a given voltage gain requirement.
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The tapped inductor can also assist soft-switching of the active switch in dc-dc converter
[99, 100]. It can also be utilized as the output filter [101, 102] to form a soft-switching loop
for full bridge converter [101, 102].

A novel switched-coupled-inductor inverter is proposed here, inspired by the principle
of the tapped inductor converter. It utilizes an extra shoot through state in VVSI and open zero
state in CSI to implement voltage buck-boost function. It has been demonstrated through
theory and simulations that the proposed switched-coupled-inductor inverter has much wider
range for voltage buck/boost, and lower voltage/current stress than other extended buck-boost
inverter, including boost converter inverter and Z-source inverter. Both of the voltage-fed and
current-fed topologies have fewer active switch than other extended topologies. Current-fed
topologies are a capacitor-less solution, which greatly reduces the system size.

In a word, the proposed family of topologies provides a high boost, low cost and
compact solution for a buck-boost inverter. It is suitable to use in photovoltaic micro-inverter
and electrical vehicle motor drive.

3.4.1. Voltage-fed switched-coupled-inductor inverter

n

SR

Lo b

Figure 3.13. Voltage-fed switched-coupled-inductor inverter 2 (VF-SCII 2)

3.4.1.1. Equivalent circuit states

64



Take VF-SCII 2 as the representative of voltage source inverter. VF-SCII 2 has two
operating states: shoot through state and non-shoot through state, as shown in Figure 3.14.
Shoot through means turning on the upper and lower switches on the same phase leg at the

same time. If the shoot through is chosen to happen during the normal

o LI »n

(@) (b)
Figure 3.14. Inverter b operating states
(a) shoot through state Dg (b) non-shoot-through state 1- Dy
zero state, it will not affect the output voltage and current. However, the front inductor gets
charged during shoot through state, so the inverter can boost voltage. The two equivalent
circuit states of VF-SCII 2 are shown in Figure 3.14. When the inverter bridge shoot through
happens, the front diode automatically turns off, and inductor 2 gets charged. In non-shoot
through state, the diode is on, and inductor 1 gets discharged. The inverter can be considered
as a current source with equivalent voltage Vg in this case. In the whole switching period,
the energy in the coupled inductor gets balanced, which means the total turns current product
(N*I) keeps constant.
3.4.1.2. Voltage and current gain
The inductor current volts-seconds balance and the capacitor voltage am-seconds

balance are taken as the criterion to derive the voltage and current gain equation for this
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circuit. Neither inductor current has been taken as the research target but a combination of the
two current. The reason will be illustrated in the following.

In shoot through state, L; has zero current, but L, is charged by C;. In non-shoot-through
state, Ly and L, are in series and charged by the voltage difference between source and
capacitor. The inductor voltages in two states are:

Vi 1= —nl_l (Vin—Ve1); Vo 1= —ni_l(vin -V [at (—Dy)]

Vin 2=mVo=-"Vc1; V2 2="Vc1 [at Dy

(3.35)

, in which n is the trans ratio between L1 and L2, and Dy is the shoot through duty cycle.
Each inductor current is discontinuous since it has different expressions at different circuit
states during one switching cycle. In another word, it has jump during one switching period.
But the total flux in the inductor keeps constant. So a continuous unit inductor current can be
defined here:

ML thp (3.36)
(n+1)

This current can be taken as the state variable in the state space model since it is continuous.

Therefore, take unit inductor current i_and capacitor voltage V¢ as the state variables,

then the state space equation of VF-SCII 2 is:

di 1 1
Ld_l_ = m(VLl_l +V2 1) Zm(vin -Ve)
[at (1—D0)]

dVC—i + n i| d

— =IL+——lloa

d_dt ) n-1 (3.37)

i
Ld—l'zm(\/Ll_ZJFVLZ_Z):—VC

v [at Do]

C .

— =(1-n)i

it (d—n)ip

The steady state solution for inductor current and capacitor voltage could be obtained by
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using state space average method. The average inductor current and capacitor voltage are:

dii, 1-Dy
L—==""(Vi, =V )= DpV,
dt  1-n (Vin —Vc) - DoV

. (3.38)
\e: . n . ]
—==1-Dg)(l} +——1I + Do (L—n)i
5~ 7 Do) +——lioad ) + Dol —mi
The volt-seconds and ampere-seconds balances impose:
LI g ¢ _,, (3.39)
dt dt
Thus the averaged i and v can be derived as:
—n(l— Do). 1- DO
=———i5ad; VC = Vi 3.40
L 1-nD, load: VC 1-nD, in (3.40)

The equivalent output voltage in non-shoot-through state in average model can also be

derived as:

Ve o 1
1—D0 1—nD0

Thus the boost ratio of the switched-coupled-inductor network is:

B= !
1—nD0

(3.42)

The voltage gain between input and output then can be expressed as, by using
that Dy =1—~/3M /2:

M M

G=MB= =
1—nDO

(3.43)

1—n(1—‘/2§|v|)

, from which it can be seen that this inverter has voltage buck-boost function.
The current stress on the active devices in inverter bridge is equal to output current in
non-shoot through state. But the maximum current stress depends on the current in shoot

through state, which is the inductor 2 current in this case. According to the flux constant
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equation:

(n+1)i. =1-i. 2"

Table 3-2.\oltage gain and active/passive device stress for VF-SCII

Passive Stress Voltage Gain
Vc/Vin IL/iload Vout/Vin
(1-Dp) n@—Dg) 1
VF-SCII 1 1+nDg 1+nDy 1+nDyg
(L-Dg) -n(1- Do) 1
VE-SCII 2 1-1D, 1-Dy 1-nD,
(n+1)(1-Dg) n(l—Dg) (n+1)
VE-SCI 31 - D) | 1+n-nDy 1+n(1- Do)
(-n+1)(1-Dg) -n(1-Dg) -n+1
n(1-Dg) n(1—Dg) n
VE-SCIS 1 1= Dg)-Dy | (M+D)Dg-n | n(l-Dy)- Dy
n(l—-Dg) -n(1-Dg) n
VE-SCII6| w1-Dg)+ Dy | (-n+1)Dg+n | n(l—Dp)+ Dy
INV | Stress Frong Switch Stress
Isw/lload Vfs/Vin Ifs/lload
n(1- DO) 1+n -1
VF-SCII 1 Dy 1+nDg 1+nDg
—Nn(1-Dg) 1-n -1
VF-SCII 2 “1mDy 1-nDg 1-nDg
) 1+n-nDg 1+n-nDg 1+n-nDg
—n(l-Dg) 1 ~1+n
VF-SCli 4 1-n+nDy 1-n+nDg 1-n+nDg
(n+1)(1-Dg)| | N(@-Dg)-1 n
VE-SCII 5 (n+1)Dg-n| | N@-Dg)-Dg | nDy+Dg—n
|(-n+1)(1-Dp)|| —Nn(-Dp)-1 -n
VF-SCII 6 | (-n+1)Dg +n | —N(1-Dg)—Dg | —nDg + Dg +n

The L2 current in shoot through state can be derived as:
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_n@-Dp)
~ 1+nDy

i’ (3.45)

, Which is also the current stress on the active device.

Similarly, the voltage gain and voltage/current stress on device can be derived for other
voltage-fed topologies, as shown in Table 3-2.

3.4.2. Current-fed Switched-Coupled-Inductor Inverter

3.4.2.1. Equivalent circuit sates

Figure 3.15 Current-fed switched-coupled-inductor inverter 2 (CF-SCII 2)

e Im . e Imnm .
L1 L N L1 L2
SEA vourR) st
‘ f
(a)Active state (b) open zero state Dg

Figure 3.16. Two operation states of CF-SCII 2
CF-SCII 2 in Figure 3.15 is taken as an study example here. It has two operating states
shown in Figure 3.16. The extra open zero state has a duty cycle of Dy .
3.4.2.2. Voltage gain and current gain
The volt-seconds equation on L1 leads to:

1
(1 Do)(Vin _Vout)—l_ o +DgVin =0 (3.46)
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Thus voltage gain Vgt /Vjn Is:

Vout /Vin =

1—nDO
1-Dy

Table 3-3.Voltage Gain and Active/Passive Device Stress for CF-SCII

Voltage Gain Inductor INV switch
current stress voltage stress
Vout/Vin IL/(Vin/2R) Vsw/Vin (D0)
1+ nDO 1 1+ nDO
- —G
CF-SCIl 1 - Dy - Dy 1- Dy
1—nDO 1 .G 1—nD0
CF-SCII 2 1-Dy 1- Dy 1-Dg
n(l-Dg)+1 1 n(l-Dg)+1
) B Sl O VA el S — B Sl A el
CE-SCI3 1 n+Da-py) (n+1)(L- Do) (n+1)(1-Dy)
1-n(1-Dg) 1 1-n(1-Dp)
CF-SCll 4 N Ny ——— G N N
(1-n)@-Dp) (1-n)(1-Dp) (1-n)@-Dp)
n(l-Dy)-D 1 n(l- Dg)-D
CF-SCII'5 =0 6 | /2
n(l-Dg) (n+1)1-Dp) n(1-Dp)
n(1— D D 1 n(1- D D
CE-SCII 6 (1-Dg) + Dy G (1-Dg) +Dg
n(l—Dy) (L-n)(1- Do) n(1- Do)
Inverter switch Front switch stress
current stress
Isw/(Vin/2R) Vs/Vin Is/ (Vin/2R)
1 ' 1 1+n G
CE-SCIL | 17p, 1-Dg 1~ D
1 1 1-n
- -G -G
CF-sCli2 |1 p 1~ D Dy
1 1
- .G 1 1
CF-SCII 3 _ _ -_— .
1-Do 1=Do (L+n) (- D)
S 1 S R
CF-SCll4 171 7p, 1-Dy (L—n) (- Dg)

(3.47)

Thus when n<1, it can boost voltage; when n>1, it can buck the voltage; when n goes to even

. 1 . . .
bigger that n >D—, it enters into regeneration mode.

0
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In each state, the similar state space equations can be built. The voltage gain, active and
passive device stress can all be derived from the state equations. All the equations for
current-fed switched-coupled-inductor inverter family are derived and demonstrated by
simulation. They are shown in Table 3-3.
3.4.2.3. Voltage and current stress comparison

The comparison among voltage-fed switched-coupled-inductor inverters are shown in
Figure 3.17.The features of the family of voltage-fed SCI inverter are: (1) Only SCI 2, 4, 5
have boost function; (2) VF-SCII 2 has higher voltage stress than VF-SCII 5 when boost ratio

is over 2, but VF-SCII 2 has lower current stress than VF-SCII 5 in the same condition.

5 ? Y
=2 :VF SCIl 2,5
4 I ........... __~VF_SCII1 .....
3bo N E‘VF—SC” 3
— — -VF-SCll 4&6
m .
= o) TR R o
1 E_.__;_-__.__._._,-..-----;;»-_“.-.-.-.-.;-'-???.ﬂ!fffil‘.".-_.::.-? ......
O i i
0.6 0.8 1 1.2
M

(@) Voltage gain(MB) versus modulation index for voltage-fed switched-coupled-inductor
inverter at n=2

Figure 3.17. Comparison among the voltage-fed switched-coupled-inductor inverters
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Figure 3.17 (cont’d)
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(c) Voltage gain vs. M for voltage-fed topologies at n=0.5
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Figure 3.17 (cont’d)
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(e) Active switch current stress for voltage-fed topologies

The comparison among the current-fed switched-coupled-inductor inverters are shown
in Figure 3.18. The plot of voltage gain versus the modulation index and current stress versus
voltage gain are shown in two cases: n=0.5 and n=2. When n=0.5 is chosen, inverter 1, 2, 3, 4,
6 all have voltage boost function. And inverter 4 and 6 have the lowest current stress among
the five, at all gains bigger than 2. When n=2 is chosen, inverter 1, 3, 6 have voltage boost

function, and the others can only buck voltage. Among the ones with boost function,
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current-fed inverter 1 has much lower current stress than the other two. Since the voltage gain
of current-fed switched-coupled-inductor inverters is a function of multiple variables:
trans-ratio, open zero duty cycle and modulation index. Different trans-ratio and open zero
duty cycle can be chosen to obtain minimum active switch or passive component

voltage/current stress, at a certain voltage gain requirement.

. - -CF-sCll6
= n=05

3| o ' - —CF-SCII 3
N CF-SCIIL__ Crscil'4
5! T CE-SCIl 2- - CF-SCIlI 5

L ; é é é é
06 07 08 09 1 11 12
M

(a) Voltage gain vs. M at n=0.5 for current-fed topologies
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m 4 | z
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23] . |- -cF-scn3
2, § |- cF-scn4
§ | cF-scns
10_ e |7 CF-scie
23 4 6 g 10

(b) Current stress vs. voltage gain at n=0.5 for current-fed topologies

Figure 3.18. Comparison among the current-fed switched-coupled-inductor inverters
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Figure 3.18 (cont’d)
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(d) Current stress vs. voltage gain at n=2 for current-fed topologies

The comparison between voltage-fed switched-coupled-inductor inverter and
voltage-fed Z/quasi-Z-source inverter are shown in Figure 3.19. The comparison target is the
voltage stress over voltage gain ratio at the same voltage gain. Among the buck-boost
inverter topologies, voltage-fed Z/quasi-Z-source inverter has been found a good topology

that has low cost, high reliability and low voltage stress. Thus the comparison has been made
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between voltage-fed switched-coupled-inductor inverter 5 and voltage-fed Z/quasi-Z-source
inverter. Their voltage stress versus voltage gain are shown in Figure 3.19. It can be seen that
at the same voltage gain above 1, the proposed topology has lower voltage stress, which can

bring lower cost and higher efficiency.

1.8

= VF switched-coupled-inductor' INV 5
= Voltage-fed Z/qZ1 '

1.6

1.4

1.2

0.8

Voltage stress/equivalent dc voltage

Voltage gain (MB)
Figure 3.19. Voltage stress vs. voltage gain at n=0.5 for both voltage-fed

switched-coupled-inductor inverter and voltage-fed Z/quasi-Z-source inverter

Comparison of voltage gain has been conducted between current-fed
switched-coupled-inductor inverter and current-fed quasi-Z-source inverter, as shown in
Figure 3.20. Recently published current-fed quasi-Z-source inverter also has similar voltage
buck-boost function as the proposed current-fed SCII. By using active switch in front, both
topologies have no upper limitation for the voltage gain. However, in terms of active switch
current stress, the proposed topology has the same current stress as the current-fed gZSI in
boost mode, but lower current stress in buck motoring mode and regeneration mode. The

reason is for the two mentioned modes, at the same voltage gain, the current-fed SCII is
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possible to use bigger modulation index, which brings smaller open zero duty cycle.
According to equations in Table 3-3, lower active switch current stress can be obtain by
decreasing the open zero duty ratio. In summary, compared to current-fed quasi-Z-source
inverter, the current-fed switched-coupled-inductor inverter is more compact due to its

capacitor-less feature, and has lower switch current stress at buck motoring and regenerative

mode.

Boost mode A
Buck mode

Voltage gain

Current-fed switched-coupled-
_6 ................ ...... inductor inverter

Y 0.4 0.6 0.8 1
Active duty cycle DA
Figure 3.20. Voltage boost ratio B versus active duty cycle Da (0.866M) for current-fed qZSI
and current-fed switched-coupled-inductor inverter

3.5. Direct Z-source matrix converter
A family of direct Z-source matrix converter (MC) is shown in Figure 2.12. For
voltage-fed (VF) Z-source MC, its voltage gain can only reach 1.15, and also the phase shift
caused by the Z-network makes the control not accurate. But for voltage-fed quasi-z-source

matrix converter, there is no upper and lower limit for voltage gain, and in addition, the phase

shift at two sides of quasi-Z-network is equal to zero, which can cause much less error in the
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control. One of the quasi-Z MC topologies has continuous input current, which is beneficial
to the input voltage source. Compared to traditional MC, voltage-fed Z-source and
quasi-Z-source matrix converter both can boost voltage higher than 0.866. The boost ratio
depends on the duty cycle of extra shoot through state, which has constrain that it is
complementary with active state duty cycle. Z-source topology has lower voltage gain range
than quasi-Z-source topology. Also the quasi-Z-source topology can conduct less
voltage/current stress on the switch and passives, less input and output harmonics and higher
power factor than Z-source matrix converter. In another word, compared to Z-source topology,
quasi-Z-source matrix converter is a component less, size compact, high efficient, wide range
buck-boost matrix converter. The boost ratio is derived for both topologies as follows.
3.5.1. Voltage-fed Z-source matrix converter

Compared to matrix converter in circuit structure, Z-source matrix converter has extra
L-C network and three switches in the input side. Compared to matrix converter in circuit
states, the Z-source matrix converter has an extra shoot through state except the traditional 27
switching states of matrix converter. Figure 3.22 (a) and (b) show the two equivalent circuit
states. In the shoot through state, the three switches on the same column, or two columns or
all three columns will short together. At the same time, the front three switches are controlled
to be open. In non-shoot through state, the front switches are turned on, and matrix converter
part works like traditional case.

The introduction of Z-source network into the conventional matrix converter is
equivalent to cascade a boost converter in the front stage. The boost ratio of Z-source

network can be derived by applying the volt-seconds balance on the Z-source inductors in the
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state average model of the equivalent simplified ZS matrix converter [28].

Figure 3.21. \oltage-fed Z-source matrix converter
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Figure 3.22. Equivalent circuit states of Z-source matrix converter

For one switching cycle, T, assuming the interval of shoot-through state is Tp; and the

total interval of non-shoot-through states is Tq; thus Tc=To+T; and the shoot-through duty

ratio, D=To/T.. From Figure 3.22 (a), during the interval of non-shoot-through states, T1, one
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has the following voltage equations:

Vab Vel VL2
Ve |=|Vc2 || VL3 (3.48)
Vea Ves Vi

Va'b' Vel Vi
Vpe' |=|Ve2 || VL2 (3.49)

Ve'a' Vcs VL3

, Where v 1, v oand v gare the voltages across the inductors Ly, L,, and L3, respectively;
Vc1 , Vo2 and vgg are the voltages across the capacitors C;, Cp and Cg
respectively.vap,Vpe, and vqg are the line-to-line voltages of the source and vy, Ve, and
Vcra are the line-to-line voltages across the MC bridge.

From Figure 3.22 (b), during the interval of the shoot-through states, To, one can get

Vel Vi
Ves VL3

In steady state, the average voltage of the inductors over one switching cycle should be zero,
neglecting fundamental voltage drop and assuming the switching frequency is far greater than
the fundamental frequency. From (3.48) and (3.50), one has
Dvcy +(1-D)(Ve3 —Vea) =0
Dvcs +(1-D)(ve1 —Vap) =0 (3.51)
Dves +(1-D)(Ve2 —Vpe) =0
From (3.49) and (3.50), one has
Vc1 =(A=D)vay
Voo = (11— D)V (3.52)

Vez = (1-D)very
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Assume that the source is a three-phase symmetric system, namely

Vah sin wt
Vpe | =Vi| sin(et —120°) (3.53)
Vea sin(wt +120°%)

, Where V; and o are the voltage amplitude and angular frequency of the source. Assume the

voltages across the capacitors have a phase difference ¢c in reference to the source, i.e.,

Vc1 Sin(a)t+¢c)
Vco :VC sin(a)t+¢c —1200) (354)
Ve3 sin(wt + ¢gc +120°)

, Where V¢ is the amplitude of capacitor voltages. Assume the voltage across the MC bridge

has a phase difference ¢, referred to the source, thus

Varp! sin(ot + ¢n,)
Vo' | =V | sin(et + ¢y, —120°) (3.55)
Vea! sin(wt + ¢y, +120°)

, Where Vp, is the output voltage amplitude of Z-source network. From (3.51), (3.52), (3.53)

and (3.54), we have

Dsin(wt + ¢c ) + (1— D)sin(awt + ¢c +120°) sin(wt +120°)
Ve Dsin(awt + ¢gc —120°) + (1 D)sin(awt + ¢c ) =([1-D)V; sin ot (3.56)
Dsin(at + e +120°) + (L— D)sin(at + ¢ —120°) sin(wt —120°)

Applying trigonometric functions, such as sin“wt + sin’(wt-120°) + sin® (@t+120°) =1.5, to

(3.56), the relationship between the capacitor and source voltage amplitudes can be derived:

Ve _ _1°D (3.57)
Vi 3p2-3D+1
So the boost ratio between V,," and V,,can be obtained:
B — Ym 1 (3.58)

Vim \/3aDy2 -3Dp +1

At the same time, the phase shift between source voltage Vg and terminal voltage
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Vg ¢ Can be derived as:

@7 =arcsin \/§DO (3.59)
2,/3Dy? ~3Dg +1

ol |

= 1.87 ]
o

= 16 —

1.4¢ 1

1.2r ' 1

0 0.2 0.4 0.6 0.8 1

Do

Figure 3.23.\oltage boost ratio B vs D for Z-source matrix converter (MC)
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Figure 3.24.Phase angle between Vyp, cand Vg o+ for Z-source MC

The maximum boost ratio 2 happens at Dy = 0.5, as shown in Figure 3.23. Similarly to

Z-source inverter, the voltage conversion ratio between output line voltage amplitude
Vom and input Vi, is:

szo—m:MB: M

(3.60)
Vim J3Dg% ~3Dg +1
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The phase shift between two voltage is a monotonic function of open zero duty cycle, as
shown in Figure 3.24. The larger the Dy, the bigger the phase shift angle. This issue only
happens at the topology in Figure 3.21 due to its twist structure of the Z-network. It is a
disadvantage of this topology, because if the source voltage is taken as the reference
waveform in generating the control PWM signal, this phase shift will cause the phase
inaccuracy of the control signal. Of course, the terminal voltage can be taken as the reference
waveform instead, however, this waveform is a discontinuous PWM type, which is hard to be
used. Adding a low pass filter to purify the PWM waveform can create a smooth reference
curve, but the filter itself also introduces a phase shift. This problem doesn’t exist in
quasi-Z-source matrix converter topology, due to its phase-decoupled quasi-z-network
structure.

3.5.2. Voltage-fed quasi-Z-source matrix converter

QZ source
network "
I
I
I
I

AC
Load

Figure 3.25. oltage-fed quasi-Z-source inverter
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Source

(b).I1: shoot through state
Figure 3.26. Equivalent circuit states for gZ-source MC
As another example, the voltage-fed qZS-MC is deduced to compare its voltage gain
with the simplified voltage-fed ZS-MC. During the interval of the shoot-through states, To,
the voltage-fed qZS-MC has equivalent circuits as shown in Figure 3.26 (b), and one can get

Vab Vcal Via2 Vib1 VCh2
Ve | =| Vebe || Vb2 |—| Viel || Vee2 (3.61)
Vea Vccel Vie2 ViLal Vca2

Vcal Via2 Vial Vca2
Vebr |+| Vib2 [=| Vi |+| Veb2 (3.62)
Vcel Vie2 Viel Vce2

, Where v denotes the voltage, and the subscript C,; and C,, are capacitors 1 and 2 of phase-x
(x=a, b, ¢); Lx1 and Ly for inductors 1 and 2 of phase-x.
During the interval of the non-shoot-through states, T, its equivalent circuits is shown in

Figure 3.26 (a), and one can get
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Vab Vcal Vca2 Va'p' Vch1 VCh2
Ve | =] Vebe || Veb2 |+] Ve’ |—| Veer |~ | Vee2 (3.63)
Vea Vcel Vce2 Vera! Vcal Vca2

Vcal Vial
Vebt | =| Vbl (3.64)
Vca Vicl
Via2 Vca2
Vb2 | =] Veh2 (3.65)
Vic2 Vce2

Due to symmetry of quasi-Z network, there are

Via2 Vial | | Vcal Vca2
Vib2 |=|Vibt || Veba |=| Veb2 (3.66)
Vie2 Viel | | Veel Vce2

In steady state, the average voltage of the inductors over one switching cycle should be zero,

and (3.67) can be derived from (3.61), (3.64), and (3.66).

Vchl Vcal D Vab
0
Vcer |~ Vebt =1_2p Ve (3.67)
—2Dg
Vcal Vccl Vea

Due to symmetric voltages of three-phase capacitors, (3.67) becomes

Vcal D Vab —Vca
o
V, = Ve —V 3.68
CbL | =5p, —3| be Ve (3.68)
Vcel Vea — Vbe
Combining (3.63) in (3.68), there is
Vo Y
va b __ 1 vab (3.69)
b'c 1-2 DO bc .
Ve'a' Vea

Similar to the process used for the simplified voltage-fed ZS-MC, the boost factor of the

voltage-fed qZS-MC can be expressed as

B=-M_ (3.70)
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From (3.68), the capacitor voltage amplitude is

_ Do
1- 2D,

Ve i (3.71)

The phase shift between source and terminal voltage is: ¢, =0

£ 2 ///
S —
@
20
©
v

4 /

0 0.2 0.4 0.6 08 1.0
Do

Figure 3.27.\oltage boost ratio B vs D of voltage-fed quasi-Z-source matrix converter
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Figure 3.28.Phase angle between Vypcand Vg for gZ-source MC
The voltage boost ratio is plot as a function of Dy in Figure 3.27. This boost ratio is
similar to the boost gain in quasi-Z-source VSI and quasi-Z-source dc/dc converter. The
advantage of this topology is that there is no upper limit on the voltage boost ratio, thus it can
bring the voltage much higher than Z-source MC topology.

The phase shift between input source and the voltage at the terminals of matrix converter
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is equal to zero, which is derived from equations, as shown in Figure 3.28. This is due to the
decoupled quasi-Z-source network in gZ-source MC. There is no coupling between different
phases. Also the small ac capacitor and inductor will not cause a big phase difference. This
zero phase shift feature significantly reduces the control error. Thus the input current
harmonics and output current harmonics are also minimized.
3.6. Summary

In summary, the current-fed qZSI has the following advantages:
1) The current-fed gZSI can buck-boost voltage and achieve bidirectional power flow with
a single stage configuration.
2) In motoring operation (power flows from dc source to ac side), the current-fed qZSI can
work in region B as shown in Figure 3.5. The equivalent output voltage Vout =0~ 2Vin .
3) In energy regeneration operation (power flows from ac source to dc side), the current-fed
gZSl can work in region C as shown in Figure 3.5, which can produce dc voltage from
0~ infinite theoretically.
4) By replacing the diode with a RB-IGBT, region A is also available for motoring
operation which means the current-fed gZSI can completely overcome the voltage limitation
and output any desired voltage theoretically in either motoring operation or energy
regeneration operation. Because of the above advantages, the current-fed qZSI can be
easily applied to HEVs and general purpose variable speed motor drives. Applying the
current-fed gZSI in the HEVs as shown in Figure 3.1, both motor drive and the control of
state of charge (SOC) of the battery can be implemented in a single stage configuration,

which is less complex, more reliable and more cost effective when compared to conventional
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two-stage configuration (i.e a bidirectional dc-dc converter combined with a VSI).

In summary, the current-fed Z-source PWM rectifier has the following advantages:

1) It can buck/boost voltage which provides a wide range of output voltage as shown in
Figure 3.9;

2) The bidirectional power flow can be achieved without replacing the diode with a
bidirectional conducting, unidirectional blocking switch.

3) The current gain has a wide range from 1 to minus infinity theoretically.

4) The voltage gain can be varied by adjusting two independent degrees of control freedom,
the duty ratios of active state and open zero state. The current gain can be varied by adjusting
duty ratio of open zero state.

In summary, for the proposed new family of buck-boost inverter topologies:
voltage/current-fed switched-coupled-inductor inverter (SCII). The following features have
been demonstrated by circuit fundamentals analysis and simulations:

(1) At the correct selection of trans-ratio n and extra switching state duty cycle, both
voltage/current-fed topologies have candidates that can buck-boost voltage.

(1) Voltage-fed SCII has only half number of passive components compared to Z-source
inverter, but higher voltage boost ratio and lower active switch voltage stress.

(2) Voltage-fed SCII has less active switch, smaller size and higher reliability than two stage
boost-converter-inverter.

(3) Current-fed SCII is a capacitor-less solution, which is much more compact than the ones
with capacitors (boost-converter-inverter and Z-source inverter)

(4) Current-fed SCII has lower active switch current stress than current-fed Z/quasi-Z-source
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inverter at the same voltage gain, in buck motoring and regeneration mode.

(5) With active front switch, both voltage and current-fed SCIlI can have regenerative
capability.

Due to the benefits, this voltage-fed switched-coupled-inductor inverter is beneficial to be
used in the dc-ac applications that demand a high voltage gain from a very low voltage dc
source, such as the micro-inverter in photovoltaic, or G/M in HEV. The current-fed
switched-coupled-inductor inverter is potential candidate for compact, regenerative, high
temperature, high efficiency, low cost HEV/EV motor drive or engine starter.

In summary for Z-source matrix converters, with only three additional switches, it can
have the buck-boost function, which can reduce cost and increase reliability for those
applications that have a requirement for wide input and output voltage ranges.

All those features of each topology has been demonstrated by simulations and
experiments in later chapters based on the modulation method proposed in chapter 4, 5, 6. All

the experiment results can be found in chapter 5, 6, 7, 8 and 9.
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CHAPTER 4 MODULATION

C,. . .
- 'T—

414 TIT

Figure 4.1. Conventional current source inverter

4.1. Introduction

Conventional current source inverter is composed of input current source, six active
reverse-blocking switches, and three ac capacitors which is directed connected to the output

lines. Figure 4.1 shows the basic circuit configuration.

11(SeS1)| |12 (5152)| |13 (S253)| |14 (S3S4)| |15 (S4S5)] |16 (S5S6)
3153 Sg

JJ) 122 712 110 /]

=

d

VAB VAC VB VCA
- / - _VBC - p /._ J /._VCB
A 440 440 144 44 404

(a) Conventional six active states

17 (S154)| |18 (S3S6)| |19 (S5S2)

5838 %1 5%5 $1 33 S5

l Iy

/D—J o— J/ —
49 414 44
S4 86 82 84 86 32 84 86 32

(b) Conventional three zero states

Figure 4.2. Nine switching states for conventional current source inverter
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It has nine switching states: six active states and three zero states. In active state, one and
only one switch on upper leg, and also one and only one switch on the lower leg conduct at
any time; the three switches on either half leg turn on and off complementarily with each
other. The reason for this is: the output three phases are connected with capacitors, thus if any
two phase legs in the same half bridge are conducting at the same time, a short circuit can
form. At the same time, the input current has to have path to flow, so one phase leg in each

half bridge has to be conducted.

P4 T2(s182)
13(S 2S3) 71 (S650)
-
14 (S354) 16 (S5S6)

15 (S4Ss5)

Figure 4.3 Conventional discontinuous modulation for current source inverter
This section concentrates on the modulation of current source inverter. The most
common modulation method is the space vector PWM control, which use active vectors and
zero vectors to synthesize the rotating current vector. The block diagram is shown in Figure
4.3. The hexagon is composed of six vectors, each of which is corresponding to one active
switching state. Thus the hexagon is divided into six sectors by these vectors, and each vector
occupies sixty degrees. In each sector, usually the adjacent two active vectors are selected to

generate output current, in order to utilize a common switch. The selection of zero vectors is
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more flexible. One, two or three zero vectors can be selected in each sector. In the assumption
of the three phase balanced system, the output current synthesis equation is:

Iref Ts = 1iTi + lisaTiva +1oTo (4.1)
, where T;,Tj;1,Tp are the dwell times for the adjacent vectors Iy, lj,q and Ig

respectively.

13(S253) . 11(S6S1)

14 (S3S4 16 (S5S6)

15 (S4S5)

Figure 4.4. Output current vector synthesis

m _ 0 1 _ D 1

. == =—5— (4.2)
sin2z/3) T sin(2z/3-6) T sin(@—x13)

As shown in Figure 4.4, the synthesis process can be illustrated as follows: (1) project the
output current vector into two adjacent vectors; (2) in the formed triangle, apply
trigonometric theory that the division of side length to sin@is equal for each side; (3)
express the angle in terms of current vector angle. Equation (4.1) is the resultant synthesis
equation, from which, the time period for each active vector and zero vector can be derived.
And their expressions are as follows:

3

Ti:7msin(600—0)-Ts; Tizgmsin(a)-Ts; To=Ts—Ti ~Tis1—Top (4.3)

4.2. Discontinuous SVPWM and Equivalent Carrier-based modulation
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4.2.1. Selection of zero vector in terms of minimum switching times

Table 4-1.Selection of vectors in each sector

Sector Sector |  Sector Il Sector Il Sector IV |Sector V Sector VI
Vectorl 11 (S6S1) 12 (S1S2) |13 (S2S3) |14 (S3S4) I5 (S4S5) 16 (S5S6)
Vector2 12 (S1S2) 13 (S2S3) 14 (S3S4) |15 (S4S5) 16 (S5S6) 11 (S6S1)
Vector0 17 (S1S4) 19 (S2S5) |18 (S3S6) |17 (S1S4) 19 (S2S5) 18 (S3S6)
Table 4-2.Conduction Time for S1 and S4 in Each Sector
Sector [ Sector 11 Sector III
Sl 1 ?msin(GOO -0) 0
1—ﬁmsin(600—0) Ne
2 —msin(9)
S4 \/_ 0 5
——Bmsin(H)
2
Sector IV Sector V Sector VI
B 3
1—7m5|n(60 —9) £m3|n(9)
S1 \/_ 0 2
——3msin(9)
2
54 1 ?msin(GOO -0) 0

In every sector, except the two active vectors, there are three zero vectors for selection.
In order to reduce the switching times, the zero vector with the common switch in two active
vectors is selected. For example, in sector I, two active vectors are SgS;and $;S,, in which

the common switch isS; . So the zero vector 17 which contains S is selected so that S; has

no PWM switching in the whole 60 degree region. Similarly, each switch only does PWM
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switching in every other 60 degree, as shown in Figure 4.3. The selection of vectors in each

sector is shown in Table 4-1, and the resultant conduction time is in Table 4-2.

Sector |
\/\ Switching
[ Jizfi 12 117 [1LTi2 Ti7]i7]12 T11 ] times
S1 s1 0
S2 __ 1 1 S2 __ I 1 1 4
S6 1 M S6 1 2
ST ) — S4 [ L— 2
S3 S3 0
S5 S5 0
a b
17 1717 17 I 1 s
o 11112 {2 12| 11 1] o[ 12 [jo] o 12 [ 11
Ss1 0 s1 0
S2 L 1 4 S2 L 1 4
se_I L T 1 4 s6 | [ 2
541 M I o T e B o
S3 0 s3 0
S5 0 s5 0
C d

Figure 4.5. Four different switching sequences in sector |

4.2.2. Selection of switching sequence in each sector

As long as the Ampere-seconds in one switching period keeps constant, the sequences of
vectors will not affect the output. However, it does affect the output THD and device
switching loss. Taking sector | as an example, four switching sequences including
symmetrical and unsymmetrical ones are shown in Figure 4.5.

In these sequences, type a is an unsymmetrical sequence. In order to get the same
harmonic performance as the other symmetrical ones, the switching frequency has to be

doubled. In this case, the benefits of less switching counts in one switching period can not be
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hold.

Type b seems a good choice since the zero vector 1;connects together, and I1 also
connects together with the previous switching period, which reduces the switching counts.
However, the zero vectors are all allocated in the middle, so the active vectors are pushed to
the edge, not in the middle of every half switching cycle, which may increase harmonics. It
can be illustrated by the input current ripple which has been shown as the red line in Figure
4.5. The input current will decrease in active state and increase in zero state. Since the zero
vectors are connected together, as well as the active vectors, so the current ripple frequency is
the same as switching frequency, which results in a double ripple amplitude. These low
frequency and high amplitude harmonic contents are directly transferred into output current.
Therefore, in the harmonics point of view, this sequence is not preferred.

Type ¢ makes an improvement for type b in terms of harmonics, by splitting the zero
states into two parts, one of which is placed in the middle, and one of which is put at the side.
The input current ripple amplitude changes to half of type b, and in addition, the ripple
frequency is doubled, both of which decreases the size of the passive component, as well as
lower the output harmonics. This is consistent with the statement that the output harmonics
can be minimized by putting the active state in the middle of half switching cycle.

Type d inserts each active state into separate zero states. The switching counts maintain
the same as type b, but the ripple is unevenly distributed due to the non-middle allocation of
active vectors, because of which it doesn’t have the same effect as type c in terms of

harmonic reduction.
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Sector | Sector 11
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Figure 4.6. Switching state in 6 sectors for sequence ¢

4.2.3. Equivalent reference-carrier modulation for DPWM

In the practical implementation, the SVPWM control could be transformed into
equivalent carrier based control. The reference waveform instantaneous value of the switch is

proportional to the corresponding conduction time at that moment t, as shown in Figure 4.7,

where one is for S;and one is forS, . The switching functions generates the output current

| 501N the form of
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lao = (51_54)*|dc (4.4)

Figure 4.7. References for S1 and S4 and the output line current waveform

For the same output current requirement, there are infinite choices for S1 and S4. The
aforementioned references definitely generate a sinusoidal waveform, as the dotted line.

However, the switching function characteristics are little bit different from the voltage
source inverter modulation carrier. The upper switch and the lower switch on the same phase
leg are not necessary complementary to each other, but the three switches on the same half
leg must be, like S;, S3, Sg. Thus the PWM generated from reference waveform can not
follow the rules that be positive if reference exceeds carrier, and be negative if reference is
below carrier. A new group of three references have been designed to generate the correct
PWM for CSI, which are proportional to (Tp), (Tp+T,) and (Ty +T; + T, ) respectively. The
switches corresponding to the turn on time Ty, T;and T, are defined as Zg, Z; and
Z,respectively. The new rule is: if the carrier is below referenceTy, Zgis turned on; if the
carrier is between Tpand Tp+Ty, Zois turned on; if the carrier is between Ty+T, and
To+Ty+Ty, Zpis turned on, just like Figure 4.8 (a). Different references and different

placement sequences can be used for different switching sequence in Figure 4.5. But each
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Figure 4.8. PWM implementation for three sequences
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Figure 4.8 (cont’d)
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(c) Sequence d

waveform is generated when the carrier is between two reference waveforms, which make the
three PWM for the upper switches complementary. The implementation method for sequence
b, ¢, d are shown in Figure 4.8.
4.2.4. Numerical Spectrum analysis

According to switching state assignment in Figure 4.4, switching time calculation from
equation (4.2) and the switching waveform implementation in Figure 4.8, the numerical
switching waveform in one fundamental cycle could be obtained for each DPWM sequence
by using equation (4.3). Set the parameters as: M=0.8, f,=100Hz, fq=20kHz. The
spectrum distribution diagrams of each sequence at switching frequency are shown in Figure
4.9 (a)(b)(c). The weighted THD has been used to be a criterion for evaluating the total

harmonics distortion of each method. The definition of WTHD and results for each sequence
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Figure 4.9. Numerical FFT results for b, ¢, d at m=0.8 for switching frequency range

100



Figure 4.9 (cont’d)
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(c) Sequence ¢ WTHD =3.306*1073

are shown in the following:.
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kk

)2 /‘Vpn_FFTl‘ (4.5)

4.2.5. Analytical double Fourier analysis

Since the SVPWM has two main frequency component: one is fundamental frequency,
and the other is sitching frequency, an analytical double Fourier series form could also be
derived for each sequence in DPWM, according to the rising edge and falling edge time point
according to the time duration for each switch at different sector in Table 4-2 and the detailed
PWM arrangement in Figure 4.8. Take DPWM sequence b as an example.

The double Fourier expression for the DPWM is a sum of the integrations in six sectors

since no general equation for the rising and falling edges in terms of angle in six sectors
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exists, but does in one sector. Equation (4.6) gives the general double Fourier equation and
Table 4-3 gives the integration upper limit and lower limit of S, for sequence b in each sector.
However, the FFT analysis target should be the line current, which can be represented by the
subtraction of upper switching function to lower switching function in the same phase leg as
shown in equation (4.4), which presents as an ac symmetric waveform.

Table 4-3.Integration limit of S1 for sequence b

ys(i) | ye(i) xr(i) xf(i)
r 27
0 3 0
7|2z X”:OZ; . Xf1=i—”%1
— T S
3| 3 Xpp === (Ts —-2)
Ts 2 V32
=z(—msin(=7z—-Y))
=27 — -ﬁmsin(z—”— ) ? °
ST 2 3 y Xf2=27l'
2_71- T 0 0
3
2z T2 2z N To
T ﬂ” Ts(2+2) TS(S 2 2
3
=7r(§msin(y—§ﬂ)) zzﬁ—ﬁ%msin(y—gﬂ)
4
—7 E;r 0 0
3 3
2r Ty 27 T4 To
Xp1 = —— X =—(—+—=
R A =357
3 .
5 :7r7msm(27z—y) :ﬂﬁmsin(y_fﬂ)
2 3
—7| 21
27w T T 27 Tl
=— —— & X = _
Xr2 TS (Ts > 2) f2 T (Ts 5
3 . 4
=27r—7r7msm()/—§7r) =2n—7r§msin(27r—y)

The coefficient of S;i(t) is shown in Table 4-3. The coefficient of S,(t) is equal to the

coefficient of S;(t) in the sector of 180 degree apart. Thus the phase current double Fourier
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integration limit is derived and shown in Table 4-4. According to the symmetry, the
integration could be conducted in the positive half cycle, two times of which is the final
coefficient, as shown in equation (4.6).

6 Ye(D)Xf (1)

Amn“‘ijn:_zz j j

27" 1y i) % (i)

1 geed ™M) dxdly (4.6)

Table 4-4.Integration limit for la(t) of sequence b

i | Pulse |ys(i)lye(i)| =xrl1(@i) xf1(i) xr2 (i)
| T Tg 27 Ty 27
1| e o | = 0 -2 2=
3 2 TS 2 e
lac 7 27 Tl 2
-1 2 2z T 2 T +T 27 T +T
3 de =z V4 s 1) (T2 27— SF (LT 2
3 Ts Ts 2 Tg 2
—I
4 de z 4. 0 o2 T_O) ( )
3 T, 2
—I
5 |4 12, 0 (Tl) 27 - 2% T1)
3 3 T,
|
6| 9 5, o 2_”(£ 2_”(@) 2”_2_”(M)
3 T, 2 T, 2 T, 2

4.2.6. Simulation results

A current source inverter with the configuration of Figure 4.1 is constructed in
simulation with the parameters: V;, =100V, L;, =1mH, C, =30uF, B, =1kW , f, =100Hz,
fg =20kHz Figure 4.10 shows the phase a current after the output capacitor for sequence
b, ¢ and d respectively. It is observed that they have the same fundamental rms value, but

different switching ripple. Sequence c¢ has lower current ripple than sequence b and d.

103



la of sequence B
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la of sequence C
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la of sequence D
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Figure 4.10. Simulated phase a current after the C filter for sequence b, c, d
4.3. Continuous SVPWM and Equivalent Carrier-based modulation
4.3.1. Selection of zero states in each sector
If the zero states 17, 18 and 19 are all used in each sector, as shown in Table 4-5, all six
switches will be switching on and off in each sector. The number of switching for each switch

can be derived shown in Figure 4.11. The zero state period TO is divided into 3 equal ones
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and assigned to 17, 18, 19 respectively. Figure 4.11 shows one example in Sector I. The 19 and
I8 are put at sides. Thus every switch has switching action in one switching period. The
switching counts for each one is shown in the figure. The total switching counts is 20 in the
example, which is 2.5 times of the previous proposed discontinuous SVPWM method.

Table 4-5.Selection of vectors in each sector in Continuous SVWPM

Sector Sector | Sector Il Sector 111 Sector IV Sector V Sector VI
Vectorl 11 (S6S1) |12 (S1S2) I3 (S2S3) 14 (S3S4) 15 (S4S5) 16 (S5S6)
Vector2 12 (S1S2) 13 (S2S3) 14 (S3S4) 15 (S4S5) 16 (S5S6) 11 (S6S1)

Vector0 17,1819 17,1819 17,1819 17,1819 17,1819  17,18,19
T0/3 Sector |
N E R L LA N R G R S
s1 | L 2
s2 —1 1 1 — 6
s6 I 1 — L_ 4
s4 —— 2
s3__ [ 1 [1_ 4
S5 T [ 2

Figure 4.11. Continuous SVPWM modulation switching states in Sector |

4.3.2. Equivalent carrier-based modulation for continuous SVPWM
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Le : Switching waveform for S1
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Figure 4.12. Equivalent carrier-based modulation for continuous SVPWM
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Figure 4.13 Implementation of switching waveform in Figure 4.12 by carrier-based
continuous SVPWM

Similarly, the equivalent carrier based modulation for this method can be derived
similarly as Table 4-2. The equivalent references for switch S1 and S4 are shown in Figure
4.12. The subtraction of S1 by S4 is the output current reference, which is a sinusoidal shown
as the pink curve in Figure 4.12. Figure 4.12 also shows the switching waveform of switch S1,
which is a continuous PWM as expected. Figure 4.13 shows the actual implementation
process and final switching PWM in one switching cycle.
4.3.3. Sequences of vectors in each switching cycle

For the sequences of the five vectors in half switching cycle, T1,T2, T7,T8,T9, there are
many choices. Also the zero state time period is not necessary evenly divided into 3 to be
assigned to three zero vectors. Different portion can be assigned to different zero vectors in
different sectors. The basic principle to guarantee a lower harmonic content is to put the T1
and T2 in the middle of each half switching cycle.

Compare the continuous SVPWM with the discontinuous SVPWM, it can be seen that
discontinuous method has much lower switching times than the continuous one, so as the
switching loss. However, in terms of spectrum, continuous SVPWM may have lower

harmonics. This needs to be studied in the following.
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4.3.4. Numerical FFT spectrum analysis
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Figure 4.14. Numerical spectrum analysis of phase current for continuous SVPWM at M=0.8
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Figure 4.14 (cont’d)
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According to the selection in Table 4-5 and the sequence in Figure 4.11, the theoretical
switching waveforms and also the phase current PWM form can be obtained. Set the
parameters as: M = 0.8, f; =100Hz, f¢ =10kHz . Compared to continuous SVPWM, DPWM
only has half fundamental period doing PWM switching. So in order to keep the same
average switching frequency, the carrier frequency of continuous SVPWM is set to be half of
DPWM, which is 10kHz here. The spectrum distribution diagrams at fundamental frequency
and fg, 2fg, are shown in Figure 4.14. The WTHD in this case is 0.5107%.

4.3.5. Simulation results

Figure 4.15 and Figure 4.16 shows the switching and output current waveforms.

Compared to Figure 4.10, the output current contains higher switching ripple, thus higher

total harmonic distortion.
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Figure 4.15. Switching waveform of continuous SVPWM

30

20 - AN Rl | g, ey, |

10

0.02

Figure 4.16. Simulated three phase output current after the filter
4.4. Space-Vector-Pulse-Width-Amplitude-Modulation (SVPWAM)

PWM methods are all about zero vector selection and zero vector placement. In order to
further reduce the switching times, at the same time not affect the output sinusoidal
waveform, one method is to eliminate the zero state in each sector. The switching period for
each switch reduces to only 120 degree per 360 degree. Take S; as an example, it only has
PWM switching in sector 1l and sector VI, so only for 120 degree. The elimination of zero

state doesn’t affect the output waveform, but do affect the input current, which can not be a
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dc current but a dc current with 6w ac ripple. « refers to the fundamental frequency. Thus a
dc-dc stage or an integrated dc-dc stage like the Z-source network has to be cascaded in front
to generate this 6@ current on the dc link, instead of using of single stage inverter.

Thus a new modulation method SVPWAM
“Space-Vector-Pulse-Width-Amplitude-Modulation” is proposed here, in order to reduce the
switching loss. The reason it is named as
“Space-Vector-Pulse-Width-Amplitude-Modulation” is that the amplitude of carrier
waveform is not a constant but a varied waveform, and also it is based on different zero
vector selection in SVPWM method. In order to implement this method, a front stage
regulator needs to be connected in series with CSI to generate this varied dc link voltage.
4.4.1. SVPWAM for Woltage Source Inverter(\VSI)

4.4.1.1. Principle of SVPWAM control in VSI

Figure 4.17. Space-Vector-Pulse-Width-Amplitude-Modulation for VSI
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The principle of SVPWAM control is to eliminate the zero vector in each sector. The
modulation principle of SVPWAM is shown in Figure 4.17. This imposes zero switching for
one phase leg in the adjacent two sectors. For example in sector VI and I, phase leg A has no
switching at all. The dc link voltage thus is directly generated from the output line to line
voltage. In Sector I, no zero vector is selected. ThereforeS; and S keep constant on, and
S3 and Sgare doing PWM switching. As a result, if the output voltage is kept the normal
three phase sinusoidal voltage, the dc link voltage should be equal to line to line voltage
Vgc at this time. In Sector I, it should be equal toVj. . Other vectors are similar.
Consequently the dc link voltage should present a 6@ varied feature to maintain a desired
output voltage. In another word, it should be designed as the envelope of maximum output

line to line voltage:

NV peak sin(ost+7/3)  (0<wst<z/3)

V3V peak sin g t (r13<wst<2713)
V3V peak sin(wst-7/3)  (2r/3<wit<x)
V3V peak sin(wst-2713)  (r<wft<dzi3)
V3V pea sin(ws t - 7) (4r13<wt<5713)

Ve = (4.7)

IV peak sin(wst-4713)  (57/3< wst <27)

, assuming that phase-a voltage reference starts from angle 0. Vpeak is the amplitude of the

phase voltage. The dc link corresponding waveform is shown in solid line in Figure 4.18. A
dc-dc conversion is needed in the front stage to generate this 6@ voltage. The topologies to

implement this method will be discussed later.
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Figure 4.18 DC link voltage of SVPWAM in VSI
The benefit of this method is the significant switching loss reduction. In each sector, only
two switches of the same phase leg are doing PWM switching. For each switch, it only does
PWM switching in two sectors, which correspond 120 degrees in every fundamental cycle.
Compared to conventional SPWM method, the switching frequency is reduced by 2/3.
Compared to discontinuous PWM, the switching frequency is reduced by 1/3. The switching
loss reduction can reach further to 87% if the power factor is unity, because the switching
actions happen at the current zero crossing region. The details of switching loss reduction
will be analyzed later.
For the time period calculation in SVPWAM, the switching time period is varied if

original equations are used for TjandT5:

J J

. T .
Ty =—msin(—-6); To =—msin( 4.8
1= (3 ) T2 > (@) (4.8)

, Wwhere 0 €[0,7/3] is relative angle from the output voltage vector to the first adjacent
basic voltage vector as shown in Figure 4.17. If Tq,Tomaintain the same value as equation
(4.8), the total switching period at angle @is equal to the sum of these two since no zero

vector is applied. This switching period is a varied value, which would cause additional
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harmonic component in the output. Because the volt-seconds is the key point that affect the

output voltage, a constant switching period can be used and two new active state period

which holds the same proportion as the previous ones in eg. 4.8 can be created. Thus in order

to keep the switching period constant but still keep the same pulse-width as the original one,

the new time periods can be calculated in a constant proportion norm as:

Tl I-i--|-2 ' :TS
Ty T1
TR,
T __To
Ts Ti+To

(4.9)

In this case, the pulse width doesn’t change while the switching period is kept constant.

Sector |
[ 11 {12 12 {11 |
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S2
S5
Sector IV
[ w12 121 |
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[ 11212 |
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[ {1212 11 |
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S e e

Sector 111
[ 112 [i2]nn |

S4
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[ {1212 11 |
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s2 1
s3 [T

s1
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Figure 4.19. Vector placement in each sector for VSI

The vector placement within one switching cycle in each sector is shown in Figure 4.19.

In practical implementation, the two PWM waveforms generated from DSP can be assigned

to different switches in different sectors. There are only two PWM for six switches. One in

three original PWM has been eliminated. That is also corresponding to the switch that
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generates zero vector, as shown in dotted line in Figure 4.19. The relative position of T, and
T, can only have one choice, but the starting and ending time can be flexible, which may
cause different output harmonics. In another work, how to assign the time period for each

section of Iqor Iois flexible.

VdC 200 _ ........... ........... ........... .......... .

Figure 4.20. Theoretic waveforms of dc link voltage, output line to line voltage and switching

signals

Figure 4.20 shows the ideal waveforms of the bus voltageV. , the output line to line voltage
of the first inverter phase leg, and the switching signals of S;. Unlike the conventional
SVPWM and SPWM control, the SVPWAM technique combines the pulse width modulation
and amplitude modulation together such that each inverter phase leg only switches during one
third of the fundamental period. The output line to line voltage partly overlaps with the dc
link voltage, which potentially reduce the its harmonics content, as long as the dc link voltage
doesn’t have high harmonics. However, the dc link voltage generated by dc-dc converter

usually has switching ripple, which will add to the output line to line voltage of inverter. It
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may increase the harmonic level also.

4.4.1.2. Inverter switching loss reduction for VSI

For unity power factor case, the inverter switching loss is reduced by 86% although the
switching phase-span has only been reduced by 2/3. Such difference is because the switching
current is in zero crossing region, as shown in Figure 4.21. The phase voltage can be divided
into four sections:

[-30°,3097,[309,150°7, [£50°, 210°7,[210%,330%] . During [30°,150°7 and [210°,330°7
the phase voltage exhibits the maximum and minimum voltage among the whole period,
which is directed connected to the dc link voltage, so there is no PWM switching in these two
periods. However, in another two 60 degree sections, the voltage is in middle range, so it is
generated from PWM switching referenced to the 6w varied dc link voltage envelope. The
PWM switching region is shown in the shadow area of Figure 4.21. The current is

+30% around its zero point, as well as the phase voltage. The voltage and current slop is the

slowest in this region among all 360 degree period.

Figure 4.21. Switch voltage and current stress when pf=1 (In shadow area)
In voltage source inverter, the voltage stress on the switch is equal to dc link voltage,
and the current stress is equal to output current. Thus the voltage stress is always maximum

line to line voltage and the current stress is always from 1 5oz (—sin 300) to I peak (SN 300) :
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The general equation for switching loss calculation of each switch is:

1 2 ia|-V
[ Esr lia] Voc oy doot (4.10)
27 *0 Vref I ref

Pow vsiI =
, Where iy represents the output current; Vpc is the average dc link voltage, which is an
approximate switching voltage here; and Eggr,Vyef , I 1o are the switching energy, reference

voltage and current, respectively. The total switching loss is6x Py | -

Since the SVPWAM only has PWM switching in two 60 degree sections, the integration

over 27 can be narrowed down into integration within two 60 degrees:

7z/6 | Iy sin(at) | Vpe
Pow | z—[ m - fow doot
- I ”/6 Vref Iref
7716
5”/6 o HmSin(@b)| Voc gy dat (4.11)
4 Vref I'ref
4 Vref I ref
The average value during each 60 degree section is:
16 3
Vpe = j 6V peak €050 40 ==V pegy (4.12)
The switching loss for conventional SPWM method is:
sin(wt) | V
Pow _1 :_[J 'm | == o dot
Vref Iret (4.13)
_E.ME f NE.Im\/ﬂE f |
= SR 'sw ™ SR " 'sw
7 Vref lref 7 Vref lret
2-3

In result, the switching loss of SVPWAM over SPWM is: f =

i/3—12 8%. The
T Tz

switching loss has been reduced by 87%.
However, when the power factor decreases, the switching loss reduction amount
decreases because the switching current increases. As shown in Figure 4.21, the voltage

remains in that section but the current switching region shifts. Thus the equation (4.11)
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should be re-written as:

716 |lmsin(@t—4)|Vpc

1
o s £ dwt
SW_I *o [Lﬁ/a SR Vref I ref "
7716 Im sin(et —4) [V
,,/ SF€| m Sin(wt —¢) | DC . f, dat (4.14)
5716 Vref ref

Figure 4.22 shows the relationship between the power loss percentage ratio and the

power factor calculated according to eq. (4.14).
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Figure 4.22. (SVPWAM power loss / SPWM power loss) vs. power factor in VVSI
As indicated, the worst case happens when power factor is equal to zero, because the
switching current is in maximum 60 degrees area. But the switching loss reduction in this
case still reaches 50%. In conclusion, SVPWAM can bring the switching loss down by 50% ~
87% according to different power factor.
4.4.2. SVPWAM for Current Source Inverter(CSI)

4.4.2.1. Principle of SVPWAM in CSI

The principle of SVPWAM in current source inverter is also to eliminate the zero
vectors. As shown in Figure 4.23, for each sector, only two switches are doing PWM

switching, since only one switch in upper phase legs and one switch in lower phase legs are
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conducting together at any moment. Thus for each switch, it only needs to do PWM
switching in two sectors, which is 1/3 of the switching period. Compared to the SVPWM that
with single zero vector selected in each sector, this method brings down the switching

frequency by 1/3, since

@ (S4S5)

Figure 4.23 Current source inverter SVPWAM diagram

1.5

0 0.005 0.01 0.015 0.02 0.025 0.03

Figure 4.24. DC current and output phase current waveform

the previous one requires switch to do PWM switching in half switching period, but this one

only 1200,
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Similarly, the dc link current in this case is a 6@ varied current. It is the maximum

envelope of six output currents: Iy, Iy, lc,—l5,—lp,—1c, as shown in Figure 4.24. For

example, in Sector I, S; always keeps on, so the dc link current is equal to 1. In Sector II,

S, is constantly on, so dc link current is equal to -1;. Assume the output phase current

reference starts from angle 0, the required dc link current is:

|dc:

I peak Sin(@st+7/3)  (O<wrt<xz/3)

I peak Sin ¢t (m13<wst<2713)

| heak SiN(@wst—7/13)  (2r/3<wst<x)

lzeak sin(wst-2713) (r<wft<4rl3) (4.15)
I peak Sin(wst—7) 4z 13 wst<57113)

lpeak sin(wst—4r/13) (Brl/3Lwst<27)

The time intervals for two adjacent vectors can be calculated in the same way as equation

(2) and (3). The angle ¢ is shown in Figure 4.23.

According to diagram in Figure 4.23, the vector placement in each switching cycle for six

switches can be plotted in Figure 4.25.
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Figure 4.25. Vector placement for each sector for CSI
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Figure 4.26 shows the ideal waveforms of the dc current 1., the output phase a current and
the switching signals of S;. The switching signal has two sections of PWM in positive cycle,
but no PWM in negative cycle at all. However, the conventional SVPWM with only one zero
vector selected, has an additional 60 degree PWM section in negative half cycle. So the

switching frequency is reduced by 1/3.
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Figure 4.26. Theoretic waveforms of dc link current, output line current and switching signals

4.4.2.2. Inverter switching loss reduction for CSI
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Figure 4.27. Switching voltage and current when pf=1
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SVPWAM / SVPWM

Switching loss

Figure 4.28. CSI switching loss SVPWAM/SVPWM vs. power factor
In current source inverter, the current stress on the switch is equal to the dc link current,
and the voltage stress is equal to output line to line voltage. The shadow area in Figure 4.27
shows the switching current and voltage in Sector I. For a single switch, the switching loss is

determined by

L %5 lial o)
P = SEgp AL L0Cl £ deot (4.16)
sw _csl =2*— J% Ry 1

The voltage is within +300 of the zero-crossing region, and the current is at the maximum

600 area. Thus this switching loss is similar to the one in voltage source inverter. But the

comparison object switching loss in SVPWM of CSI becomes only half of the SPWM if the
same switching frequency is used. So the switching loss reduction relative to SVPWM
method can be plotted with power factor in Figure 4.28. The value is half of the value in
Figure 4.22. The maximum switching loss reduction is 73.2% at unity power factor. The
minimum switching loss reduction is 4.3% at power factor equal to zero.

4.4.3. Spectrum Analysis of SVPWAM

4.4.3.1. Spectrum comparison between SPWM, DSVPWM and SVPWAM in VSI
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(a) Output line to line voltage in VVSI at SPWM control
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(b) Output line to line voltage in VSI at discontinuous SVPWM control
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(c) Output line to line voltage in VSI at SVPWAM control

Figure 4.29. Output line to line voltage waveform for three methods: (a) SPWM; (b)

; and (c) SVPWAM

discontinuous SVPWM;
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The object of spectrum analysis is the output voltage or current before the filter, not a
single switch. The output spectrum is different from a single switch because certain orders of
harmonics can be eliminated by sum of subtraction of switching functions. In voltage source
inverter, the output voltage is equal to half dc voltage times the summation of two switching
functions on the same phase leg. However, in current source inverter, the output current is
equal to dc current times the subtraction of upper switching function to lower switching
function on the same phase leg. Their waveforms are shown in Figure 4.29.

The comparison is conducted between SVPWAM, discontinuous SVPWM and
continuous SVPWM in VSI.

The switching frequency selected for each method is different, because the comparison
is built on a basis of equalized average switching frequency over a whole fundamental cycle,
in order to not sacrifice the output harmonic performance. Assume the base frequency is fo.
Thus 3fy should be selected for SVPWAM, 2f, should be selected for discontinuous SVPWM
and fo should be selected for continuous SVPWM in VSI, since they switches for 120 degrees,
180 degrees and 360 degrees respectively for every 360 degree fundamental cycle. In CSl, 3fo,
2fo and fo should be selected for SVPWAM, discontinuous SVPWM, and continuous
SVPWM, respectively, because the PWM switching range is 120 degrees, 180 degrees and
360 degrees respectively. In another word, only by increasing the average switching
frequency of SVPWAM or discontinuous SVPWM to the same level of continuous SVPWM,
the harmonics are comparable at both low modulation and high modulation range. Here the
base switching frequency is selected to be 10.8 kHz, because it is the integer times of the

fundamental frequency 60 Hz, which eliminates lots of sub-frequency harmonic component. .
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The modulation index selected for all methods here is the maximum modulation index
1.15, since the SVPWAM always only has the maximum modulation index. In this case, the
fundamental components are all 1.

The dc link voltage is designed to be a constant for SVPWM and an ideal 6w envelope
of the output six line to line voltages for SVPWAM. Thus the harmonic of the SVPWAM
here doesn’t contain the harmonics from the dc-dc converter output. It is direct comparison
between two modulation methods themselves from mathematics point of view, not involving
the harmonics brought by other factors. In practice, the SVPWAM may have higher harmonic
components because of the distortion in the dc link voltage/current. For example, if the front

stage is a dc-dc converter, the dc link voltage contains switching frequency ripple.

1 \p)
0.8
0.6
—_—
QEVpn_FFT |
0.4
0.2
O\ o\ o o o\ o\ o\ o o\ Va
0 200 400 600
fser
(@)

Figure 4.30. Spectrum of SPWM: (a) zoom-in at fundamental frequency; (b) zoom-in at

switching frequency; (c) zoom-in at double its own switching frequency
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Figure 4.30 (cont’d)
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Figure 4.31. Spectrum of discontinuous SVPWM: (a) zoom-in at fundamental frequency; (b)

zoom-in at switching frequency.
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(b) Spectrum at switching frequency
Figure 4.32. Spectrum of SVPWAM: (a) zoom-in at fundamental frequency; (b) zoom-in at
switching frequency
Figure 4.30 — Figure 4.32 show the calculated spectrum magnitude at fundamental frequency

range and integer times of switching frequency range for three methods. As mentioned before,
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for a fair comparison, different switching frequency has been used for different methods, in
order to reach the same average switching frequency. 10kHz, 20kHz and 30kHz have been
used for SPWM, discontinuous SVPWM and SVPWAM respectively. The weighted total

harmonic distortion (WTHD) is defined as:

2

% ’VFFTkk ‘

k2| KK

WTHD = (4.17)
VEFT

The difference between WTHD and THD is the amplitude for certain order harmonics in
WTHD needs to be divided by the order number. It can better represent the THD level for
different methods because the importance of the harmonics decreases as the frequency
increases. High frequency harmonics can be more easily reduced by the output low pass filter,
but not the lower ones. WTHD is calculated to be 0.23% for SPWM, 0.16% for discontinuous
SVPWM and 0.13% for SVPWAM. It can be concluded that the ideal switching function of
SVPWAM has less or comparable harmonics with SPWM and DPWM. However, the 6w dc
link voltage is generated by the front stage dc-dc converter, so it contains additional switching
ripple from the dc-dc converter switching, which may increase the harmonic content in
SVPWAM. From the numerical analysis of the simulation results, this increase has no
significant increase for the THD of output waveform. Thus it can be concluded that the
SVPWAM features better or at least comparable harmonic performance as the other
modulation methods.

4.4.3.2. Spectrum comparison between discontinuous SVPWM, continuous SVPWM and
SVPWAM in CSI

(1) Discontinuous SVPWM
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According to switching state assignment in Figure 4.5, switching time calculation from
equation (4.2) and the switching waveform implementation in Figure 4.8, the numerical
switching waveform in one fundamental cycle could be obtained for each DPWM methods.
Set the parameters as: M=0.8, fo=100Hz, fs=20kHz. The spectrum distribution diagrams of
each sequence at frequency range of fundamental frequency and switching frequency are
shown in Figure 4.33 (a)(b)(c). The weighted THD has been used to be a criterion for
evaluating the total harmonics distortion of each method. The definition of WTHD and

results for each sequence are shown in equation (4.17).
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Figure 4.33. Numerical FFT results for b, ¢, d at m=0.8 for both fundamental frequency range

and switching frequency range
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Figure 4.33 (cont’d)
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(a) FFT for phase current of DPWM sequence b at m=0.8
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Figure 4.33 (cont’d)
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(b) FFT for phase current of DPWM sequence ¢ at m=0.8
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Figure 4.33 (cont’d)
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(c) FFT for phase current of DPWM sequence d at m=0.8
me-1
251 Von FFTK| 2
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WTHD = =
’Vpn_ FFTl‘ (4.18)

WTHD _ sequence b =3.607 *1073
WTHD _sequence ¢ =2.663*107°
WTHD _sequence _d = 3.306*1073

(2) Continuous SVPWM

According to the selection in Table 4-5, and the sequence in Figure 4.11, the theoretical
switching waveforms and also the phase current PWM form can be obtained. Set the
parameters as: M=0.8, fo=100Hz, fs=10kHz. Compared to continuous SVPWM, DPWM only
has half fundamental period doing PWM switching. So in order to keep the same average

switching frequency, the carrier frequency of continuous SVPWM is set to be half of DPWM,
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which is 10kHz here. The spectrum distribution diagrams at fundamental frequency and one
and two times switching frequency are shown in Figure 4.34 (a)(b)(c). The WTHD in this

case is 0.5107%.
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Figure 4.34. Numerical spectrum of phase current for continuous SVPWM at M=0.8
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Figure 4.34 (cont’d)
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The output theoretical output line current could be calculated by equation (4.19), which
is also shown in Figure 4.35. A FFT analysis is conducted based on this waveform and the

results are shown in Figure 4.36.

la (t) = 1gc (1) * (S1(t) — S4(t)) (4.19)
05
Ia_(t) 0
- 05
0 0.01 0.02
t

Figure 4.35. theoretical output line current in SVPWAM
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Figure 4.36. Numerical spectrum of output current for SVPWAM
(3) Comparison of WTHD between discontinuous SVPWM, continuous SVPWM and

SVPWAM in CSI

The aforementioned three PWM methods for current source inverter can be compared in
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THD, by using the same average switching frequency. The DPWM only switches for half
cycle, and SVPWAM only switches for 1/3 cycle, but continuous SVPWM switches for the
whole cycle. The WTHD presents different value in different modulation index. So Figure
4.37 shows the relationship between WTHD and the modulation index for each method.
SVPWAM only has unity M, so it only shows one point. The plot indicates that SVPWAM
has the smallest WTHD and DPWM C the second. Continuous SVPWM has the worst

harmonic performance.

0.012

Figure 4.37 WTHD vs. M for different methods
4.4.3. Analytical double Fourier expression for SVPWAM
In VSI, the general expression of double Fourier coefficient is:
6 Ye®xf ()
Am+ B =—%> | | Vace! ™ ™axdy (4.20)
Ly (i) xe (i)

, Where ye[0,27] represents the fundamental cycle; xe[0,2z] represents one switching

cycle. Since the PWM waveform for each switch in different sectors are known in Figure
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4.19, and also the time for rising edge and falling edge for each switch in each switching

cycle can be calculated from (4.8) and (4.9). Thus the double Fourier expression coefficients

in (4.20) can then be derived.

The output line to line voltage Vg, of a voltage source inverter is used as an illustrative
example. It can be expressed using switching functions as follows:

Vi (1) =V (S1(1) ~ S3(1)) (4.21)

So the double Fourier equation forVyy is transferred into the subtraction of double Fourier

equation for S;(t)and double Fourier equation for S3(t). The integration limits for S;(t)

and Sz(t) are shown in Table 4-6 and Table 4-7, and the corresponding line to line voltage

integration limits are shown in Table 4-8.

Table 4-6.Integration limit for switching function S (t)

ilys@)pye(i) xr(i) YT
1o |3 0 2r
3
N = SNCT3-Y)
2| 3 | 3 |x,=27-7.SNC7/32Y) siny
2 Siny Xf2:27l'
3 T
4
41 T — 7T 0 0
3
5 i B : -
3 |3 sin(y-r) sin(y-r)
6 %7[ 2w 0 27
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Table 4-7.Integration limit for switching function S3(t)

ilys(i) |ye(i) xr (1) xf (1)
sin(z/3- sin(z/3—
1 0 72'/3 Xrlz u Xf]_:272'—72" ( y)
sin(y+xz/3) sin(y+z/3)
2| 713 2713 0 2w
s|2x13 | 7« 0 27
Xr1 =0; __ sin(4z/3-y)
A 77| AR T sin@z/3—y) | 7 Sin(y—2713)
Xpp =2 — 71 - —— =
sin(y—2xz13) X9 =27
5|4x/3 | 5x/3 0 0
6|57I3| 27 0 0
Table 4-8.Integration limit for line to line voltageVgy (t)
i |ys(i) |ye(i) xr(i) xf(i) Idc
T | %1=0; sin(z/3-y).
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6 gﬂ' 27 0 2r 1

The coefficients finally could be simplified into a closed-form expression in terms of Bessel

functions, according to the following basic equality
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gl5C0s0 _ J0(§)+2i i3, (&) cos(ko) (4.22)
k=1
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Figure 4.38. Simulation results for SVPWAM CSI: (a) switching waveform (b) Input dc link

current and output one phase current before the filter (c) input dc link current and output three

phase current after the filter
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Figure 4.38 (cont’d)
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For current source inverter SVPWAM, the theoretical output line current could be
calculated, which is also shown in Figure 4.38 (b) the green waveform. The numerical FFT
analysis shown in previous section is conducted based on this waveform

For the theoretical double Fourier Series form derivation for the output current, the same
general equation as (4.21) has been adopted, but different integration limits are assigned for
SVPWAM. Take S; as an example. For sector I, the integration limit for x is[0,27]; for
sector I, IV and V, the limit for x is [0,0]; for sector Il, the integration limit for x is
[0,272T) ITg] & [27r—27Ty I Tg, 2] ; for sector VI, integration limit for x is
[27T1 I Tg,27 - 27T / Tg]. The time range in a certain sector for S, is the same with the
time range of S, in a sector which is 180 apart from the sector of S, .The detailed closed-form
expression will not be discussed here in detail.

4.4.4. Topologies for SVPWAM
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Basically the topologies that can utilize SVPWAM have two stages: dc-dc conversion
which converts a dc voltage or current into a 6w varied dc link voltage or current; VSI or
CSI for which SVPWAM is applied. However, the two stage conversion can also be
implemented in a single stage in some topologies, such as Z/quasi-Z/trans-Z source inverter.
Some examples from these two categories of topologies are shown in Figure 4.39. Topologies
(@)(b)(c)(e)(F) are proposed in previous literatures [26-29]. Topology (d) is a newly proposed
topology here. These inverters all have voltage buck-boost function. All topologies except (b)
have regenerative capability. However, if the front diode in (b) is replaced by an active switch,

it can also conduct power in both directions.

SN N N
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@) Boost converter inverter
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(b) Voltage-fed Z-source inverter [26]

Figure 4.39. Possible topologies for using SVPWAM
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Figure 4.39 (cont’d)
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(c) Current-fed quasi-Z-source inverter [27,28]
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(F)Two stage boost converter using the neutral point of motor[29]
4.5. Summary

This section gives the general theory for three PWM modulation methods for current
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source inverter. The new contributions of this section over the previous literature are:

» A SVPWAM method has been proposed for current source inverter, to reduce the
switching loss;

» DPWM, CSVPWM and SVPWAM are all derived from SVPWM theory, and their
equivalent carrier based modulation has also been derived,;

» Double Fourier form of DPWM and SVPWAM have been derived,

» WTHD has been compared for all methods and the conclusion is:
SVPWAM < DPWM_c < DPWM_d < DPWM_b < CSVPWM;

» The SVPWAM method reduces the switching loss by 90% in VSI, by 70% in CSI at unity

power factor condition, thus the power density is increased and the cost is reduced.
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CHAPTER S SVPWM FOR Z-SOURCE INVERTER
—ZERO VECTOR PLACEMENT
5.1. Introduction
For motor drive application, the Z-source inverter is a promising new inverter to achieve

lower cost and higher efficiency, which has been discussed in several papers [1-13]. It can
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(a) Voltage-fed Z-source inverter
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(b) Current-fed Z-source inverter

YVVYY

—e

7
tﬁ'

(c) Voltage-fed quasi-Z-source inverter

Figure 5.1. Circuit configurations of Z-Source inverter
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Figure 5.1 (cont’d)
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(d) Current-fed quasi-Z-source inverter

buck/boost voltage in a single stage, which overcomes the efficiency problem of the
traditional two stage boost converter inverter solution.

There are many kinds of modulation methods for current source inverter and voltage
source inverter proposed previously. There are two basic types of modulation methods:
carrier based regular sampled method (including continuous PWM [18-23] and discontinuous
PWM]24-28]); space vector PWM control [27, 29-31]. Paper[22] utilized master and slave
references to be compared with carrier directly to generate a switching pattern instead of
using mapping method [20], but it didn’t reduce switching frequency or increase current
utilization compared to SVPWM control. Paper[26] proposed two generalized discontinuous
carrier-based pulse width modulation (GDPWM) methodologies for CSI to reduce the
switching frequency further by 1/3. However, the discontinuous PWM introduces higher
harmonics in the output and also higher temperature variation of the device package.
paper[28] presented a vector PWM method to minimize the switching loss, by placing zero
vector at proper sector and by injecting triplet harmonics. Similarly for current source
inverter, the zero vectors can be intentionally arranged to bring down the switching loss.
Paper[24] presented a dead-band PWM pattern which makes a 33% switching frequency

reduction for a equivalent harmonic spectrum, compared to SPWM, but it has the same
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problem as DPWM. Paper[34] concluded that the third harmonic injection method is better
for low modulation but modified SPWM is better for high modulation in terms of harmonic
and ripple current.

Various types of Z-source inverter modulation have also been proposed in the old
literatures. Papers [1, 4, 32-33] proposed the carrier-based PWM control method. Paper [4]
presented a method utilizing the maximum shoot through duty ratio in order to achieve
minimum voltage stress on active devices; however, the varied shoot through duty cycle may
introduce six times base frequency harmonics in output. In order to overcome this problem,
paper [32] proposed a maximum constant boost control which injects a zero sequence voltage
in the reference to make the shoot through duty cycle constant. Papers [1, 33] presented a
method which inserts the open zero state into the edge of PWM, in order to reduce the
number of switching, however, it may cause larger power loss due to multiple times of diode
TeVerse recovery.

The evaluation process for different modulation methods has been researched by many
papers [27, 35-38]]. Basically the evaluation criteria includes switching losses[84, 27, 28,
38-40], current/voltage ripple[34], harmonics[29, 36, 41, 42] and implementation complexity.

PWM sequence is defined as a function of modulation index and power factor. From the
state average point of view, each switching vector can be displaced anywhere within the
switching cycle because the displacement has no effect on the amp-second average of the
resulting current pulses corresponding to the reference vector[39]. The sequence of switching
vectors should minimize the inverter switching loss, inductor current ripple and output
voltage/current harmonics[31].

Paper[39] presented several kinds of switching sequences such as FSM, HSM, MHSM,
MFSM, CSVM, and also concluded that CSVM is better than others if M<0.64.

This paper selects the SVPWM control to achieve higher input current utilization, lower
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switching loss and lower total harmonic distortions. For both voltage-fed and current-fed
Z-source inverter, there are four switching states at any switching cycle, including two active
states, one short zero state (shoot through state in voltage-fed Z-source inverter), and one
open zero state. So there is more flexibility to arrange them to get the same volt-second
equation, but different performance. In the modified SVPWM control method for this circuit,
different PWM sequences can lead to different switching loss, current ripple, total harmonic
distortion, and also the voltage spike on the switching devices. For each optimizing target,
several rules which results in better performance have been summarized. A group of
sequences have been sieved according to these rules. A complete analysis has been given to
demonstrate the performance of the selected sequence based on aforementioned four
criterions. A 15kW rated current-fed quasi-Z-source inverter has been built in the lab. This
inverter has buck-boost and regenerative function [81]. Space vector PWM with optimized
vector placement has been utilized on the hardware. In order to bring the prototype into real
application in hybrid electrical vehicle[82-84], the inverter efficiency is measured according
to the motor P-V curve. The estimated efficiency curve and experiment results are plot and
compared. The best efficiency at full power rating reaches 97.6% at unity voltage gain. The
peak efficiency reaches 98.2%. The efficiency from 3.5KW to 15KW is between 94% and
98%. Compared to two stage boost-converter-inverter in traditional HEV system, the
efficiency has been improved by 3-4%. The power density of the 15kW prototype is around
15.3KW/L, which is also SKW/L higher than the commercial unit in HEV.
5.2. The Influence of Zero Space Vector Placement
Inductor
current \/\/\ \/\
ripple

PWM |

Figure 5.2 Centered PWM and back to back PWM and their corresponding current ripple
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The main function of any PWM strategy is to identify the active pulse width within each
carrier interval which contributes the same fundamental volt-second average as the original
target reference waveform over that interval. While the position of the pulse within the carrier
interval does not affect its cumulative volt-second average over that interval, it does
significantly influence the harmonic performance of the switched output voltage. This is
illustrated in Figure 5.2, which shows two possible pulse placements for a 50% duty cycle
switched voltage applied to an inductive load which has a back electromotive force (EMF)
equal to half the switched voltage. While the average current is zero in both cases, the current
ripple magnitude when the pulses are centered in the carrier interval is significantly less than
the current ripple magnitude which occurs when the pulses are positioned back to back to
span across two carrier intervals. Furthermore, when the switched pulses are centered in each
carrier interval, the current ripple frequency is twice that of the back to back pulse placement
(this reflects the switched output voltage harmonics seen by the load in both cases). The
conclusion to be drawn from this simple example is that modulation strategies which place
their switched pulses closer to the center of each carrier interval have a superior harmonic
performance compared to those which do not center the pulses, irrespective of how the
switched pulse width is calculated. For a three-phase system, the placement of the active
voltage pulses is constrained by the need to balance the pulse position across all three phases.
From the way of how the active voltage pulses are distributed within a carrier period for the
first 120 degree of the fundamental component, for regular sampled PWM, PWM+3"
harmonic injection, and space vector modulation where the active space vectors have been
explicitly centered in each half carrier interval, it can be seen how the progression from
regular PWM through third harmonic injection to space vector modulation progressively
centers and improves the voltage pulse placement.

An alternative modulation strategy which also achieves an improved pulse placement is
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to add a common mode third harmonic of 1/4 reference magnitude, instead of 1/6 as
described before. This approach centers the space vector pulses at 30 degree steps during the
fundamental cycle, with minor deviations from the center within each 30 degree interval.
Note however that the maximum possible modulation range without saturating is slightly
reduced to 0<m’<1.12 under this modulation strategy.

It would be expected that the improved voltage pulse placement achieved by space vector
modulation would be reflected in the harmonic spectrum of the line to line voltage, with an
increase in the spectral energy at twice the switching frequency and lower harmonic
components at the switching frequency. Furthermore, only a slight improvement would be
anticipated when moving from third harmonic injection PWM to space vector modulation,
twice the position of the active space vectors only varies slightly between these two
approaches. These responses have been verified by both simulation and experiment as
described in the next section.

Finally, the benefit of centering the active space vectors should diminish as the
modulation depth increases, since a larger part of the carrier interval becomes taken up with
the active space vector components, and the position skew caused by the constraints of
three-phase pulse placement overshadow any benefits of centering the active pulses.

5.3. Consequential modulation Implementation Issues
Once the active space vectors have been identified, they can be placed and sequenced in
a number of ways which trade harmonic performance against implementation complexity.
One obvious alternative is to not reverse the switching sequence every half cycle, i.e., to
replace  the space  vector  sequence  of = S0-S2-S1-S7-S7-S1-S2-SO by
S0-S2-S1-S7-S0-S2-S1-S7.  This can achieve some simplicity in hardware implementation,
but has the cost of changing the modulation process to single edged (sawtooth carrier) with a

resulting increase in harmonic levels. In addition, this type of modulation implementation for
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2nd 4th

regular sampled systems creates and harmonics of approximately 1% (the
magnitude depends on the switching frequency), and this is generally unacceptable.
Single-edged space vector modulation is therefore not recommended.

Another alternative that has been reported is to combine the two zero space vectors into
one interval which is placed at the end or the start of the half carrier interval for the forward
or reverse switching sequence, respectively. This sequence allows each phase leg to stay
switched on for 60 degree or 120 degree continuously, depending on which zero vectors are
combined. The switching sequence then becomes (for one 60 degree segment)
S2-S1-S7-S7-S1-S2 while phase leg C is held at —Vdc during this period. The advantage of
this discontinuous implementation is that the overall switching frequency can be increased by
3/2, while still maintaining the same overall number of phase leg commutations as for regular
PWM and centered space vector modulation. However, the price is a loss of symmetry for
each line to line output voltage, which is reflected in the harmonic spectrum for this
implementation.

At higher modulation ratios, the benefits of the double switching frequency harmonics
for centered space vector modulation lessen as the active space vector regions within the half
carrier interval increase, and discontinuous modulation becomes more attractive because of
its higher net switching frequency. The weighted THD of regular PWM+3™ and centered
space vector modulation are almost identical over the entire linear modulation range, while
60 degree discontinuous modulation achieves a lower weighted THD above a modulation
depth of about 0.9.

5.4. Effect of Zero Vector Placement For SVPWM of Voltage-fed Z-source Inverter
5.4.1. SVPWM control method for voltage-fed Z-source inverter

Figure 5.3 shows the SVPWM diagram for voltage-fed Z-source inverter. There is an

extra shoot through state introduced except the normal zero states. In each sector, two normal
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zero states and one shoot through state are selected. The shoot through state is corresponding
to turning on all the switches, in order to achieve minimum current stress on the switch.

Figure 5.4 shows three basic circuit states in one switching interval. The corresponding

conducting time of each vector follows the equations:

T, =2 msin(60° - 0) T

3

T, :%msin(ﬁ)-Ts (5.1)

1
To =T7=5< Ts=Ti —Tip1 —Tsw

Vin—= Ci =" @)

(a) Active state (T;,T,)

Figure 5.4. Three equivalent circuit states for voltage-fed quasi-Z-source inverter
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Figure 5.4 (cont’d)
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(c) Shoot through state (Tgp, )

Figure 5.4. Three equivalent circuit states for voltage-fed quasi-Z-source inverter
5.4.2. Vector placement for SVPWM control of voltage-fed Z-source inverter
Five vectors appear in SVPWM control of voltage-fed Z-source inverter, including two
active vectors and three zero vectors.
If all the zero vectors are utilized in a single switching interval, the vector arrangement
complexity is raised from O(4) in normal case to O(5). Six different sequences have been
summarized in Figure 5.5, after deleting some of the overlapped choices.

The corresponding relationship is:
t0=5;S3Ss5, t7=5;S3Ss, t1=5;S3Ss, t2=5;53Ss, tgh = $1S25354555¢
Thus in all these sequences, there are several types of transition as follows:

t0tl, tlet2, 12517,10 517,10 & 12,17 < tl tsh < tl,
tsh < t2,tsh < t7,tsh < t0
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They can be classified into groups by the number of switching action in the transition:
only one switching action includes t0 < tl, tl<t2, t2<t7; one and half switching

actions include tsh < tl,tsh<t2, tsh < t0,tsh<t7 ;two switching actions include

t0 < 12,17 <t ; three switching actions include t7 < t0.

| [0] t1] 2 |47 |tshfishf 7] 2
0| 1|2 [ish t7 ¢

3 Jtsh t1

4 T.Sh tl |1

5[0 t1 [sh
6 |10 t1 fish

Figure 5.5. Six sequences of the vector placement for SVPWM of

voltage-fed Z-source inverter

1 [40] t1] 2 {10 ftshitsht0] 2 |1 [t0°
2 [0 tsh[ 00 t1 [0
3 [ish! k {2 [ 1 |ish
4 Jish] t1 0 0] t1 ish
5 [0 t1 jishi 2 (401101 2 fish] 11 [10°
6 [t0] t1fish] 2 [0 ]10] 1 [1Sh] 2 [¥0°

Figure 5.6. Discontinuous vector placement sequence for SVPWM of
voltage-fed Z-source inverter
Therefore the first sequence in Figure 5.5 is labeled as the one with least number of
switching. However, least number of switching is not equalized to least current ripple, least
switching loss and least harmonics. The fair comparison should have all the criterions fixed
except one varied. First of all, the inductor current ripple caused by different sequences
should be guaranteed to be the same, because it will affect the inductor size and efficiency.
Secondly, the output current harmonics should be kept the same, in order to provide the same
quality of power to the load. Based on these assumptions, the one with the minimum

switching loss could be defined as the optimized placement sequence.
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5.4.3. Effect of vector placement for current ripple

The inductor current ripple is affected by the vector placement. As shown in Figure 5.2,
an alternative placement for two different types of zero vector(shoot through zero vector and
open zero vector) would reduce the current ripple amplitude to half , and also increases the
ripple frequency to twice, compared to the one without alternative consequence. Take
voltage-fed quasi-Z-source inverter as an example to explain here. Inductor 2 is considered as
the research object since it is directly clamped by capacitor 2 active and open zero state and
by capacitor 1 in shoot through state. According to the circuit states in Figure 5.4, inductor 2
is charged in shoot through state and discharged in the other two states, so as inductor 1.
Since the capacitor voltage is stiff, the discharge rate in active and open zero state are the
same, but much smaller than the charge rate in shoot through state. This phenomenon could
be explained from the energy storage point of view. All the energy dissipated in the long
active and normal zero state has to be restored in a short period of shoot through state. It
results in an excessively big shoot through current ripple. Sequences 2, 5, 6 in Figure 5.5
reduce the ripple to half of the original by dividing the shoot through period into two equal
ones. In another word, sequences 1, 3, 4 have to double their switching frequency to reach the
same ripple level as the other group of sequences. From this stand point, sequences 2, 5, 6 are
considered to have much less switching actions, thus less switching loss, at the same current
ripple premise.
5.4.4. Effect of vector placement for output harmonics

First of all, the sequences with smaller current amplitude and higher current ripple
frequency would have lower THD at output. The reason is the output current is equal to
inductor current in active state, since the high frequency capacitor current component is
filtered out by the output filter. Different placement brings different inductor current shape,

thus different output current shape. Thus sequence 2, 5, 6 have lower THD than the other
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three placement.

Second, the modulation strategies which place their switched pulses closer to the center
of the each half carrier interval have a superior harmonic performance compared to those
which do not center the pulses, irrespective of how the switched pulse width is calculated
[31]. The improvement would also be reflected in the harmonic spectrum of the line to line
voltage, with an increase in the spectral energy at twice the switching frequency and lower
harmonic components at the switching frequency [31]. In Figure 5.5, obviously sequence
4,5,6 have more centered active states than the other three. This benefit of centering the
active space vectors increases as the modulation depth decreases, since a smaller part of the
carrier interval becomes taken up with the active space vector components.

Third, the single edged (sawtooth carrier) PWM possesses higher harmonics than the

symmetrical PWM. For example in Figure 5.5, sequence 6 is not recommended. This type of

modulation implementation for regular sampled systems creates unacceptable 2" ang 4t
harmonics.

In conclusion, sequence 5 is marked to generate lowest harmonics among the six. In
addition, there is an alternative is to combine the two zero vectors into one interval, which is
placed at the end or the start of the half carrier interval for the forward or reverse switching
sequence, respectively, similarly to discontinuous PWM(DPWM). Figure 5.6 shows the six
DPWM corresponding to the six continuous PWM in Figure 5.5. The advantage of this
DPWM is the number of switching is reduced since one phase leg keeps continuous on or off
in normal active or open zero state. The difference between DPWM for Z-source inverter and
normal DPWM is that 60 degree or 120 degree no switching of one phase leg doesn’t exist
any more, because all the switches need to be turned on in shoot through state. In addition,
the loss of symmetry for each line to line output voltage in DPWM causes higher THD. Only

when the modulation goes high, the benefits of double switching frequency harmonics for
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centered space vector modulation lessen as the active space vector regions within the half
carrier interval increase. DPWM presents lower THD than the continuous PWM.

There are two methods to evaluate the spectrum performance. One is through analytical
double Fourier analysis of the output PWM waveform. Another is numerically calculation of
the PWM spectrum. The second method is adopted here. The weighted THD (WTHD) is the

final divide to classify the different placement, which is defined here:

2
% ’VFFTkk ‘
kkea| KK
WTHD = (5.2)

VEFT

WTHD is a relative THD which considered the effect of the harmonic frequency. The higher
the harmonic frequency is, the less important of that affects the total THD. Thus a weighting
factor 1/kkis included in equation (2). The research object is output line to line voltage
before the filter, which is the PWM type, because it can eliminate the effect of output filter
design. For voltage type inverter, this variable is equal to the subtraction of the switching

function on the same half leg. For example, Vg, is equal to dc link voltage
times (Sy(t) —S3(t)). According to above mentioned three rules, sequence 5 is the optimized

sequence, which can be further demonstrated by the spectrum later.
5.5. Space Vector Control of Current-fed Z-source Inverter
5.5.1. SVPWM control method for current-fed Z-source inverter

The modulation of current-fed qZSI is still based on the SVPWM of conventional CSI,
but change the zero state into three short zero state and one extra open zero state, as shown in
Figure 5.7. In current-fed quasi-z-source inverter, there is one extra open zero state except
nine conventional switching states as shown in Figure 5.8. For the output, this extra state is
still zero state, which means the output current is zero in this case. It is the same as the state

occurring in traditional short zero state. So as long as this extra open zero state is assigned
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Figure 5.7. Control diagram of space vector PWM method (SVPWM)
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Figure 5.8. Three basic circuit states of current-fed quasi-Z-source inverter
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Figure 5.9. Modified discontinuous SVPWM in one switching period in sector 111

Table 5-1.Current-fed QZSI governing equations

_Dop
Expression |
SD *

Spr

SD*

1

Ve1+Ve2
-VpN

Table 5-2.Control parameters and gain for current-fed QZSI

T T Tsh
3 . I S
£ms1n(£—6?)-TS ﬁmsin(ﬁ)-TS 1=T1 =Ty —Top
2 3 2
Da \E/Vo Vo /Vin
227 - 242k (27 - 34/3m)
3 1 +T2 TIV b +T2V
3 4(19 a ac
21 e e UL | 3fﬁmcos¢
:3\/_m/(27r) =\/§7Z'COS¢/2 (k:D—Aop)

within the period that the normal short zero state should happen, it will not affect the output.
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Therefore, the control method here is to replace part of short zero state with open zero state,
as shown in Figure 5.9.

The governing equations, control parameters and voltage gain are shown in Table 5-1
and Table 5-2.
In order to obtain the value of open zero duty cycle, the relationship between output ac rms
voltage and input voltage should be expressed as a function of modulation index and open
zero duty cycle. The analysis process is shown in chapter 3 section 3.1.3 and 3.1.4.

After the TOp and Ty, T, value are fixed, the left part in the switching period is assigned

to short zero state Tgp, . They satisfy the following relationship:

N (5.3)

5.5.2. Vector placement for SVPWM control of current-fed Z-source inverter

In current-fed Z/quasi-Z source inverter, there are four pre-calculated time period in one
switching cycle: active state period tj, active state period tp, short zero state period tp and
open zero state period top. Those time period relate PWM waveforms, here

called PWM _Ty,PWM _T;,PWM _T,should be assigned to different switches in different

sectors, according to the switching state selection in different sectors. The relative position of
the four time related PWM within one switching cycle can be random because it does not
affect the volt-sec product of one cycle. However, it affects the switching loss, inductor
current ripple and also the output PWM current harmonics. Nineteen basic switching
sequences have been summarized as shown in Table 5-4. They are divided into three groups

according to coupled inductor current ripple introduced by different sequences.

Table 5-3.Average and ripple current for input branches
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Average | Ripple I(p2p)
1 3
Lin Boost lin I'Ts(l—zm)'vin
1 V3
Buck I|n ITS(I—Tm)Vln
1 3
Lz Boost 0 E'Ts(l—zm)'vin
D, _
Buck ® T l-Ts(l—ﬁm)-Vin
12Dy " |L 2
_ — 3 3
DC Link  |Boost lin I'Ts(l—zm)'vin
e E V3
| — . - m-V:
pn Buck 1-2Dqp in 17 Ts(1 5 m)-Vip

Table 5-4.Nineteen Switching Sequences for CF-QZSI SVPWM control

First of all, different vector placement sequences result in different current ripple. Take
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buck mode as an example, not only the duration of open or short zero state affects the ripple
amplitude, also the placement because current always increases at short zero state and
decreases at open zero state. If short zero state and open zero state happen alternately, the
smallest ripple can be achieved. Based on this, the 19 sequences can be classified in three
groups as shown in Table 5-4. Group I is featured as unsymmetrical sequences with alternate
short zero state and open zero state. Group II is featured as symmetrical sequences with
non-alternate zero states, so it needs double the switching frequency to obtain the same
current ripple; in another word, the current ripple will be doubled if keeping the switching
frequency the same. Group III is featured as symmetrical sequences with alternate zero states.

The Tg in current ripple equations of Table 5-3 refers to the whole switching period in

group I and II, or half period in group III. The current ripple is related to switching period,
inductance, input voltage and modulation index. And it decides the maximum current on the
IGBT. When the devices and passive component have already been designed and built, the
fixed current ripple is required. The current ripple will also affect the switching current thus
affects the switching loss, as well as the inductor core loss. So group II sequences can only be
utilized in the case of double switching frequency. As a result, group II is expelled because of
high switching loss.

Secondly, different sequences cause different switching voltage and current and also
different switching times in one switching period thus different switching loss. Table 5-5-
Table 5-7 list the blocking voltage and conducting current for each commutation, and also the
switching loss for the representative in each group. The turn on/off loss is equal to half of the

product of blocking voltage and conducting current in each switching period. Also the

average values of the absolute values of the blocking voltage over a 60" period are

proportional to switching losses. For example, in commutationtOp — 11, the average voltage

in sector I can be calculated as:
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— 3¢5 3
Vs = Vin == [ 2Vapdaot = 2Vin ==V (5.4)
Vel v
6

The average value of (|Vbc|+|Vca|) in commutation t; ->t, and ty —-tyin sequence L.A

will be constant over 60° , calculated as:

T

3¢5 3.
|Vbc|+|Vca| =;J.73(|Vbc|+|Vca|)d0)t=;VI—l (5.5)
6

So the switching loss for buck mode depends on Vi, dc link current and switching frequency.
The switching current in this case can be expressed as:

Table 5-5.Switching loss for sequence I.A in group I

Switching transition Switching Switching
state loss
Vi - |
t) — tOp S4 off I 2Vin"Tpn_ max Eof fsu
2 Vref lref
top | S on 1 (2Vin _%‘VI—I )l pn_min f
2 Vref Iref on sw
tt >t S off 1 (L)VI (| .
—1'pn_min
—— (Eon + Eoff ) fsw
2 Vref lref
S, on
th =1 S, off 1 (L)VI (| :
—1"pn_min
—— (Eon + Eoff ) fsw
2 Vref lref
54 on
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Table 5-6.Switching loss for sequence II.A in group II

Switch Switch Switching
transition state loss
top = 1o S40n 1 2Vipl pn_min2 E_f
. on 'sw
2 Vit lref
to 1 84 off 1 %VI—I(Ipn_minZ"‘%Ai)
- (Eon + Eoff ) fsw
2 Vref ref
86 on
t ot Se off . %vl_m on_ min2 +%Ai) f
— Eon +E
> Vref |ref ( on off) SwW
Sy on
=Y 82 off 1 %VI—I(I pn min2+%Ai)
= — (Eon + Eoff ) fsw
56 on 2 Vref |ref
b= 86 off 1 %VI—I(lpniminZ"'%Ai)
) Vol (Eon + Eoff ) fsw
54 on ref 'ref
o >1top Sy off 1 Vin(lpn min2 +Ai) By f
o 0 SW
2 Vref Iref

I; 3
I pn_max/min :l_l—n+—(1—0866m) *Vln 'TS

I pn_max2/min2 ~

2Dy 2L

_in 4 3 (1_0.866m) *Vin - 2Ts
1-2Dgp 2L

(5.6)

Switching current is the instantaneous current at the turn on/off point. Group I and III has the

I'pn max

and lpy min in equation (5.6) because it has alternate short zero state and open

zero state; Group II has lpn paxp and lpn pinp which has 2Tgin their equations

because of their non-alternate zero states.
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Table 5-7.Switching loss for sequence I11.B in group II1

Switching | Switching Switching
transition state loss
top/2—>1 | Seon 1 QVin =GVl pn_min
5 Eon fsw
2 Vref Iref
>t S off 1(3/7[)V|_|| :
! 0 6 = S (Eon + Eoff ) fsw
2 Vref Iref
84 on
to —)t2 84 off 1 (i)Vl ||
—1'pn_max
~-2z (Eon + Eoff ) fsw
2 Vref Iref
82 on
th >top /2 | Sy off 1 QVin=GM-Dpn_max
Py Eoff fsw
2 Vref Iref
0.06 ; ‘ ‘ ‘
l l = Sequence |.A
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(a) Switching loss pu vs. voltage gain in group I

Figure 5.10. Switching losses (a) group I (b) group III
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Figure 5.10 (cont’d)
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(b) Switching loss pu vs. voltage gain in group III

In buck mode, the switching loss can be theoretically calculated at different voltage gain
point according to the equations above. A 600V/200A RB-IGBT module with 18 switches
inside from Fuji Electric Device has been used in the prototype. The switching parameters
from the data sheet are: Eon=12mJ, Eoff=8mJ, Err=2mJ at Vref=300V, Iref=200A. Thus the
switching loss equations in the tables can be calculated accordingly. Figure 5.10 shows the
percentage of switching loss in total power loss when voltage gain increases from 0 to 1 for
different groups of switching sequences.

In conclusion, in buck mode, sequence I.A, 1.B, I.C, III.A, II1.B, IIL.F, III.G have better
performance in terms of switching loss, at equal current ripple case.

Third, the best vector placement sequence has also to be chosen according to the output
voltage THD. In this section, harmonic analysis of output current waveform of each sequence
is presented as shown in Figure 5.11. The output phase current is the research target. The
waveform is got from the simulation results. According to modulation theory, the output
signal will have all the harmonics of the reference signal and sidebands associated with the

sampling frequency. It can be seen that some sequences obviously have lower harmonics such

165



as LA, IL.A, III.B.
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Figure 5.11. Spectrum for sequences from each group in buck mode at M=0.8, Dop=0.3
For each sequence, the total harmonic distortion is different at different modulation index.
Three typical sequences I.A, II.A, III.B, which can represent the characteristics of that group
proximately, are selected from different groups to do comparison in THD at different

modulation index, as shown in Figure 5.12. In conclusion, control sequence which is
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Figure 5.11 (cont’d)
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posses low current ripple, low switching frequency has lower
harmonics contents. In conclusion, sequence III. B which represents group III is preferred to
sequences in group I and II since it generates lower THD in the output.

Fourth, voltage spike on the active device is also affected by the vector placement. The
to achieve lowest voltage spike. The voltage rating of the RB-IGBT

in this experiment is 600V/200A. In order to maximally utilize the IGBT voltage rating, the
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average maximum operation voltage on the IGBT is selected to be 400V, which means the
input voltage is set as 200V because the dc link voltage is two times of input in open zero
state. This happens in buck mode. The voltage spike on the pn voltage when the open zero
state is not applied is tested to be 25% of the voltage level. However, when the short zero
state is put before open zero state, the voltage spike caused by the cut off of the pn current

will be added on the maximum pn voltage which happens in open zero state. Thus the

sequences LA, I1.B, I1.G,

Figure 5.11 (cont’d)
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f. Sequence I11.G

ILI, IILF, are not preferred in buck mode considering the RB-IGBT
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Figure 5.12. THD for each representative sequence from each group vs. Modulation index in
buck mode

voltage spike. In addition, the Z-source diode will undertake the same voltage stress as the pn
voltage according to the governing equation. The diode voltage rating is also selected as
600V in this prototype. In short zero state, the diode voltage stress becomes maximum which
is two times of the input voltage. In open zero state, the diode voltage stress is equal to zero.
The biggest voltage spike on the diode happens in the reverse recovery process when the
diode turns off at the end of open zero state. Therefore, if open zero state is put before short
zero state, the highest voltage spike will add on the highest voltage level, which is not
desirable. So the sequences 1.B, IL.A, IL.F, IIL.A, III.C, IIL.E are not preferred in buck mode
considering the diode maximum voltage stress. In conclusion, in the consideration of voltage
stress on RB-IGBT and Z-source diode, the sequences in which t0 and top are adjacent to
each other should not be selected in buck mode.

Concluded from above four criterions, sequence III. B is selected in buck mode to obtain
lower switching loss, lower current ripple, lower THD and lower voltage spike on the

devices.
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5.6. Case Study: 98% Efficiency 24KW Current-fed Quasi-Z-Source Inverter

A 24KW current-fed quasi-Z-source inverter has been built in the lab to verify the
proposed optimized vector placement. The three input inductors have been coupled together,
and designed to maintain 30% current ripple. The active switch voltage spike is designed to
be within 30% of the normal voltage. Efficiency is the optimization target. A single stage
buck-boost inverter with much higher efficiency than a two stage boost-converter-inverter is
expected.
5.6.1. Power loss analysis for 24KW current-fed quasi-Z-source inverter
1) RB-IGBT Conduction Loss

In open zero state, the conduction loss is equal to zero since the bridge has no current
flowing; in short zero state or active state, there is always one upper switch and one lower
switching on at the same time, and the conducting current is always equal to the dc link
current. IGBT conduction loss increases as voltage gain increases in both buck and boost
mode. The average dc link current shown in table III is used here to approximately calculate

the conduction loss:

| I
pn pn 2
P =2 ————(1-Dgp)+ (————([1-D, R 5.7
cond _buck = 2(VCE 1-2Dgp ( op) (1—2Dop ( op))” Rds) (5.7)
— —2
Feond boost =2(VcE lpn + 1pn Rds) (5.8)

The parameters from the datasheet is Vcg=2.8V. Thus the conduction loss can be obtained.
2) Z-Source Diode Power Loss

In boost mode, the diode loss is zero because the diode keeps off during non-open zero
state.

In buck mode, the diode conducts only in open zero state, and its loss is composed of

conduction loss and reverse recovery loss, which can be expressed as follows:
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Pb =Feond loss + PRevRec lossRR

A ﬁ
= an cond DOp + er (2V|n _Vpn) . % . fSWD
re

(5.9)

A

Von refers to the instantaneous value of the pn voltage at the moment that diode is turned off.

fswp refers to the equivalent switching frequency of the z-source diode, which depends on
the times that open zero state happens during one switching period.

In all those sequences, the expression of vpn has three conditions: If short zero state is
placed after open zero state, \7pn =0; If active state one is placed after open zero state, for

example, in sector I, \7pn =Vp ; If active state two is placed after open zero state, \7pn Ve

The parameters for the diode from the datasheet are:

Qrr =3.0 uC (IF =1000A,di/dt =-2000A/ us) ,Vgym =1V (I =100A). In boost mode,

the diode always keeps off since there is no open zero state. So diode power loss is equal to
zero in this case.
3) Inductor core loss

Table 5-8.Inductor Voltage in buck mode and boost mode

Dop Dy D, Dsh
Vi buck ~Vin Vin —Vab Vin=Vac |
boost Vin —Vab Vin —Vac Vin

2 2
Pind = Peore + Pacr + Pacr = kf (kHZ)*BWVo1ume + 14 Rind + lac _rms”Rind (5.10)

The inductor power loss is composed of core loss and winding loss accordingly (5.10).

A high flux 60 core has been used in the coupled inductor. The parameters for the core

are: A =200m2, le =34.57cm,Veore =760cm> . Number of turns is N=18. In the core loss
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part, to calculate core loss, the instantaneous Bgcis needed. Since the voltages on three
inductors are the same from the governing equations, By for each inductor is also the same.

In addition, three inductors are coupled together, the magnetic flux are forced to be the same
and it is equal to 3 times of volt-sec product for a single inductor. The equation to calculate

Byc 1s:

Tow
g _AB_ 2 _3f0 v dt 5.11)
7 2 "2NS 2NS '
The inductor voltage is listed in Table 5-8. In buck mode, the inductor voltage is negative in
open zero state and positive in active state, so the volt-seconds could be calculated only by

the open zero state because the voltage and time period are all constant in this state.

5.12
2NS (-12)

Bac_buck =
In boost mode, the volt-seconds product varies in every switching period, and it can be
calculated by integration with time as eq. (5.11). The volt-sec integration in boost mode can
be calculated as follows:

Y4
3_[03 Vinto +Vin —Vap)ty + (Vin —Vac)t2)dd
7/3

(5.13)

T
( Io Wy, dt) boost =

Due to the symmetry, the core loss of three inductors are the same at any time point. So the
total inductor core loss is three times of the single one.
4) Inductor winding loss

For each inductor, the winding loss can be expressed as a general form as follows:
2 1.2
Peond = ldc” Rind +EA'p Rind (5.14)

In the winding loss part, dc current is equal to the average current of each inductor; ac current

rms value is equal to the integration of ripple current square in one switching cycle divided
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by time. Assume that the ripple current amplitude remains the same all the time, then the ac

rms current is 1/Aip2 /12, in which Aip is the peak to peak ripple current. In buck mode,

all three inductors have both of the dc and ac winding loss; however, in boost mode, the two
Z-source inductors don’t have the dc winding loss. The average current and current ripple for
three inductors in buck and boost mode respectively are shown in Table 5-3. The parameters
for the copper here is cross area AL=27.1 mm’ and current density is 2.76A/mm’. The
measured input inductor resistance is 5.9mOhm, and Z-source inductor resistance is
4.2mOhm. The total winding loss can be calculated.

Power Loss Percentage vs. Voltage gain

4% T T T
. Conduction loss
’3\ 35% diode loss M
= 3% - . --=-=-=winding loss
% | core loss
a 2.5% '.__ -
8 : |
}g 2% ‘
7))
8 1.5%
|
o 0
2 1%
@]
O 0.5%
0 iRt I \
0 0.5 VoltagelgainG 15 2

Figure 5.13. Power loss percentage vs. voltage gain
Figure 5.13 shows the percentage of conduction loss, diode loss, winding loss and core loss in
the total power as a function of voltage gain. It presents that at buck mode, the loss decreases
when the voltage gain increases; at boost mode, the loss increases when the voltage gain
increases.
5) Efficiency test reference curve
In hybrid electrical vehicle application, the start-up process is in voltage buck mode. The

output power should be proportional to the output voltage, in order to achieve constant torque.
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After it reaches the maximum output power, it enters into voltage boost mode, the power
always keeps constant as output voltage increases in order to attain the maximum efficiency.
Figure 5.14 shows this characteristics curve. For a given power rating, make the inverter
operate on the corresponding curve by fixing input voltage but varying load resistors. The
modulation index and output voltage is derived from voltage ratio and input voltage
according to equations in Table 5-2. Load resistance can be calculated by the output power
and output voltage at each point. Two curves are selected to measure the efficiency, as shown

in Figure 5.14.

A — CUrve 1 ==== Curve 2
163.8V 224V

15K

12K

9K

Output Power(w)

6K

3K

1 1 ¢ & 1 1 1 11 >
!
02 04 06 08 1,0 1.2 14 1.6 1.8 2.0 Vout/Vin

Buck Mode : Boost Mode

Figure 5.14. Efficiency measurement reference curve
According to the circuit configuration and power loss analysis, the total power loss of

this circuit can be approximately calculated as:
Ross = (Psw + Peond )1GBT + (Feond + Prr)D + (Feore + Rwinding )L (5.24)

According to the datasheet of RB-IGBT and diode, also the design parameters for the
inductors, the efficiency at every operation point can be calculated. The results will be shown
in the next section. It can be seen that the best efficiency happens at unity voltage gain.

5.6.2. Basic buck/boost function test on first version 5SKW prototype
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In order to verify the circuit operation and the control strategy, a SkW current-fed
quasi-Z-source inverter prototype has been built in the lab, as shown in Figure 5.15 A circuit

configuration figure is also shown to compare with the prototype.

N = 1
! —{GM
s

C1,C2»DC capacitors RB-IGBT INV capacitors
L1, L2, L3»DC inductors Busbar

Figure 5.16. 5kW current-fed quasi-Z-source inverter with coupled inductors
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The system specifications for the experiments are:

L =Ly =2m,

C; =C, =200u,

Csa =Csp =Csc = 60U,
fg =10kHZ

IGBT : 600V /200A RB — IGBT
Power Rating : SKVA

In the prototype, the input inductor and two Z-source inductors have different average dc
current. The average input inductor current is equal to input current, which forms the major

input power. The average current of the Z-source inductor satisfies that:

IL=——1
L 1_2Dop in

But all inductors share the same current ripple. It can be simply illustrated by the equivalent

circuit shown in Figure 5.17 as follows.

T ' T

Vin Vin

N
Vin Vout Ty,
Vin Vin

(a) Active state (b) Short zero state

(c) Open zero state

Figure 5.17. Equivalent circuits in active state, short zero state and open zero state
Figure 5.17 shows the equivalent circuits in three states. Since the capacitor voltage is

equal to input voltage if the assumption of big capacitor is made, the capacitor is replaced by
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a dc voltage source. In active state, each inductor has the same voltage drop, which is equal to
input voltage subtracting the active state dc link voltage; in short zero state, each inductor
voltage is the same, equal to input voltage; in open zero state, each inductor undertakes a
negative input voltage. Therefore, the three inductors always have the same voltage stress. It
also means they can be coupled on the same core. A coupled inductor design can save the
space thus reduce the system size, no matter whether it really reduces the total volume of the
inductors or not. The three inductors are coupled together on the same AMCC core with
copper sheet wiring, as shown in Figure 5.16.

Four operation conditions are selected for simulation and experiment demonstration.
They are listed in Table 5-9. The first three cases are in motoring mode with same
modulation index but different open zero duty cycle. The last case is in regeneration mode.

Table 5-9.Different Operation Points in Simulation and Experiments

Vo Vin Vout Dop Dp m | cos¢g
Case 1 40.8V 60V 90.6V 0 0.662 | 0.8 1
Case 2 32.6V 60V 72.5V 0.1 0.662 | 0.8 1
Case 3 16.3V 60V 36.3V 0.3 0.662 | 0.8 1
Case 4 32.5V 80V 72.5V 0.65 0331 | 04 -1

The simulation results of case 3 and 4 are shown in Figure 5.18. The experimental
results are shown in Figure 5.19 - Figure 5.20. In both simulation and experiment results, the
dc link voltage is a four level stair waveform. The highest level is two times of input voltage,
which happens in open zero state; the two middle level is equal to output line to line voltage,
corresponding to two active states; another level is zero, which happens in short zero state.
The overall dc link voltage in a zoom out view follows a 6@ envelope, which is equal to the
output line to line voltage envelope. For dc link current, it is continuous in active and short

zero state because it is always equal to the sum of three inductor current; however, it becomes
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Figure 5.18. Simulation results: left figure (from top to bottom): output line to line voltage,
output phase current, Z-source inductor current, input inductor current, input voltage; right
figure: dc link voltage, dc link current, Z-source inductor current, input inductor current,

input voltage
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Figure 5.18 (cont’d)

(b) Case 3
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Figure 5.18 (cont’d)
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Figure 5.18 (cont’d)
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Figure 5.18. Simulation results: left figure (from top to bottom): output line to line voltage,
output phase current, Z-source inductor current, input inductor current, input voltage; right
figure: dc link voltage, dc link current, Z-source inductor current, input inductor current,

input voltage
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Figure 5.20. Zoom in waveform for case 3 and 4: from top to bottom: DC link voltage, input

(b) Case 4

voltage, Z-source inductor current, input current
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zero in open zero state. For the inductor current, in motoring mode, the Z-source inductor and
input inductor has the same ripple and same direction. However, in regenerative mode, the
ripple still maintains the same but the sign of current changes. The input inductor has
negative current, but the Z inductor has positive current. In experiment results, the output
voltage decreases when the open zero duty cycle increases from 0 to 0.3 from case 1 to case 3,
which demonstrate this current source inverter has voltage buck/boost function. In

regenerative mode, the open zero duty cycle exceeds 0.5, at the same time the modulation

index is smaller than 0.5. The output current is in 1507 with output line to line voltage in this
case. The overall simulation and experimental results demonstrate the derived voltage gain
equation and also the current gain, current ripple equations, as well as the regenerative mode
operation. The dc link voltage waveform clearly shows the four state operation. The change
of output voltage with change of open zero duty cycle demonstrates the circuit’s voltage
buck/boost function. At last, the prototype has been well designed and assembled. Thus there
is no obvious voltage spike on dc link and also the current ripple is relatively small. The
output voltage and current waveforms all have very small THD.

5.6.3. Basic function and efficiency test on final 24KW prototype

1) Experiment set up and hardware parameters

Figure 5.21. Hardware picture

183



Table 5-10.Experiment hardware part number and parameters

Components Part number and parameters

IGBT RB-IGBT, 600V, 200A

Diode QRS061K001, 600V

Coupled Ly =Ly =Ly =141uH; Ry =5.9mQ; Ry =Ry =4.2mQ;

inductor Ag =20 cmz, le =34.6.cm,Vol =0.798L; N =18; Core : High Flux 60u
Output UL35Q207K, C=30uF

capacitor

In this experiment, the IGBT used is the 600V, 200A RB-IGBT module from FUIJI corp.
The coupled inductor with high flux 60u core and 18 turns which is valued at 141uH is used.
Fix the input voltage at 200V and output power rating at 15kw and calculate the efficiency at

different Vg /Vj, ratio according to the aforementioned equations and all the parameters

from the datasheet. The results are shown in Figure 5.22-5.25. Also a prototype has been built
to verify the theoretical analysis, as shown in Figure 5.21. In Figure 5.26 and Figure 5.27, the
experimental results are shown in blue star, which matches with the estimated efficiency
curve very well. It proves that the calculation method is valid.
5.6.4. Experiment results

Figure 5.22 shows the three phase output line to line voltage and one device voltage at
power equal to 8.54KW, 11.6KW and 14.7KW. The operation points are selected from the
operation curve 1 in Figure 5.20. Figure 5.16 shows the results on curve 2. With proper
control parameters, for each point, the measured voltage amplitude showing in the footnote of
the figures matches with the calculated results in Figure 5.20. Figure 5.24 shows the output
voltage, current, input voltage, current waveforms and also the measured values at five
operation points on the curve 1 in Figure 5.14. The results are obtained from the

YOKOGOWA power meter measurement. The upper three sinusoidal traces are output line to

184



line voltage, the lower three sinusoidal traces are output line current. The upper flat trace is
input dc voltage, and the lower flat trace is input dc current. The detailed notations are shown
at the right side of the figure. The numbers show the output line to line voltage rms and
current rms, and also the input dc voltage and current value. Figure 5.25 shows the results on
curve 2. The best efficiency on curve 1 is 98.2%, at P=8.66KW; the best efficiency on curve 2

is 97.6%, at P=14.7KW,V|_|yms =163V , which is at unity voltage gain, shown as the turning

point on curve 2 in Figure 5.14.

(@) R =30,[Py. Vi _trms ] =[8.54KW, 162V ]

CHz
CHZ

Vsw: 200V/div

VI-1:250V/div

(b) R = 4Q,[Py.V_1rms ] =[11.6KW, 213V ]

Figure 5.22. Three phase output line to line voltage and device voltage on curve 1
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Figure 5.22 (cont’d)

Vsw:200V/div

VI-1:500V/div

(©)R =50,[Py.V|_irms 1= [14.7KW, 273V |

Figure 5.22. Three phase output line to line voltage and device voltage on curve 1

(@) R =1.80,[Py.V|_rms] =[14.7KW, 163V ]

Figure 5.23. Three phase output line to line voltage and device voltage on curve 2
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Figure 5.23 (cont’d)

S Vsw200V/div

| VI:250V/div

(b) R =3.450Q, [Py, V| _Irms 1 =[14.25KW, 220V ]

5.6.5. Efficiency vs. voltage gain plot

Figure 5.26 shows the system overall efficiency at different voltage gain when operates
on the curve 1 of Figure 5.14. Figure 5.26 presents that the highest efficiency 98.2% happens
at unity voltage gain at half 15kW power rating. In buck mode, the efficiency increases
dramatically as the power increases; in boost mode, the efficiency decrease gradually as the
power increases. Figure 5.27 shows the overall efficiency on curve 2. It presents that at full
power rating 15KW, the best efficiency 97.6% is also obtained at the unity voltage gain. In
conclusion, based on our hardware design and control method optimization, the best

efficiency that can be obtained is 98%. And the best efficiency at 15KW is 97.6%.
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Urms258.469 V  Uges 179.87 V
Ims2 32215 A lgee  20.096 A
Ums458.282 V. F3  89.581 %
lrms4 32,027 A F4 32380 KVA

(a) R=1€Q,[P,,7]=[3.2KVA,89.6%]

Urms2 12534 v Ugee 199.87 V
Irms2 35639 A Igee 40241 A
Urms4 125.99 v F3 95903 %
lrms4 35310 A F4  7.7134 kvA
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(b)R =2Q,[Py, 7] =[7.7KVA,95.9%)]

Figure 5.24. Output voltage, current, input current waveforms and its measured value for

operation curve from the power meter on curve 1
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Figure 5.24 (cont’d)

Urms2 162.11 v  Ums4 162.88
Irms2 30.85 A Udes  199.80
Urms4 162.33 V ldc6  44.16
Ims4 30.64 A Ipk6  57.46

(¢) R =3[Py, 7] =[8.66KVA,98.2%]

Imst 31.04 A lrmsa  30.73 A
Ums2 217.71 v Udee  200.51 V
lms2 30,79 A Idc6 5932 A
Ums4 21594 v F3 11579 KVA

(d)R =4Q, [Py, 7] =[11.6KVA,97.6%]

Imst 31.43 A lmsa 3111 A
Ums2273.24 V. Ydes 201.02 V
Ims2 31.00 A Ildc6 7573 A
Urmss 272.03 V F3 14,731 KVA

' X -
i,

(e) R =50,[Py,77]=[14.7KVA,96.8%]
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Imst 5040 A Iimsa 49.95 A
Ums2 163.81 vV Uge 199.17 V
lms2 50,10 A 1de6 7295 A
Umsa 162.92 vV F3  14.178 KVA

(a) R =1.8Q,[Py, 7] =[14.7KVA, 97.6%]

Ums2219.82 V  Ugee 20139 V
Ims2 37.47 A ldes  72.80 A
Ums4 220.19 V. F3  97.111 %
Ims4 3734 A F4 14251 KVA

(b)R =3.45Q,[ Py, 7] =[14.25KVA,97.1%]

Figure 5.25. Output voltage, current, input current waveforms and its measured value for

operation curve from the power meter on curve 2
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Figure 5.27. Measured & theoretic efficiency vs. Voltage gain G on curve 2, at constant
P=15KW

5.6.6. Power Loss Breakdown
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Boost mode power loss 1.47% Buck mode power loss 3.37%

0.5% 3.1%

B IGBT Conduction loss [ IGBT Switching loss
O Coupled Inductor Winding loss
B Coupled Inductor Core loss [0 Z-network Diode loss

Boost mode power loss

Figure 5.28. Power loss break down
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Figure 5.28 (con’d)

2.5%

2%

1.5%

1%

Figure 5.28. Power loss break down

Figure 5.28 shows the power loss break down between conduction, switching, diode,
winding and core. It presents that the switching and conduction loss take up 90% of the total
loss. The inductor loss takes only a small part of the whole power loss.
5.7. Summary

In the modified SVPWM control method for this circuit, different PWM sequences are
listed and compared in terms of switching loss, current ripple, total harmonic distortion, and
also the voltage spike on the switching devices. Concluded from different criterions,
sequence III. B is selected in buck mode and sequence 3 is selected in boost mode as best
sequences that can be utilized to obtain lower switching loss, lower current ripple, lower
THD and lower voltage spike on the devices. It is utilized with the optimized hardware
design together to achieve the best efficiency at full operation range. The experiment
efficiency curve in terms of voltage gain from 0 to 2 at 15kW power rating is given. The best

efficiency at 15kW reaches 97.6% at unity voltage gain.
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CHAPTER 6 SVPWAM IN VSI AND CSI
-EXPERIMENTAL DEMONSTRATION

6.1. Introduction

In order to reduce the switching loss in the inverter, a space vector
pulse-width-amplitude modulation (SVPWAM) has been proposed. If it is used in voltage
source inverter, a front stage dc-dc converter is needed to generate a variable dc link
voltage, and then fed to inverter. In HEV/EV motor drive application, the two stage
boost-converter-inverter is a classical topology, since the battery voltage is designed to be
lower or equal to half of the motor drive input voltage. Also because of this boost converter,
the dc link voltage of inverter is possible to be controlled. This chapter proposes a
Space-Vector-Pulse-Width-Amplitude Modulation (SVPWAM) method for buck-boost
voltage/current source inverter. For voltage source inverter, the switching loss is reduced by
87%, compared to conventional SPWM method. For current source inverter, the switching
loss is reduced by 60%. In both cases, the power density is increased by a factor of 2 to 3.
In addition, it is also verified that the output harmonic distortions of SVPWAM is lower
than SPWM, by only using 1/3 switching frequency of the latter one. A 1 kW
boost-converter-inverter prototype has been built and tested using this modulation method.
The maximum overall system efficiency of 96.7% has been attained at full power rating.
The whole system power density reaches 2.3 kW/L and 0.5 kW/lb. The numbers are
remarkable at this power rating. As a result, it is feasible to use SVPWAM to make the
buck-boost inverter suitable for applications that require high efficiency, high power

density, high temperature, and low cost. Such applications include EV motor drive or
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engine starter/alternator. Secondly, for SVPWAM application in current source inverter, the
topology “current-fed quasi-Z-source inverter” is selected to be a representative of a
voltage buck/boost current source inverter. The dc link voltage can be controlled to be
desired variable voltage by regulating the extra control freedom “open zero state duty
cycle”. Simulation results are given to demonstrate the power loss reduction in this CSI
case.

Currently, two existing inverter topologies are used for hybrid electric vehicles (HEVS)
and electric vehicles (EVs): the conventional 3-phase inverter with a high voltage battery
and a 3-phase PWM inverter with a dc/dc boost front end. Because of a wide voltage range
and the limited voltage level of the battery, the conventional PWM inverter imposes high
stress on switching devices and motor thus limits the motor’s constant power speed range
(CPSR). The dc-dc boosted PWM inverter can alleviate the stress and limitations.

For example for series plug-in electric vehicle (PHEV), all the power generated by the
generator has to flow through a synchronous rectifier to provide power to motor drive
system. The battery is connected directly to the dc link if its voltage is high. Otherwise, a
dc-dc boost converter is utilized as an interface. The inverter is required to inject low
harmonic current to the motor, in order to reduce the winding loss and core loss. For this
purpose, the switching frequency of the inverter is designed within a high range from 15 to
20 kHz, resulting in the switching loss increase in switching device and also the core loss
increase in the motor stator. To solve this problem, various soft-switching methods have
been proposed [86-92]. Active switching rectifier or a diode rectifier with small DC link

capacitor have been proposed in [93-96, 98-99, 101-109]. Varies types of modulation
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method have been proposed previously such as optimized pulse-width-modulation [110],
improved Space-Vector-PWM control for different optimization targets and applications
[111-116], and discontinuous PWM (DPWM) [117]. Different switching sequence
arrangement can also affect the harmonics, power loss and voltage/current ripples
[118-119]. DPWM has been widely used to reduce the switching frequency, by selecting
only one zero vector in one sector. It results in 50% switching frequency reduction for both
voltage source inverter and current source inverter. However, if an equal output THD is
required, DPWM can not reduce switching loss than SPWM. Moreover, it will worsen the
device heat transfer because the temperature variation caused by this discontinuous PWM.
A double 120 flattop modulation method has been proposed in [97],[100] to reduce the
period of PWM switching to only 1/3 of the whole switching period. That paper only
mentioned the application in grid-connected inverter. It didn’t compare the spectrum of this
method with others. So its switching loss comparison is not fair. In addition, the method is
only specified to a fixed topology, which can not be applied widely.

This chapter proposes a novel generalized space-vector -pulse-width-amplitude
modulation (SVPWAM) method for the buck/boost voltage source inverter (VSI) and
current source inverter (CSI). By eliminating the conventional zero vector in the space
vector modulation, two third and one third switching frequency reduction can be achieved
in VSI and CSI respectively. If a unity power factor is assumed, a 87% switching loss
reduction can be implemented in VSI, and a 74% reduction can be implemented in CSI. A1
kKW boost-converter-inverter system has been developed and tested based on the SVPWAM

method. A 90% power loss reduction compared to SPWM has been observed. The two
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stage efficiency reaches 96.7% at the full power rating. The power volume density of the
prototype is 2.3 KW/L. The total weight of the system is 1.51 Ib. Therefore, a high
efficiency, high power density, high temperature and low cost 1 KW inverter is achieved by
using SVPWAM method.
6.2. Case study 1: 1kw SVPWAM-controlled boost-converter-inverter system for EV
motor drive
6.2.1. Basic principle

The circuit schematic and control system for a 1 kW boost-converter-inverter motor
drive system is shown in Figure 6.1. A 6@ dc link voltage is generated from a constant dc
voltage by a boost converter, using open loop control. Inverter then could be modulated by

SVPWM
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by 6%

Figure 6.1. SVPWAM based boost-converter-inverter motor drive system
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, to reduce the switching loss by 87%. The output line to line voltage has 6 envelope at
the top of PWM waveform.

The specifications for the system are: input voltage is 100-200 V; the average dc link
voltage is 300 V; output line to line voltage rms is 230 V and frequency is from 60 Hz to 1
kHz.

6.2.2. DC link capacitor sizing

The purpose of the dc link capacitor is to absorb the current ripple and maintain a
fairly constant voltage, here, a6 envelope voltage on the dc link. Thus the capacitance
requirement is not as high as the traditional SPWM converter. Also a much faster control
response can be achieved in this case.

In SVPWAM, the inverter operation has no zero state, thus the current flowing into the
inverter varies between the maximum current and minimum current which occurs at
maximum dc link voltage and minimum dc link voltage, respectively. The worst case
capacitor voltage ripple happens at two cases:

(1) The upper switch of boost converter turns off, and maximum dc current flows into
inverter,;

(2) The upper switch of boost converter turns on, and minimum dc current flows into
inverter,;

The capacitor current in these two cases are:

ic __ R case (1)

\Sc_min ; (6.1)
ic=-2-—292 case (2)

Vin Vdc_max

The nominal output line to line voltage for output is 230 V in this system. So the maximum
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dc link voltage is 324 V and minimum is 280 V. When dc link voltage is minimum, the duty

cycle for the lower switch is1-Vjn /Vge min =0.644; when dc link voltage is maximum,

the duty cycle for the upper switch is Vi /Vye max =0.309. Assume the switching

frequencies for both boost bridge and inverter bridge are 20 kHz, and rated power is 1 KW.
Assume the dc link voltage ripple is required to be within 10% of the nominal value. The
capacitance can be calculated by:
C =i - DT, / (10%-300) (6.2)

The calculated capacitance for case 1 is 3.8 F and for case 2 is 3.3 F. So the final
design value is 3.3  F here. The current capacity of the capacitor is determined by the
maximum current flowing in the capacitor, which is the maximum between case 1 and case
2. The value of the maximum current here is 7 A.

Therefore, film capacitor can be used to replace the bulky and heavy electrolytic
capacitor and thus the total volume and weight can be reduced significantly.

6.2.3. Voltage constraint and operation region

A

Buck Mode Boost Mode
— 1k b :
\E, Variable
g 800 = Carrier
£ 600 SPWM PWAM
=
(o8
g 400

200
| |

L1 [ I I I >
02 04 06 0810121416 18 20

VI'IrmS/Vnomina|

(nominal output VI-IrmsVnominal=230V
at dc link nominal voltage 300V average)

Figure 6.2. Operation region of the proposed boost-converter-inverter EV traction drive
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| |

Figure 6.3. Variable Carrier SPWM control in buck mode

It is worth noting that the SVPWAM technique can only be applied when the batteries

voltage falls into the region Vj, < £V|_| due to the step-up nature of boost converter. The

V2

constraint is determined by the minimum point of the 6wdc link voltage. Beyond this
region, conventional SPWM can be implemented. However, the dc link voltage in this case
still varies with 6w because of the small film capacitor we selected. Thus a modified
SPWM with varying dc link voltage will be adopted during the motor start up as shown in
Figure 6.2 and Figure 6.3. With 100~200 V batteries, the operation regions of the
boost-converter-inverter motor drive are sketched as in Figure 6.2. Hence, the system will
achieve optimum efficiency when the motor is operating a little below or around nominal
voltage. When the motor demands a low voltage during start-up, efficiency is the same as
conventional SPWM controlled inverter.

In SVPWAM control of boost mode, dc link voltage varies with the output voltage, in
which the modulation index is always kept maximum. So when dc link voltage is above the
battery voltage, dc link voltage level varies with the output voltage. The voltage utilization
increased and the total power stress on the devices has been reduced.

6.2.4. Variable dc link SPWM control at high frequency

When the output needs to operate at a relative high frequency, like between 120 Hz

200



and 1 kHz, it is challenging to obtain a 6wdc link voltage without increase of the
switching frequency of boost converter. Furthermore, increasing boost converter switching
frequency would cause a substantial increase of the total switching loss, as mentioned
before. Because boost converter can not switch at a relatively low current as the
three-phase inverter, so it takes up more than 75% of the total switching loss even though
its switching frequency is the same as the one of inverter bridge.

Also a normal SPWM can not be used in this range because the capacitor is designed
to be small in SVPWAM method. So it can not hold a constant dc link voltage even it is
controlled to be. At a fixed design of dc link capacitor, the dc link voltage can not be
controlled to be a six times a wide range of fundamental frequency.

Therefore, an optimum option is to control the dc link voltage at six times of a certain
range of fundamental frequency, which the dc capacitor can hold, but do a variable dc link
SPWM modulation for inverter to generate required high frequency fundamental voltage.

The principle of this can be explained in Figure 6.4.
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Figure 6.4. Variable dc link SPWM control at output frequency 720 Hz, and dc link
frequency 720x1 Hz

In this variable dc link SPWM control, in order to get better utilization of the dc link
voltage, an integer times between the dc link fundamental frequency and output frequency
is preferred. When the output frequency is in [60 Hz, 120 Hz], a 6wdc link is chosen;
when the frequency is in [120 Hz, 240 Hz], a 3w dc link is chosen; when the frequency is
in [240 Hz, 360 Hz], a 2@ dc link is chosen; when the frequency is higher, a 1w dc link
can be chosen. An empirical formula can be used to select the proper frequency on dc link
according to output frequency in order to obtain better voltage utilization and lower
harmonic distortion. The dc link frequency ranges in [360 Hz, 720 Hz], thus the capacitor

can be designed within this range.
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Figure 6.5. Simulation results of SVPWAM at 60 Hz, 1 kW
6.2.5. Simulation Results
The system parameters in the simulations and experiments are:
Continuous power: 1 KW, battery voltage: 100 -200 V;
output line voltage rms: 230 V; DC link voltage peak: 324 V; switching frequency: 20 kHz;

output frequency: 60 Hz - 1 kHz
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Figure 6.6. Simulation results of SPWAM at 720 Hz, 1 kW

Figure 6.5 shows the simulation waveforms of the proposed boost-converter-inverter

HEV/EV traction drive in the SVPWAM operation region, at 60 Hz, 1 kW. The
fundamental line-to-line voltage V,,(fyn). phase leg center-tap voltageV,,, The DC bus

voltageVy., the line-to-line voltage before filter and after filter, the input dc current, and

the drive signal for Sap. Figure 6.6 shows the results of SPWM control at high frequency of

720 Hz, also at 1 kW.

6.2.6. Experiment results
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(1) Experiment set up

Boost IPM INV IPM Gate drive

/

tsin

k.-(Fan)

Figure 6.7. Hardware picture of the 1kW SVPWAM boost-converter-inverter

A 1 kW boost-converter-inverter prototype has been built in the laboratory to
implement the SVPWAM control at 60 Hz and SPWM control at 1 kHz, in order to
demonstrate their merits in reducing power loss and reducing the size compared to
traditional methods. The picture of the hardware is shown in Figure 6.7. It includes DSP
board, gate drive board, boost converter, three-phase inverter, heatsink and fan cooling
system. The dimension is 11 cm x 8 cm x 5 cm, and the total weight is 1.5 Ib.
The parameters used in the test are: rated power: 1 KW; battery voltage: 100-200 V; rated
line voltage rms: 230 V; DC link voltage peak: 324 V; switching frequency: 20 kHz; output
frequency: 60 Hz — 1 kHz
(2) SVPWAM control at 60 Hz

Figure 6.8-Figure 6.10 show the output and input voltage, current waveform when
input voltage increases from 20 V to 100 V, while keeping the boost ratio constant. In this
case, the output voltage increases linearly with input voltage increase. The output power
increases in proportion to square of the input voltage. The output line to line voltage before

the filter has the same shape as the second waveform in Figure 6.5, which demonstrates the
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SVPWAM operation. The output line to line voltage after the filter overlaps with the 6« dc
link voltage by 60 degrees every fundamental cycle.

Figure 6.11 shows the three-phase line to line voltage and dc link voltage, and they
overlapped very well. Figure 6.12 shows the efficiency test results by YOKOGAWA
WT1600 Series power meter when the input voltage increases from 100 V to 200 V, while
keeping the output power constant at 1 kW. The output line to line voltage rms keeps at
230V, and the dc link voltage isa 6w Vvaried waveform with 325V peak value. The output
frequency is 60Hz, and switching frequency is 20kHz. In the data record on the power
meter, Umn6, Umn4, Umnl represent the phase line voltages; Irms6, Irms4, Irmsl
represent 10 times of phase currents, because 10 circles of wires have been wound on the
current transducer core of the power meter, in order to improve the measurement accuracy.
Udc2 is input dc voltage and Idc2 is 10 times of average input dc current. F1 and F2 are the
measured output and input power respectively. F3 is the efficiency that is calculated using
F1/F2. F4 is the overall power loss. Figure 6.13 shows the efficiency test results when the
power increases in proportional to square of input voltage. In this case, the dc link voltage
and input voltage holds a constant boost ratio, since the output voltage is clamped by dc

link voltage with modulation index always equal to one in the proposed SVPWAM method.
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Figure 6.8. Output voltage and input current at Vin=20V, Vdc_avg=60 V ,VIrms=46V,

Po=40W, fo=60Hz, fsw=20KHz

e
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Figure 6.9. Output voltage and input current at Vin=60V, Vdc_avg=180 V, VIrms=138 V,

Po=360 W, fo=60Hz, fsw=20KHz

207



Dfd MainElok ik oc

Figure 6.10. Output voltage and input current at Vin=100 V, Vdc_avg=300 V, VIrms=230V,

Po=1 kW, fo=60Hz, fsw=20KHz.

Figure 6.11. Output three phase line voltage and dc link voltage at Vin=100 V,

Vdc_avg=300 V, VIrms=230 V, Po=1 kW, fo=60Hz, fsw=20KHz.
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(@) Vin=100V, Vdc_avg=300V, VIrms=230V, Po=1kW, fo=60Hz,fsw=20kHz
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(b) Vin=150V, Vdc_avg=300 V, VIrms=230 V, Po=1 kW, fo=60Hz, fsw=20kHz

Figure 6.12. The results of efficiency test at constant full power rating 1kW
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Figure 6.12 (cont’d)

Unmne 21662V lgep 5812 A  —— -
lrmse 30.390A F  1.1238kW —
Unnt 21037V F  1.1625kW —— ——
lrmst 30.062A F3  96.667% ~—— T
Umna 21594V Fy 3980 W -

lrmsa 30275A — ———- S
Ugeo 20002V - oo e e

(c)Vin=200V, Vdc_avg=300 V, VIrms=230 V, Po=1 kW, fo=60Hz, fsw=20kHz
Figure 6.12. The results of efficiency test at constant full power rating 1kW but different
input voltage by YOKOGAWA WT1600 Series power meter. Waveforms from the top to

bottom: output line to line voltage before LC filter, output current, input voltage, input
current. The numbers displayed on the screen represent: Umn6, Umnl, Umn4: RMS value
of output line to line voltage before LC filter, like the first waveform shows; Irms6, Irms1,
Irms4: 10 times of output line current; Udc2: input voltage; Idc2: 10 times of input current;

F1: output power; F2: input power; F3: efficiency calculated from F1/F2; F4: total power
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(@) Vin=50V, Po=118W, Vdc_avg=100V, VIrms=70V,Efficiency=94.3%

Unne  86.60 V. lgc2 30.671 A S —
|rm36 12.099 A F 17923 w —
Umpi 8375V Fr 18927W  — ———
Irmst 12.032A Ry 94.694%  — ———
Unna 8677V Fp 10214W  — ———
lyms4 12.053 A — ——— —

Ugez 61710V~ o e
| . - - : - - - - -

(b) Vin=60V, Po=180W, Vdc_avg=120V, VIrms=86V ,Efficiency=94.7%
Figure 6.13. The efficiency test results when output power change proportionally with input

voltage, in which the boost ratio of front dc-dc converter is constant; the waveforms have

the same definition as Figure 6.12
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Figure 6.13 (cont’d)
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(d) Vin=100V, Po=485W, Vdc_avg=200V, Vlrms=141V,Efficiency=95.5%
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Figure 6.13 (cont’d)
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(F) Vin=120V, Po=700W, Vdc_avg=240V,VIrms=169V, Efficiency=95.7%

213



Umne 19592V lge2 6925A — -————
lrmse 27473A F  91561W — ———
Upa 19279V F,  956.17W — ———
lymst 27.148A F3  95758% —— ———
Unna 19130V F,  41433W — ———
lrms4 27.324 A —— —— e

Udc2

Figure 6.13 (cont’d)
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Figure 6.13. The efficiency test results when output power change proportionally with input

voltage, in which the boost ratio of front dc-dc converter is constant; the waveforms have

the same definition as Figure 6.12
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(3) Output three phase voltage at 1kHz

When the output frequency increases to 1kHz, the measured voltage and current waveforms

and efficiency are shown in Figure 6.14 at input voltage of 100V and 150V. The efficiency

is around 84% for both cases, lower than 60Hz case.
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Figure 6.14. The efficiency test at 1kHz: output |-l voltage, output current, input current

(b) Vin=150V at fo=1 kHz
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(4) Overall efficiency and Power loss comparison between SVPWAM and SPWM
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Figure 6.15. Measured overall efficiency when input voltage changes from 100 V to 200 V

at 1 kW power rating corresponding to Figure 6.12

( fO = GOHZ,fSW = ZOkHZ,VdC_ peak = 325V,VO|_|rmS =230V )
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Figure 6.16. The efficiency test results when output voltage/output power changes with a
constant input voltage: at different voltage level including 100V, 120V and 150V from

Figure 6.12 (a), Figure 6.13(d) and other results
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Figure 6.17. The efficiency test curve when output power changes proportionally with input
voltage (Vin from 50V to 150V, Po from 120W to 1kW), corresponding to experimental

waveforms in Figure 6.13
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Figure 6.18. The efficiency test results corresponding to curve in Figure 6.17
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Figure 6.15 shows the measured efficiency when the input voltage increases from 100 V to
200 V, all at 1 kW power rating. The DC link is a6 Vvaried voltage with constant peak
value of 325V, and the output line to line voltage is also a constant 230V in rms. The output
frequency is 60Hz, and the switching frequency is designed at 20kHz for both inverter and
boost converter. The overall efficiency increases as the input voltage increases, because the
efficiency of boost converter increases when the input voltage increases. The maximum
efficiency at 1 kW reaches 96.7% at input voltage 200 V. Figure 6.16 shows the measured
efficiency at a constant input voltage but different output voltage, which also results in
different output power. It is observed that when output voltage/power increases, the
efficiency decreases a little bit, partly because of the increased conduction loss and
switching loss caused by higher input current and output current. Figure 6.17 shows the
measured voltage and power corresponding to the waveforms in Figure 6.13, and Figure
6.18 is the corresponding efficiency results. In these two results, the power increases
proportional with the input voltage square, in another word, the dc link voltage increases
proportionally with input voltage. In SVPWAM, the output voltage is clamped by dc link
voltage, which means the inverter modulation is always equal to 1. The efficiency results

reveal that the higher efficiency can be achieved at higher power rating in this case.

218



—
)

Total L:oss

g 8 — Conduqtion Loss
= 6 —  Switching Loss
5 -
% 4
o 9 //

% 200 400 600 800 1000

Output Power (W)
(a) SVPWAM
20 ‘ , !
Total Loss

| Conduction Loss
g 15
Z — Switching Loss
S 10
)
2
o
& 5f

0 0 200 400 600 800 1000

Output Power (W)
(b) SPWM
Figure 6.19. Comparison between inverter power losses in the condition that dc link
voltage changes from 0 to full rating at 300V
Figure 6.19 (a) and (b) show the power loss estimation (from the loss model mentioned
before) of the inverter when the power increases from 0 to full rating under two methods.
Since the research target is only inverter, the test condition is based on varying the output
power by changing output voltage from 0 to 230V. It is observed that in SVPWAM method,

conduction loss accounts for 80% of the total power loss, but in SPWM method, switching
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loss is higher than conduction loss. The switching loss is reduced from 10 W to 1.4 W from
SPWM to SVPWAM. An estimated 87% switching loss reduction has been achieved.

6.2.7. Conclusion for case study 1

The SVPWAM control method preserves the following advantages compared to traditional
SPWM and SVPWM method:

€ The switching power loss is reduced by 90% compared with the conventional SPWM
inverter system.

€ The power density is increased by a factor of 2 because of reduced dc capacitor (from
40 Fto6 F)andsmall heat sink is needed.

€ The cost is reduced by 30% because of reduced passives, heat sink, and semiconductor
stress.

A high efficiency, high power density, high temperature and

low cost 1 kW inverter engine drive system has been developed and tested. The
effectiveness of the proposed method in reduction of power losses ahs been validated by
the experimental results that obtained from the laboratory scale prototype.

6.3. Case study 2 : SVPWAM for normal current source inverter with 6wdc link

current

N

~ N
To AC Load
S1 S*;Ss
, N\

or Source

¢ |
sher sZIT TTT

Figure 6.20 Conventional current source inverter for PWAM
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In SVPWAM, the elimination of zero state doesn’t affect the output waveform, but do
affect the input current, which can not be a dc current but a dc current with 6 ac ripple.
o refers to the fundamental frequency. Thus a dc-dc stage or an integrated dc-dc stage like
the Z-source network has to be cascaded in front to generate this 6w current on the dc
link, instead of using of single stage inverter. For the first example here an ideal 6w
ripple dc current source is utilized for conventional current source inverter as Figure 6.20.

The simulation parameters are: lqcm = 20A, fg =20kHz , fg =100Hz . Figure 6.21
shows the simulation results for switching function, input and output current before and
after the filter. It can be observed that, the output current directly utilizes the input current
during two 60 degree sections, one positive and one negative. The current after the filter

has a little phase shift with input dc current because of the capacitor.

0.02

t(s)

157 0005 001 0015 002

Figure 6.21. Simulation results for PWAM CSI: (a) switching waveform (b) Input dc link

current and output one phase current before the filter (c) input current and output current
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Figure 6.21 (cont’d)

Figure 6.22. Circuit configuration of current-fed Quasi-Z-Source-Inverter

6.4. Case study 3: SVPWAM for current-fed quasi-Z-source inverter

The front stage can also be integrated with inverter to form a single stage. Take
current-fed quasi-Z-source inverter as an example. Instead of controlling the dc link current
Ipn to have a constant average value, the open zero state duty cycle will be regulated
instantaneously to generate a 6w fluctuate dc average current, which is overlapped with the
output three line current. It is also equivalent to control I{to be a 6wfluctuate dc current.
The reason is that the average dc link current 1;shown in Figure 6.22 is related to the input

dc current I, by a transfer function:

1-D
=5 lin (6.3)
1- 2Dy,

1
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, In which Dop is the open zero state duty cycle [1-2]. With this transfer function, 1;can
be controlled to be a 6@ varied waveform by regulating Dop resulting in a pulse type
6 waveform at the real dc link current | p, .

am D

Sector | : Sector Il : Sector Il Sector IV : Sector V : Sector VI

lao loc Ibo loa Ico lob

Sap * 1 * 0 0 0
Shp 0 0 * 1 * 0
Scp * 0 0 0 * 1
San 0 0 0 * 1 *
Shn 1 * 0 0 0 *
Scn 0 * 1 * 0 0

* . Switching between 0 and 1
MX: Maximum line current envelope, also the average DC link current Ipn
MD: Medium line current, also the PWM reference

Figure 6.23. PWAM modulation principle
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Figure 6.24 Simulation results
The basic switching patterns for PWAM current-fed quasi-Z-source inverter are shown in
Figure 6.23. The red curve is the reference dc link current, which is also the envelope of the
three-phase current because no zero state exists in the circuit. For each 60 degree range,
only two switches are doing PWM modulation. It reduces the switching times of the
original SPWM method by 2/3. In open zero state, only one switch is turned on; in
non-open zero state, one switch in upper or lower half legs keeps on all the time, and
another two switches in another half legs but in different phase legs are turned on and off
complementarily, except some dead-time between them created by the insertion of the open

zero state. Figure 6.24 shows the simulated output current, dc link pn current, input average
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current I, and also the switching waveforms of Szp, Spp, Sep-

6.5. Summary for chapter 6
For VSI application, the SVPWAM control method preserves the following
advantages compared to traditional SPWM and SVPWM method:
€ The switching power loss is reduced by 90% compared with the conventional SPWM
inverter system.
€ The power density is increased by a factor of 2 because of reduced dc capacitor (from
40 Fto6 F)andsmall heat sink is needed.
€ The cost is reduced by 30% because of reduced passives, heat sink, and semiconductor
stress.
A high efficiency, high power density, high temperature and low cost 1 kW inverter engine
drive system has been developed and tested. The effectiveness of the proposed method in
reduction of power losses ahs been validated by the experimental results that obtained from
the laboratory scale prototype.
For CSI application, the SVPWAM control method posses the following benefits
compared to commonly used DSVPWM method:
€ Switching loss is reduced by 60% at PF=1
€ Lower inductance is required for the inductor
4 Lower harmonics at output current
An example of current-fed quasi-Z-source inverter is simulated to verify the effectiveness

of SVPWAM in current source inverter.
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CHAPTER 7 SVPWM FOR DIRECT Z-SOURCE MATRIX CONVERTER
- SHOOT-THROUGH CONTROL
7.1. Introduction

The matrix converter (MC) is a direct ac/ac converter with sinusoidal input/output
waveforms and controllable input power factor [49-51]. Different from direct AC/AC
converter, its input and output frequency can be arbitrary. Compared to traditional variable
frequency back to back topology, it has three less passive component. However, it can only
buck the voltage. Its control methods, circuit operation and possible applications have been
investigated in paper [52-70]. It has a good perspective especially when the reverse-blocking
IGBT is available now.

The switching rule of MC is that in each phase leg, only one and at least one switch is at
on state. In a traditional voltage-fed matrix converter, the three switches on the same output
phase leg can not be gated on at the same time because doing so would cause a short
circuit(shoot through) to occur, which would destroy the converter. In addition, the maximum
voltage gain can not exceed 0.866. These limitations can be overcome by Z-source matrix
converter [1], which adds an impedance network (Z-network) in the input phase lines. The
Z-source matrix converter advantageously utilizes the shoot through states to boost the ac
voltage by gaiting on all the three switches on the same output phase leg. Therefore, the
Z-source matrix converter can boost the voltage to be greater than the input voltage. In
addition, the reliability of the converter is greatly improved because the shoot through states
can no longer destroy the circuit. Also the current commutation steps can be simplified.

Therefore, it provides a low-cost, reliable, and highly efficient structure for buck and boost

226



ac/ac conversion.

Z-source direct matrix converter has several topologies, depending on the different
structure of the Z-network, each of which has advantages over others and also disadvantages.
A family of direct Z-source matrix converter has been shown in Figure 2.12. For voltage-fed
(VF) Z-source MC, its voltage gain can only reach 1.15, and also the phase shift caused by
the Z-network makes the control not accurate. But for voltage-fed quasi-z-source matrix
converter, the voltage gain can go to 4-5 times or even higher depending on the voltage rating
of the switch. Although Z-source matrix converter has least amount of LC components, but it
has limited voltage boost ratio, inherited phase shift caused by the Z-network, and also
discontinuous current in the front of Z-source network. Quasi-Z-source matrix converter has
higher boost ratio, no phase shift and lower switch voltage and current stress. In addition, the
circuit in Figure 2.12(i) has continuous input current. In conclusion, voltage-fed
quasi-Z-source matrix converter is a component less, compact, high efficient, wide range
buck-boost matrix converter.

Pulse-width-modulation (PWM) control for traditional matrix converter has to be
modified to utilize the shoot-through states for voltage boost. A extra shoot through reference
needs to be designed to compare with carrier to generate extra shoot through signal. It can be
inherited from the control methods for Z-source inverter [4, 32]. A simple maximum boost
control is proposed which inherits the straight lines of the simple boost control; a maximum
boost control is proposed which utilizes all available zero states. Maximum constant boost
control utilizes maximum zero states in the precondition of keeping the shoot through duty

ratio constant. From analysis, at voltage gain smaller than 0.866, no shoot through needs to
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be applied, in order to preserve the minimum voltage and current stress on the devices. At
voltage gain bigger than 0.866, maximum constant boost control can introduce much lower
harmonics to the output because its time-invariant shoot through duty ratio.

This chapter explores control methods for the Z-source Matrix converter and their
relationships between voltage gain, voltage/current stress and modulation index for each
method. Simple maximum boost control, maximum boost control and maximum constant
boost control have been proposed according to different shoot through reference. Different
methods can achieve different voltage gain. At a certain voltage gain, different methods can
lead to different switching loss, total harmonic distortion and voltage stress on the devices,
which are considered as three criterions to estimate the performance of modulation method.
The control method, relationships of voltage gain versus modulation index, and voltage stress
versus voltage gain are analyzed in detail. A complete analysis and calculation for the three
mentioned criterions are presented for different methods. Finally, an optimum hybrid control
according to voltage gain range has been concluded to have the best performance under all
three criterions. Simulation and experiment results are given to demonstrate the conclusion.
7.2 Quasi-SVPWM for Traditional Matrix converter
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Figure 7.1. Equivalent circuit of direct matrix converter
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Figure 7.2. SVPWM modulation method for traditional matrix converter

In MC, the carrier waveform switches between variable positive and negative levels.
The maximum envelope of the three input phase voltages MX and the minimum envelope
MN can be considered as the positive level and negative level of the imaginary dc link
voltage respectively, as shown in Figure 7.1. So each output phase voltage is switched
between these two levels, as shown in Figure 7.2. In Figure 7.2, the input frequency is 60Hz
and the output frequency is 30Hz. Assume the input phase voltage amplitude is equal to 1.

The switching state matrix of 9 switches can be obtained by multiplication of two

switching matrix:

Sax Say Saz Sap San S. S. S

S S S |—5-5, = Xp Syp Szp

bx Sby Sbz |=ScSv =| Spp Shn S S S (7.1)
Xn 2yn °zn

Sex Scy Sez Scp Sen

Sc is obtained by making one of the upper switches on when its corresponding input phase

voltage is the maximum among three, and making one of the lower switches on when its

corresponding input phase voltage is the minimum among three. Sy is obtained by turning

on the upper switch in one phase leg when its corresponding output reference voltage is
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bigger than the MX, MN enveloped carrier voltage, as shown in Figure 7.2.

- ;/ox— Voy = Voz~ -~ Vox'=—MX-MN-0

0 0.005 00l 0015 0.02
t(s)

Figure 7.3. Third harmonic injection for traditional matrix converter

In order to bring the modulation index to 0.866, a third harmonic injection is utilized. In
the previous method, the modulation index can not exceed 0.5. However, the maximum
modulation index can increase to 0.866 by third harmonic injection. A triangle third-harmonic
voltage is injected into the references as shown as dotted line in Figure 7.2, which is
equivalent to space vector PWM method. Figure 7.3 shows the proposed third harmonic
injection method. MX and MN in Figure 7.2 have been shifted to (MX-MN) and 0
respectively. The carrier waveform is enveloped by this (MX-MN). And the three phase
output reference voltages cannot exceed carrier voltage at any time, thus it is contained in this
envelope. By third harmonic injection, the reference voltages are shown as Vox, Voy, Voz,. The
original reference before injection is shown as Vox’. The maximum modulation index can
reach 0.866. The injected third harmonic expression is:

Voref 3 = (max(Vox ,Voy ,Voz')+min(Vox ,Voy ,Voz ))/2 (7.2)

Vox ,Voy ,Voz are the original sinusoidal three phase voltage references. This method is
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equivalent to the space vector modulation.
7.3. Simple boost, maximum boost, maximum constant boost shoot through control
methods based on quasi-SVPWM
7.3.1. Principle of three control methods

The method of inserting the shoot through state by using carrier comparison is illustrated
here. For ZS-MC, the principle of applying shoot through state is to replace some of the zero
state of the converter by shoot through state, in order to not affect the output voltage. Thus
the shoot through states should be within the normal zero states. The zero output voltage state
in MC is corresponding to the switching state that all three output phases are connected to the
same input phase. It happens when all three phase output voltages are either higher or lower
than the carrier voltage. So the shoot through reference voltage should be either higher than

the maximum reference voltage or lower than the minimum reference voltage.

Three methods to insert shoot through state by applying different types of shoot through
references are shown in Figure 7.4. Vshl represents the upper shoot through reference that to
be compared with the carrier voltage enveloped by (MX-MN) and 0, and Vsh2 represents the
lower shoot through reference. Simple maximum boost control uses a straight line as the
reference to bond the upper envelope of output reference and the lower envelope. Maximum
boost control utilizes all the zero state as the shoot through state, thus its shoot through
reference is overlapped with the upper and lower output voltage envelope. Maximum
constant boost control keeps the shoot through duty ratio constant at any moment, while

reach maximum value.
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(a) Simple maximum boost control

Figure 7.4. Shoot through control for Z-source Matrix Converter (a) simple maximum

boost control (b) maximum boost control (¢) maximum constant boost
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Figure 7.4 (cont’d)

Maximum Boost Control
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(b) maximum boost control

Maximum Constant Boost Control
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2 : : : :
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(b) maximum constant boost control
7.3.2. Voltage gain and stress equations for each method
The shoot through duty cycle can be expressed as a function of modulation index, which
can be used to derived the relationship between voltage gain and modulation index in order to
guide the control parameter design. In each method, the shoot through duty cycle can be
calculated according to the magnitude of the shoot through reference. It can be expressed as

follows:
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(MX(t) = MN (t) Vg (1)) +Vsho (D)
MX (t) — MN (t)

Do(t) = (73)

Table 7-1.Shoot through reference and duty cycle

Vshil(t) Vsh2(t) DO(t)
Simple 0.75+sqrt(3)*M/2 0.75-sqrt(3)*M/2|f(M,t)
maximum max(Vox,y,z) min(Vox,y,z) f(M,fin,fo,t)
max-constant | (MX(t)-MN(t))*(1-DO0(t))[0.75-sqrt(3)*M/2|5/4-5*sqrt(3)*M/6

Thus the key value is the shoot through reference. Table 7-1 shows the shoot through
references and duty cycle for each method. It can be found that duty cycle is constant only in
maximum constant control. All the others are time-varied function. In order to derive voltage
gain equation, the average shoot through duty cycle needs to be obtained.

The relationship between D and M can be derived according to eq. (7.3) and table 7.1, for
three methods. In simple maximum boost control, due to the symmetry, the average value of
Dy in one output reference voltage fundamental cycle is equal to the average value in 60
degrees wide area. Take [z /6,7 /2] as an example. There

is MX (1) = sin(a;t),MN (t) = sin(ajt — 277 / 3) during this period. So the average D (t) is:

27

2 ey sin(ajt) —sin(ajt - 2—”) ~3M
3 dt=1-="M (7.4)

Do(t) = 73
'[6/6!4 sin(wjt) —sin(awjt — ?ﬂ)

In maximum boost control, the average D 1is associated with input/output frequency,
input/output angle, modulation index and time. Take the integration time equal to integer

times of 1/3 of input fundamental period and also integer times of 1/3 of output fundamental

. 12 12
periodt =m S i , to do average as:

3 o 3w,
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JE (M (&)~ MN (1)~ MXo(t) + MNo() e
Do (t) = _

1-M (7.5)

j;(lle ()= MN (D))t
Similar process can be done for maximum constant boost control, as shown in Table 7-3.
7.3.3. The voltage gain comparison among three methods

The proposed three control methods plus the traditional non-shoot through control need
to be evaluated and compared at different criterions. Voltage gain, output current harmonics,
device stress and switching loss have been selected here as three main aspects for comparison.
A case study has been completed for the comparison. The circuit parameters and control
parameters used here is listed in Table 7-2

Table 7-2.Parameters used in the case study

Vm fi fo | LoadZ Z-source L Z-source C Power
100 | 60Hz |85Hz| 44j0.6 | 600uH(3.7% | 200uF(2% pu) | 2.5kW

Simple maximum ——Maximum constant
----------- Maximum -----Non-shoot through
1.4 ' ' ; f
1.2
o 1
g 0.8
S
o 0.6
s 047
G
> 0.2 : : :
00 0.2 04 0.6 0.8
Modulation index M

Figure 7.5. Voltage gain vs. modulation index for three methods
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Table 7-3.Boost ratio and voltage gain of three methods

Simple Maximum Max-Constant
27 _ 5 53
1-=2M 1-M 2Ny
DO 3 4 6

1 1 1
B \/;‘ﬁzmz—anH V3M2Z3M +1 \/25,\,,2_%,\,”31

4 4 16
M M M
G
\/;‘ﬁzmz—zﬁm +1[V3M2Z3M +1 245M2_15;/§M +i’;61

Table 7-4.Maximum Gain of Each Method

Simple Maximum/Max-Constant |[Non-shoot
Gmax | 0. 5571 | 1.155 1.114 0.866
M |0.321 | 0.663 0.595 0.866

For different method, the voltage gain at the same modulation index is different since the
relationship between Dg(t) and m is different, as shown in Table 7-3. Substituting Table-
-7-1 equation into boost ratio equation, the relationship between voltage boost ratio B and
modulation index M can be obtained, as well as voltage gain from input to output. They are
summarized and shown in Table 7-3. Figure 7.5 shows the plot of voltage gain vs. modulation
index for three methods and the traditional non-shoot through control. The six crossing point
of four curves are [0.323,0.551], [0.355, 0.548], [0.477,0.477], [0.519, 1.038], [0.564, 1.101],
[0.866,0.866]. The maximum gains of each method are shown in Table 7-4.

In conclusion, the simple maximum boost control can only be used in voltage gain
below 0.55, maximum boost control has 1.155 gain, which is a little bit higher than maximum
constant boost control.

7.3.4. THD comparison among three methods

In Z-source matrix converter, the variation of shoot through duty cycle will affect the
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output current harmonics. The reason is as follows. From equation (7.4) and (7.5), if Dy(t)
is time-variant function, the output voltage amplitude will be time-variant, thus the current
will be distorted as well. In simple maximum boost control, Dy(t) varies at six times of the
input frequency as shown in Figure 7.4(a). Therefore the output current contains the
harmonics at the same frequency. In maximum boost control, Dy(t) is no longer periodic,
but a function of input frequency, output frequency, input output phase angle difference, and
time. So the output harmonics contains harmonics at all those frequencies. In order to verify
this analysis, a FFT spectrum analysis is conducted based on the parameters set in Table 7-2.
The output line to line voltage across the resistive load has been taken as the target because it
has the same information as the line current. Figure 7.6 shows the spectrum of output line
voltage in each method. The fundamental frequency is equal to output frequency 85Hz. It can
be seen that maximum boost control has the highest THD and maximum constant boost has
the lowest. Different methods possess different harmonic characteristics. Simple maximum
boost and maximum boost have similar harmonic distribution but different magnitude.

In addition, THD is affected by the variation of the Dy, . In simple boost control, Dy is
a periodic function with 1/6 input frequency. It mainly contains DC offset and 6w
harmonics. In maximum boost control, Dop is a function of time, output frequency and phase
shift between input and output Dy (t) = f(M,t,0) because of the arbitrary output frequency.
So the output voltage/current contains not only 6@ but multiple frequency harmonics,

which is difficult to be filtered out. However, in maximum constant boost control, Dop 1S a

constant value, which eliminates all low order output harmonics. The comparison will be
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(a) Spectrum of maximum constant boost control
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Figure 7.6. Spectrum of different methods at fy =80Hz
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Figure 7.6 (cont’d)
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(c) Spectrum of simple maximum boost control
shown later.

Maximum constant boost control possess the following advantages than the other
methods: (1) no low-order output current harmonics (2) low input current spike (lower input
current value) (3) low input and output line voltage spike (lower input and output voltage
value) (4) low switch voltage and current stress (5) high power factor. In conclusion,
maximum constant boost control presents better control characteristics in terms of switch
voltage stress and the output harmonics than other methods.

7.3.5. Switching loss comparison among three methods

A 600V/200A 18-switch RB-IGBT module has been used here, in order to improve the
efficiency. The switching loss can be estimated by the instantaneous voltage Vg, and current
Igwon the device. In each switching time interval, there is one and only one switch is
conducting in one phase leg. So when this switch is open, its voltage Vg, is equal to the input
line to line voltage. If this switch is on, it provides the only path for the output phase current,

thus the switching current g, is equal to the output current. In one fundamental period, the
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three switches on the same column should have several commutations according to the
control strategy. Therefore, Vg, is a pulse type voltage enveloped by two sinusoidal input
line to line voltages; lg,is a pulse type current enveloped by output current. Since the
amplitude and shape of Vg, is closed to input line to line voltage envelope and the shape of
Vg 1s closed to output line current, the input PWM line voltage and the output line current
can be used as the switching voltage and current envelope to calculate the approximate
switching loss.

The general equation for switching loss calculation is:

_ L Vsulllsul
) Vref ref

(Eon + Eoff +Err) fsw (7.6)

It needs to be noted here that the switching loss caused by shoot through is not
considered because that part of loss has small difference among different methods.
Assume Vg, =V, 'sin(a@t) and lgy = lgm 'sin(wpt +0) , where V, 'represents amplitude of
Vaprand |y, "represents amplitude of gy ; @ and @, represents the input and output
frequency respectively. The maximum switching loss would happen when power factor is 1.
The parameters in this case study is set to be: Vi, =100V,Z| =4+ j0.6.

Because of the voltage gain limit of simple maximum boost control, this method is not
considered here. The efficiency comparison among maximum constant boost control,
maximum boost control and non-shoot through control is conducted when an equal voltage

gain is obtained by all of them. The switching voltage and current at a certain voltage gain

can be expressed as:

Vi, '=B*V,, (7.7)

240



_G*Vy /43

7.8
on =12 (73)

The average IVSWH I SW| can be derived by:

T
|\/sw|||sw|=I0 |sz|||sw|/T (7.9)

,where T =m-T; =nTg;T;, T, are input and output switching periods; m and n are integers.
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8} 1 9t G=0.1 1: Maximum constant boost |
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£ 1y 3: Non-shoot through I
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Figure 7.7. Switching loss comparison at different G

Figure 7.7 shows the switching loss comparison among the three methods at G=0.1,
G=0.866 and G=1.1. It can be seen that at G<0.866, non-shoot through method has the
highest efficiency, and at G>0.866, maximum constant boost and maximum boost have
similar efficiency, which coincides with the voltage stress analysis.

The conclusion is non-shoot through control would achieve minimum switching loss at
voltage gain G<0.866; and above that, maximum constant boost control and maximum boost
control can either be selected to achieve minimum switching loss.

7.4. Maximum Voltage Gain Control
In ZS-MC, the boost factor B is not a monofonic function of Dy like the traditional

Z-source inverter, thus the maximum voltage gain is not necessarily achieved at maximum
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available Dg. In ZS-MC, voltage gain is the function of M and Dg, as shown in Table 7-3,
with the restriction that Dy(t)<1-M, in which the equal sign can only be obtained at

maximum boost control.

To get the maximum G, assume that Dy(t)=1-k-M (k>1), thus:
G=MB= M (7.10)

2 1 »» 1
me TR +12M2]

The maximum G happens at k= ﬁ , which leads m =0.5. Considering the
restrictionm <1-M, when M>0.5, m should be the maximum available% , which
is 1-M, because B is a monotone increasing function at Dy € [0,0.5] ; thus the control strategy
is identical to maximum boost control. When M<0.5, m should be equal to 0.5. So the

maximum gain control law is:

{DMU:QS (M <0.5) o

Dp(t)=1-M (M >0.5)
And the voltage gain Gg equations are:

— Simple Maximum Boost Maximum gain
— Non-shoot-through =~ — Maximum boost

Voltage Gain G
S o~
g @

09 0.2 04 05 0.6 0.8

M

Figure 7.8. Maximum voltage gain vs. M
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Gy =2M (M <0.5)

Gy = M (M >0.5) (7.12)

V3M?Z =3M +1

As shown in the green line in Error! Reference source not found.7.8.

To implement the constant Dy at M<(.5, the shoot through reference curve has to be

located between MX and MXo, or between MNo and MN, while keeping Dy (t) =0.5. Assume

the upper and lower reference curves for maximum gain control at M<0.5 is Vg and Vgny,

thus:

S (Vs (®)—Veno (D),
D =1- G oty =03 (7.13)

Similar to the maximum boost control case, one choice of the two curves are MXo and MNo

at a constant M=0.5.
In summary, theVg,;, Vgho equations for maximum gain control are:

Vs = MaX(on: y0a Vo) Vyy,z0 =05sin(apt +a+:-) (M <0.5))

. (7.14)

— MX ——MN —MXo——MNo—Vsh1—Vsh2

g’-;%&

-0.2F , ‘ .

N N |
SA A A A

0 0005 001 0015 0.02 0.025
t(s)

Figure 7.9. Shoot through references to generate Dy(t) =0.5

They are compared with the triangle to generate the shoot through PWM, as shown in Error!
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Reference source not found.7.9. the red line is reference curve at M<0.5. The shadow part is
the available shoot through area.
7.5. Hybrid minimum voltage stress control

At a given target voltage gain, one criterion to select the control strategy is to minimize
the voltage stress on the switch. Take voltage-fed Z-source matrix converter in Figure 2.12 (f)
as an example. The voltage stress in ZS-MC is equal to B times the input line to line voltage.
B is illustrated in Table 7-3. Different from traditional Z-source inverter, B here is not a
monotonic function of Dg thus the minimum voltage stress is not necessarily achieved at

maximum available D.

14 » n ! !
Simple maximum 5 5
1.2 | — - ~Maximum | I e Lo _
—— Maximum constant Ty e
(D 1 — Non_shoot through ... ../ ... , ............ ....... .
. S . . ./ .
S 08b SRR 74N U ~
(] . . . .
%D : d : :
: 0-6 ................ . .......... e .............. I ....... -
o . " . .
> : : : :
0.4 ................ AN S .............. .............. ....... 4
0'2 ..................................................... -
0 ¢ ] ] i
0 0.2 04 0.6 0.8
Modulation index M

Figure 7.10. Control strategy selection at different gain ratio for ZS-MC
From equation “G =MB?”, to minimize voltage stress ratio B for a defined G, M is
required to be the biggest available M.
From the G-M curves in Figure 7.10 for four control strategies, different control strategy
can be selected during different voltage gain range to obtain the maximum modulation index.

The dash symbols show the selection of different curves in different sections. The executive
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law of this kind of hybrid control is illustrated in Table 7-5 according to the cross points of
the four G-M curves. By following this hybrid control curve, minimum voltage and current

stress on the device can be achieved.

Table 7-5.Control strategy for different G

Control strategy Range of G
Non-shoot-through G €[0,0.866]
Maximum constant boost G €[0.866,1.114]
Maximum Boost G e[l.114,1.155]

In the third range, only maximum boost can be utilized even it has higher harmonics
because only this method can achieve high voltage gain. G=f(M) function becomes a

quadratic function of which the maximum M is obtained in the section of

M €[0.667, 0.866]at the same voltage gain.

o3 — T T S T S ] —
: : : p : \ Minimum
) stress control
ERRICY S P B < i S Simple-max
E : ; : : ; : boost
2 s : : : \ S |
= B A . . A . Maximum
a : : ; : Maximum b
an : X : : oost
s : : * : constant _
2 0.5 ... Non-shoot through , boost | Maximum
' : ; ; ; constant
0

0 02 04 06 08 1 1.2 1.4
Voltage Gain G

Figure 7.11. Voltage stress at different voltage gain of hybrid control

From equations in Table 7-3, the voltage stresses across the devices with different

control strategies are shown in Figure 7.11. As can be seen, the hybrid minimum stress
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control has the smallest voltage stress at the whole voltage gain range.

In conclusion, for minimum stress purpose, traditional non-shoot through control is
selected when voltage gain G<0.866; maximum constant boost control is selected when
voltage gain is within [0.866, 1.114]; maximum boost control is selected when voltage gain is
within [1.114, 1.155], in order to achieve minimum voltage stress on the device in the whole
voltage gain range.

7.6. PWAM Control Method for Matrix Converter
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Figure 7.12. Nine switch direct matrix converter

Srp | Ssp|~ Stp Sup| Svp| Swp

Six: [
B
C| M

C

ern Ssn| - Stn Sun | Svn| Swn

Figure 7.13. Equivalent decomposed circuit for nine switch direct matrix converter

The 9 switch matrix converter can be equivalent to a series connection of a six switch

rectifier and a six switch inverter, as shown in Figure 7.12. The dc link is an imaginary dc
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link. This equivalence happens when two groups of switching functions have the following
relationship:
T
Saa Sap Sac Sup Sun || Srp S

SBa SBb Spc |= Svp Svn Ssp Ssn (7.15)
Sca Scb Sce ] | Swp Swn || Stp Stn

This equation is derived by utilizing the concept: If same switching function is obtained
from different topologies, the waveform will be exactly the same.

Since in nine switch matrix converter, the relationship between input and output is:

VA | |Saa Sab Sac || Va
VB |=| SBa SBb SBc || Vb (7.16)
Ve Sca Scb Sce | Ve

In equivalent circuit, the relationship between input and output can be derived through the

middle imaginary dc link:

T
VDC+ Sup Sun Srp Srn Va
VBn [=| Svp Swn =|Svp Svn [|Ssp Sen| |[Vo | (7.17)

Ve
Ven Swp Swn bC Swp Swn || Stp Stn Ve

If the equivalence concept is applied into these two topologies, (7.26) can be derived.

The space vector PWM control if used for modulation of direct matrix converter, this
equivalent circuit also will be utilized. In Figure 7.13, the left side can be considered as a
current source inverter, and the right hand side is a voltage source inverter. The current source

inverter SVPWM takes dc link current as reference, including six active vectors and three

zero vectors. Its equation and control diagram are as follows:
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Figure 7.14. Current source inverter space vector modulation diagram

The synthesis equation for input current vector is:

li=da-1;+dg-1, (7.19)
10
As shown in Figure 7.14, the switching state for IT is |01 | and the switching state
00
10
for E is|00|. da-Tg is the pulse width for vector 1 and d/f-Tgis for vector 2.
01

The dc current can have lots of choices. For example, the envelope of the maximum line
current is one of them. According to the power balance, the dc link voltage waveform is the

inverse of the current.

The output voltage equation and SVPWM diagram are as follows:
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Figure 7.15. Voltage source inverter space vector modulation diagram
The output voltage synthesis process is similar to input current synthesis.
The zero vector period calculation is different from the traditional matrix converter because
there are two extra states: the open zero state in input current source inverter and the shoot
through zero state in output voltage source inverter. The traditional zero state periods thus can

be calculated as:

(7.21)
t0=1—tl—t2 —tg,
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Figure 7.16 (cont’d)
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Figure 7.16. PWAM control (a) DC current waveform and switching pattern in different
sections (b) Simulated output current, dc current and switching state
PWAM method proposed in paper [7] can be used here to control either rectifier or
inverter, in order to reduce the switching loss and frequency. For example, if PWAM method
is used for current source inverter, the control diagram is shown in Figure 7.16(a). DC link
current will be the maximum envelope of three phase current, which is a 6wripple current.
The switching state changes according to which current takes up the maximum envelope. The

total switching time will be reduced by 1/3 compared to SVPWM method, as shown in Figure
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7.16 (b). If the voltage source inverter utilizes this modulation method, the switching loss can
be reduced by 87.6% because the switching current is within [-60°, 60°], which is the smallest
switching current portion in one cycle. Matrix converter can be considered as a rectifier in
series with an inverter with no dc link capacitor. Thus the dc link current or voltage has more
plasticity. Two control methods are proposed based on PWAM strategy, to achieve smaller

switching loss, as shown in Figure 7.16 (a) and (b).

Figure 7.17. PWAM control +PWM control for low switching loss MC: (a) method 1: PWAM

rectifier + PWM inverter (b) method 2: PWM rectifier tPWAM inverter

252



7]
>
O

[a* MX Srp

¥ » A —>
oF » MAX - Ssp SAb
e PWAM [Stp S—>
MID  IIMD Mapping 2:2 SAS
Stn ! pwM SBg 18
Vo_amplitude* | Py{x- _l_V(E> switching S_BE Multi-step [SW,
Voa_phase* E_‘ Dy Sup | generation [SBc| commutation

' g 1. K > SVp Eq(g) —>
Vob_phase™| | %Dv; SVPWM [Swp SCa
PR spwm [ SCb
Voc phase*| = Dw. Svn T

Figure 7.18. PWAM control + PWM control for low switching loss MC

2z

7z z
i HﬂﬂﬂLﬂW

Figure 7.19. (a) switching waveform for current source inverter (b) switching waveform
for voltage source inverter

The detailed control block diagram is shown in Figure 7.18. In this method, both input
current and output voltage are controlled with desired waveform and power factor. The CSR
bridge power loss can be reduced by 1/3 in unity power factor compared to SVPWM. The
efficiency is greatly improved when the input current varies in a large range because the dc
link current is regulated according to the input current reference.

Method 2 is to assign Vdc according to the output voltage command, as shown in Figure
7.17 (b). In this method, both input current and output voltage are controlled with desired

waveform and power factor. The inverter bridge power loss can be reduced by 86% in unity
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power factor compared to SPWM. The efficiency is greatly improved when the output
voltage varies in a large range (since the dc link voltage is changed with the output voltage).

As shown in Figure 7.17(b), the switching only happens in 1/3 switching cycle, thus
compared to 1/2 switching cycle in SVPWM, PWAM can reduce the switching frequency by
1/3, thus the switching loss by more than 1/2; compared to SPWM, PWAM can reduce the
switching loss by 87% since all its switching are at small current region.

Since Idc becomes zero when shoot through state happens, when this PWAM method is
transplanted to quasi-Z-source matrix converter, Idc is a pulse type PWM, but its maximum
envelope is still the maximum envelope of the six line to line current, which happens in
active state, as shown in Figure 7.16 (a) and (b). Thus the active switching state remains the
same just part of the zero state has been transported into shoot through state. Figure 7.16 (b)
shows the simulation result of the dc link current Ipn and also the maximum envelope of
input three phase current.

7.7. CSR and VSI coordination

Two CSR commutation happens during zero state of VSI. Zero dc link current is obtained
during zero state of VSI. The first method is shown in Figure 7.20 (a). Its VSI carrier rising
and falling rate depends on the width of the CSR PWM. The advantages of this method
include (1) CSR commutates with zero current, which eliminates the switching losses; (2) no
need for overlap between switches. The disadvantages of this method include: (1)

unsymmetric carrier waveform (2) variable zero voltage vector.
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Figure 7.20 (a) Coordination method 1 (b) coordination method 2

The second method is shown in Figure 7.20(b). The principle is to make zero vector of
VSI happen when Idc is zero. Thus the zero current period is controlled by the carrier of VSI.
The benefit of this method is that it has constant zero vector duty cycle. The switching
frequency of VSI is 2 times of switching frequency of CSR.
7.8. New commutation and protection strategy

For the nine switch direct matrix converter switching functions, two constrains have to
be satisfied in order not to cause the short circuit of input voltage or open circuit for output
current: one is the switches on the same output phase leg need to have deadtime; the other is
the switches on the same output phase leg need to have overlap. These two seems
contradictory with each other. However, the four step commutation for the two bidirectional
switches on different input phases can implement this. The four step commutation can take

source voltage as criterion or
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Figure 7.21. Voltage-based four step commutation

load current as criterion.

Figure 7.21 shows the equivalent circuit in four step commutation and also the voltage
based commutation method. The current will change from phase a to phase b, so
Sia»Sipneed to be turned off and S,5,Sopneed to be turned on. If load current is flowing
out of the terminal, if S5 needs to be turned off, S, has to be turned on first to provide a
path for the load current. Thus S, is turned on first. This also avoid the short circuit because
when Vg >Vp, it is impossible for Spzand Sjpto form short circuit, so they can have
overlap. After that, Sppneeds to be turned on before turning off Sy, in order to provide a
path for current. The short circuit through S;;and S,pdoesn’t exist because they have
deadtime. Similar analysis can be given when vy <Vp. These two cases have different
switching sequence. Thus the problem comes out at the zero line to line voltage. Due to the

sensor delay or inaccuracy, the following case can happen: the actual voltage still maintains
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Vg > Vp , but the measurement already becomes V4 <Vj, thus the switching sequence already
becomes Vg <V . As shown in Figure 7.21, in this condition, the overlap of Sy and
Sppforms a short circuit between phase a and phase b, and also the deadtime between
Spqand Sypforms an open circuit for output phase A current. These two will cause high

current spike and high voltage spike in the devices.

Va

Vb

iload>0 iload<0
S1a | S1a—|
stb | S1b .
S2a [ S2a |_
S2b [ S2b [

Figure 7.22. Traditional load current based four step commutation method

The output load current can also be taken as the criterion to do the commutation, as
shown in Figure 7.22. When iload>0, Sjpand S, can not have overlap; Sjzand Sppcan
not have overlap; but S;;and S, needs to have overlap, as well as Sjpyand Sy, . The
similar process happens when iload<0. The disadvantage of this commutation method is that
failure will happen when the load current crosses zero. For example, when the actual iload is
smaller than zero, but the measured iload is still bigger than zero, the sequence will be judged
by the measured iload. So the overlap between input two phases and open circuit in one

output phase will happen, to cause high voltage and current spike on the device.
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Figure 7.23. Combined commutation method (a) current-based master voltage-based slave (b)
voltage-based slave current based slave

To be concluded, for voltage based commutation, the failure will happen in the zero line
voltage point, due to the misdetection of the line voltage polarity; this can be caused by the
detection delay and sensor offset, and it will cause the short circuit of input voltage sources.
For current based commutation, the failure will happen in the zero line current point, which
will cause the open circuit of the output. In order to solve this problem, the voltage and
current based method can be combined to be alternately used, as shown in Figure 7.23. When
the output current is small, voltage-based commutation can be used, but current-based
method will also be used when the line voltage approaches zero. Similarly, when the input
voltage is small, current based method will be the master and voltage based will be the slave
method when line current approaches zero.

7.9. Protection strategy
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Figure 7.24. Improved protection method for voltage-fed quasi-Z-source inverter

Since the commutation failure still may happen in every utility cycle, the protection for
the output open circuit is very important [8-9]. The conventional protection double rectifier
method [8] can not be directly used in z-source matrix converter because the condition that
input voltage is higher than the output no longer exists. The proposed method inherits the
double rectifier circuit, but moves the input connection to the other side of the z-source
network, as shown in Figure 7.24. The voltage at a’, b’,c’ is a PWM voltage with boosted
voltage envelope. Because the shoot through happens at the same time for the nine switches,
the three line to line voltage at a’b’c’ reach zero level at the same time in each switching
period. Thus the diode bridge capacitor voltage will be clamped at the maximum envelope of
the PWM type voltage, which is higher than the output voltage. So in normal condition, the
right hand side diode bridge will not work. However, when output open circuit fault happens,
the high spike voltage in the output will be clamped at the capacitor voltage, the diode bridge
provides a path for the output inductor current in this case.

7.10. Practical Implementation of Control Method
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The proposed PWM control for the simplified voltage-fed ZS-MC can be implemented
in simple way when a digital signal processor (DSP) and a complex programmable logic

device (CPLD) are employed. Then the duty cycle, to,, is calculated as

Msinawt; —MN T¢

MX; -MN 2
At M sinwty, —MN T,
on2 ~— 5
MX;-MN 2 (7.23)
Aton = Algn) +Atgnp (7.24)

where MX; and MX, are the voltage values of top voltage envelope at instants t; and t,,
respectively; MN is the voltage value of bottom voltage envelope at instant t,. This can be
illustrated by Figure 7.25. The upper figure shows the original carrier variable triangle
waveform and the sinusoidal reference; the lower figure shows the newly generated constant
carrier and new reference waveform. They generate the same PWM for the switches.

The same equations (7.22)-(7.24) can be applied to a three-phase system to produce three
PWM pulse sequences Sa, S, and Sc. The produced PWM pulse sequences should be
distributed to 9 ac switches in order to generate the expected PWM pulses. For this purpose,
six additional logical signals are used to help the PWM pulse generation, where S, Syi, and
Sy1 denote the indicators for their respective phase-c, phase-a, and phase-b of the top voltage
envelope. For example, S;;=1 when phase-c voltage is the largest value among the three

phase voltages. Sy, S», and Sy, denote
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the indicators for their respective phase-b, phase-c, and phase-a of the bottom voltage
envelope. For example, Sy,=1 when phase-b has the minimum voltage among the three phase
voltages.
7.11. Experiments results to demonstrate voltage boost function by using maximum
boost control

A prototype of the simplified voltage-fed ZS-MC has been built in the laboratory.
Simulations and experiments have been carried out to verify the concept and theoretical
analysis. In the experiment, the simplified voltage-fed ZS-MC was fed from the grid (source)
and a R-L load was connected to the output of the ZS-MC. System parameters for both
simulations and experiments are as follows: the Z-source network with L,=1mH, C,=330uF,
the R-L load with R=20Q, L=6.3mH, and the grid source frequency is 60 Hz. In order to
demonstrate the operation of the simplified voltage-fed ZS-MC and to verify the control
method, three cases have been investigated: (1) buck mode without shoot-through; (2) boost
mode; (3) transition from buck mode to boost mode.
(1) Case 1: buck mode without shoot-through
The simplified voltage-fed ZS-MC works in the buck conversion mode when no
shoot-through is inserted, operating just like the traditional MC. Figure 7.27 (a) and (b)
show the simulation and experimental waveforms for the buck operation: shoot-through duty
ratio D = 0, boost factor B=1, and G = BM =0.5. The voltage gain measured at 0.43, which
is consistent with the theoretical value of 0.5 considering voltage drops across the line
impedance and MC switches. Figure 7.28 shows the PWM duty cycles calculated by

(29)-(31), output 3-phase currents, and output phase voltage. The output 3-phase currents are
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perfectly sinusoidal, which verify the proposed PWM method based on (29)-(31), and the
logical functions.
(2) Case 2: Boost mode with shoot-through
Figure 7.29 (a) and (b) show the simulation and experimental results, in which M=0.5 and the
maximum boost control was employed to boost voltage. From (21) and Figure 3.23, we know
that the boost factor B should be 2.0 and the voltage gain should be one, i.e., G=MB=1.0.
The measured voltage gain from the experiment was 0.992, which agreed well with the
theoretical value. In the simulation, source harmonics and line impedance were included to
mimic the real source power from the grid. Both simulation and experiment agreed well
with each other.
(3) Case 3: Transition from buck mode to boost mode

This case shows the transition process from the buck mode to boost mode. At the
beginning, the simplified voltage-fed ZS-MC operates in the buck mode without inserting
any shoot-through, shoot-through states were suddenly added in the PWM pulses. Figure 7.30
shows this transition. It can be seen that both output voltage and load current suddenly
increased after the shoot-through with the maximum boost control was introduced. The
voltage gain increased from 0.43 to 0.992. The well-agreed simulation and experimental

results confirm the operation of the simplified voltage-fed ZS-MC.
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(a) Simulation results
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Figure 7.27. Buck operation of the simplified voltage-fed ZS matrix converter: from top to

bottom, four traces are the input line-line voltage to the Z-source network, the output line-line

voltage from the matrix converter, the output phase current from the matrix converter, and the

input phase current to the matrix converter.
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(b) Experimental results

Figure 7.29. Boost operation of the simplified voltage-fed ZS matrix converter: from top to
bottom, four traces are the input line-line voltage to the Z-source network, the output line-line
voltage from the matrix converter, the output phase current from the matrix converter, and the

input phase current to the matrix converter.
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Figure 7.30. Transition from the buck mode to the maximum boost control: from top to
bottom, four traces are the input line-line voltage to the Z-source network, the output
line-line voltage from the matrix converter, the output phase current from the matrix

converter, and the input phase current to the matrix converter.
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7.12. Simulation and Experimental Results to demonstrate hybrid minimum stress
control

To verify the theory analysis of the four control strategies, the simulations are conducted
with the following parameters:
Vim =100V, f; =60Hz, fy =85Hz, L =600uH, C =200uF, L, =6mH, Ry =4Q

(1) Demonstration of voltage gain equations and output harmonics through simulation

To demonstrate the G-M curves in Figure 7.8, maximum constant boost control, simple
maximum boost control and maximum boost control are simulated under M=0.6. Figure 7.13
shows the input source line voltage, output line voltage for traditional non-shoot through
control. Figure 7.14 shows the output line voltage, input current at the source, input current
before matrix converter and also the input voltage before matrix converter, for maximum
constant boost control. Compared with the first case, this method increases the voltage gain.
Figure 7.15 and Figure 7.16 shows simulation results for simple-maximum boost control and
maximum boost control respectively. It can be seen that for simple-max and max boost, the
output line voltage and input current is distorted, although it preserves a little big higher gain.
For maximum constant boost control, both output voltage and input line current are

controlled in a good shape, which posses much lower THD.
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Figure 7.31.Simulation results at non-shoot through at M=0.6
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Figure 7.32.Simulation results at maximum constant boost at M=0.6
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Figure 7.33.Simulation results at maximum boost control at M=0.6
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Figure 7.34.Simulation results at simple-max boost at M=0.6

(2) Demonstration of voltage stress comparison analysis through simulation and experiments

To demonstrate the B-G curves in Figure 7.11, simulation waveforms with different
voltage stresses at the same voltage gain G=0.866 are shown in Figure 7.36, in which the
switch voltage stress is represented by input line to line voltage right before matrix converter.
It can be seen that at the voltage gain smaller or equal to 0.866, non-shoot through control

preserves smaller voltage stress on the switch. In this special case G=0.866, maximum
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constant boost posses the same voltage gain and voltage stress. But when G<0.866, non-shoot
through has lower stress. At any case, maximum boost control has the highest stress among
the three.

A prototype is built in the lab to verify the proposed control methods. A 18-switch
600V/200A RB-IGBT module from FUJI corp. has been used as the matrix converter. And a
Z-network with the aforementioned simulation parameters has been built and installed
between dc voltage source and matrix converter. An inductive load with 6mH inductance and
4ohm resistor has been utilized. Input voltage is set to be 100V, 60Hz. The output voltage
frequency is set to be 30Hz.

To demonstrate the G-M curves in Figure 7.8, experiment waveforms of different
voltage gains at M=0.661 and M=0.2 of four control strategies (non-shoot-through, simple
maximum boost, maximum boost and maximum gain) are shown in Figure 7.37 and Figure
7.38, where the voltage gain is represented by the load current. Table 7-6 lists the theoretical
voltage gains and measured simulation and experimental voltage gains. It can be seen that the
simulation and experimental results are consistent with the theory analysis at both M>0.5 and
M<0.5 cases.

To demonstrate the B-G curves in Figure 7.11, experimental results with different
voltage stresses at the same voltage gain G=1.073 and G=0.8 respectively are shown in
Figure 7.39 and Figure 7.40, in which the switch voltage stress is represented by line to line
voltage right before matrix converter V5. The theory analysis, measured simulated results

and experimental results for voltage gain and voltage stress at the
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Figure 7.40. Voltage stress comparison at G=0.8: Hybrid minimum stress control att €[0,0.1] ;
simple maximum boost control at t €[0.1,0.2]; maximum boost control at t €[0.2,0.4];
same G are shown in Table 7-6 and Table 7-7 and they are consistent with each other. It also
can be seen that the hybrid control can achieve less voltage stress than other control strategies

In conclusion, the simulation and experiment results demonstrate that maximum gain
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can be achieved at the maximum gain control and minimum voltage stress across the switch

can be achieved through hybrid minimum voltage stress control.

Table 7-6.Voltage gain comparison at certain M

N-S |Simple-Max| Max | Max—Const
theory |G| 0.66 0.41 1. 16 1.08
M=0. 661|Simulation| G| 0.69 0.35 1.2 1.01
Experiment|{ G| 0.72 0.33 1.15 0.95
theory [G[ 0.2 0.3 0.28 0.21
M=0. 2 [Simulation|{ G| 0.22 0.15 0.12 0.23
Experiment| G| 0.19 0.1 0. 08 0.18

Table 7-7.Voltage stress comparison at certain G

Minimum/Maximum|Simple

stress Boost Max

Theory B [1.24 1.696 --

G=1.073|Simulation B [1.42 1.923 --

Experiment|B |1.442 1.73 --

Theory B |1 -- 1.997
G=0.8 |Simulation B |1 -- 2.08
Experiment/B |1.08 -- 2.13

7.13. Summary

In Z-source matrix converter, the insertion of shoot through state brings the voltage
boost function to the traditional matrix converter. This chapter proposes three methods to
introduce shoot through state: simple maximum boost, maximum boost and maximum

constant boost. In terms of voltage gain, maximum boost control and maximum constant
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boost control can make voltage gain exceed 1. In terms of harmonic distortion, maximum
constant boost control and non-shoot through control posses much lower THD than other
methods. In terms of voltage stress and switching loss, maximum boost and simple maximum
boost control would bring higher voltage stress and switching loss to the devices. In
conclusion, at voltage gain smaller than 0.866, traditional non-shoot through control is the
optimum control for Z-source matrix converter, and at voltage gain higher than 0.866,
maximum constant boost control should be utilized. At voltage gain higher than 1.144, which
is out of the voltage gain range of maximum constant boost control, maximum boost control
can be used. The proposed hybrid minimum stress control has been fully demonstrate by
simulations and experiments. In addition, a concept of Pulse-Width-Amplitude-Modulation
(PWAM) has been proposed for Z-source MC control. In summary, the benefits of PWAM
with maximum constant boost shoot through control for this circuit are (1) High efficiency at
wide output voltage and current range;(2) low low-order output current harmonics;(3) low
input current spike (lower input current value);(3)low input and output line voltage spike
(Lower input and output voltage value);(4)low switch voltage and current stress;(5)high

power factor.
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CHAPTER 8 DISCONTINUOUS OPERATION MODE

8.1. Introduction

The circuit analysis and control methods proposed for current-fed quasi-Z-source
inverter are based on one important assumption: the capacitor voltage is almost constant and
equal to the input voltage. This assumption becomes invalid when the capacitor is very small
or the lower power factor is low in some applications that the volume is a very crucial factor.
The capacitor voltage has high ripple or even becomes discontinuous in these cases. This is
similar to the discontinuous operation mode of boost converter, which has discontinuous
inductor current instead at low inductance and low power factor. In these cases, the circuit
has two new operations modes except for the normal three modes, which is called
discontinuous operation modes. This section analyzes the characteristics of the discontinuous
operation modes, and derives the critical conditions for these new modes under different
control strategies. Simulation and experiment results are given to verify the theoretical

analysis.
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Low power factor

Figure 8.1. RB-IGBT based current-fed qZSI configuration

with discontinuous input current
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Table 8-1. Definitions of the variables

C Capacitance of capacitors in Quasi-Z network

L Inductance of inductors in Quasi-Z network

lin Input current of the current-fed qZSI

I Current through the inductors of the Quasi-Z
network

IC Current through capacitors of the Quasi-Z network

Ipn Current fed to the inverter bridge

Is Current through the switch of inverter bridge

iac Output peak phase current

lorms Output phase rms current

Vin Input dc bus voltage

Vc Voltage across the capacitors of the Quasi-Z network

V1-1peak Output peak line to line voltage
Vorms Output phase rms voltage

M Modulation index

Dop Open zero duty ratio

B Current boost factor

Top Open zero state in one switching cycle
Ts Switching period

7 Load impedance

cos (@) Load power factor

8.2. Two discontinuous modes when capacitance is small or load power factor is low
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Figure 8.2. Possible operations modes of current-fed gZSI: (a) mode 1(b) mode 2, (3) mode 3,

(4) mode 4, (5) mode 5

The novel current-fed gZSI can buck/boost voltage and achieve bidirectional power flow
without replacing the diode with an active switch, due to the two extra open zero states. The
basic control principle is to turn some of the short zero state into open zero state. Figure 8.2.
(@) (b) (c) shows the equivalent circuits of the current-fed qZSI in continuous mode which is
detailed analyzed in paper [3]. The basic operating principle assumes that the capacitor
voltage is almost constant and equal to the input voltage. However, the capacitor voltage can
have high ripple or even becomes discontinuous when the capacitance is low or the load
power factor is low. So there are two additional operation modes in discontinuous mode,
similar to the new modes in voltage-fed Z-Source inverter [4]. (Miaosen’s paper)

Mode 1-3 (Continuous modes): Mode 1: active state, the inverter bridge is in an active state

and the dc link voltage Von is equal to the equivalent output voltage Veq: the diode is off if

the equivalent voltage satisfies Vgq <2Vj,. Mode 2: Short zero state, the inverter bridge is

equivalent to a short circuit by turning on the upper and lower switches in the same phase leg
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or in the same two phase legs, or three phase legs together. The dc link voltage is zero, so the
diode is off. Mode 3: Open zero state, the inverter bridge is equivalent to an open circuit by
turning off all the upper switches or turning off all the lower switches. The diode is turned on,
so the dc link voltage is equal to sum of the two capacitor voltage.

Mode 4 (Discontinuous mode I): In open zero state, the diode is on and the inverter
bridge is off. So the capacitor is being charged. But in other two states, the capacitor keeps
discharging because the unchanged inductor current. At the end of mode 2, if the capacitor
voltage decreases to be smaller than half of the output line to line peak voltage in short zero
state, at the moment that the inverter is switched to active state again, the diode in quasi-Z
network will be turned on because the voltage drop on the diode is positive. But the diode in
RB-IGBT will be reverse biased; the inverter is equivalent to an open circuit. The capacitor
will be charged again in this new open zero state. This state is described in Figure 8.2(d). In
mode 4, the capacitor voltage satisfies Vo <Vj_jpeak /2.

Mode 5 (Discontinuous mode I1): At the end of Mode 4, when capacitor voltage increases to
be equal to half of the output peak line to line voltage and the inverter bridge is still switched
in active state, the diode in QZ-network will be reverse-biased. So the capacitor voltage will
stay at V)_jpeak / 2 until the end of active state. But the voltage drop on the RB-IGBT is still
smaller or equal to be zero, the inverter bridge is still in open circuit state. The equivalent
circuit of Mode 5 is shown in Figure 8.2(e). This mode will also happen when the capacitor
voltage decreases to be equal to half of the V|_jyea¢ in mode 1. The switch will still be
switched in active state, but the circuit will enter into mode 5 until the end of active state. In

mode 5, the capacitor voltage and inductor current satisfies:
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In this paper, the discontinuous mode is defined as a new mode when the capacitor voltage
satisfies Vo <V|_jpeak /2. In another word, when open zero state or critical open zero state
happens during the time of active switching, discontinuous mode happens. So mode 4 and 5
are included in discontinuous mode. At the same time, two assumptions have been made to
discuss these modes: (1) The inductor is big enough to maintain constant current direction in
motoring mode; (2) RB-IGBT has enough voltage rating.

To be concluded, mode 4 happens when capacitor voltage already falls below

V|_Ipeak /2 when active state switching starts; in this case, the QZ source diode will be

forced on and inverter switch will be reverse biased; the circuit is equivalent to the open zero

state. Mode 5 happens when capacitor voltage increases from lower than Vj_jpeax /2 t0

equal in active state switching period; in this case, inverter switch will be reverse biased and
capacitor voltage stays at Vj_jpeak /2 until the end of active state. These two discontinuous
operation modes change: (1)voltage gain equation, due to that part of active states is
transferred into open zero state, in which the output equivalent voltage is equal to two times
of capacitor voltage, not the output line to line voltage; (2) capacitor voltage ripple, which
becomes much bigger than continuous mode; (3) device voltage stress, because the device
voltage stress is equal to two times of capacitor voltage, of which the maximum value is
greatly increased.
8.3. Capacitor voltage waveform in discontinuous modes

DCM has two basic degrees defined here: the first is the capacitor voltage decreases to

below half of output line to line voltage but above zero; the second is the capacitor voltage
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decreases to zero. In discontinuous mode, the capacitor voltage has big ripple. It decreases
below half of output line voltage in mode 4 and keep equal to that in mode 5. When
capacitance reduces even more, in mode 4, it may decrease to zero and maintain zero in mode
5. The advantages and disadvantages of these discontinuous operation modes are: this DCM
mode if can be utilized, it will only need a much smaller capacitance. And the voltage boost
ratio can go beyond 2; However, the voltage stress on the capacitor and device will be

increased to even 2 times.
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(d)Mode 4 (e) Mode

/1

Figure 8.3 Two discontinuous operation modes

Different modulation methods will yield different discontinuous waveforms due to
different sequences and combinations of the operation modes. The specialty of current-fed
quasi-Z-source inverter is it has four basic circuit states in one switching cycle including two
active states, one short zero state and one open zero state. Thus the switching sequence is
more flexible and complex, which makes more variations in discontinuous mode
characteristics. For example, in SPWM based modulation, different design and location of the
shoot through control reference waveforms result in different control strategy, such as simple
boost control, maximum boost control, maximum constant boost control etc. In SVPWM
control, there are totally 24 sequences to place the four vectors. Although it is reduced to 19

after eliminating some redundant cases, the variation is still much bigger than 6 in three
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Figure 8.4. Capacitor voltage waveforms at different modulation methods
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Figure 8.4 (cont’d)
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(e). Capacitor voltage waveform under SVPWM control sequence 4
vector cases. Several examples from SPWM method and SVPWM method are listed below to
present the different capacitor voltage waveforms.
8.3.1. SPWM Control -Maximum Constant Boost Control
The SPWM control for traidtional current source inverter is based on the on-line
carrier-based PWM pattern generator. The principle is to first generate the votage source
inverter control signal and then map them into current source inverter through the state

machine equations. The mapping equations are derived by matching the SVPWM diagram of
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VSl and CSI. To be extended, the principle to control current-fed Z-source inverter in SPWM
way is first to generate the control signals for voltage-fed Z-source inverter and then map
them to current-fed ones. There are two differences from the traditional ones: 1) To utilize the
extra switching state, part of traditiona state needs to replaced by new state; to implement this,
an extra shoot through reference is utilized to also compared with the carrier voltage; by
different waveforms and placement of the shoot through reference, the control method is
categoried into simple boost control, maximum boost control, maximum constant boost
control, and so on. 2) the shoot through state in voltage-fed ZSI is mapped into open zero
state in current-fed ZSI; thus a new mapping equation about these two need to be built.

In every switching cycle, one open zero state, one of the three short zero states are used
along with two adjacent active states to synthesize the desired current. The basic principle of
maximum constant boost control is to generate a maximum available constant shoot through
duty ratio. It can not boost voltage as high as maximum boost control since the shoot through
duty ratio is not the maximum all the time, but it can eliminate the low frequency current
ripple, which greatly reduces the output harmonics. The side effect is to reduce the size of
gZ-source network and at the same time, to reduce the current stress of the switches [5], by
using a greater current boost for any given modulation index.

The time sequence of the PWM s as following: Top,Tgy T1, T2, Tgh Top - Assume the
output voltage are the same in two active states during one switching cycle, then there will be
two possible operation conditions, continuous voltage mode (CVM) and discontinuous
voltage mode (DVM), shown as the second and the third waveforms in Figure 8.4 (a),

respectively. The CVM is characterized as that the capacitor voltage is not decreased to zero.
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The DVM is characterized as that the capacitor voltage falls to zero and stay in zero for a
certain period of time, which happens when the capacitor is in a much smaller value or the
power factor is very low.

In each switching cycle, the circuit starts with an open zero state Top, during which the

capacitor is being charged and the capacitor voltage increases with time. After Tqp, the

inverter switches to traditional short zero state. The capacitor voltage keeps decreasing until it
reduces to half of the output line to line peak voltage. If short zero state still doesn’t end at
this point, the capacitor voltage will continue to decrease to be smaller than that. When active
state starts, capacitor voltage begins to increase, which is characterized as mode 4. If it
increases to be equal to half of output peak voltage before the active state ends, mode 5
comes into play by keeping the capacitor voltage almost constant and turning off the diode D
until the end of active state. When the circuit turns into traditional short zero state the second
time, the capacitor voltage will continue to decrease until the end of short zero state. During
the whole switching cycle, the capacitor voltage is continuous; therefore this operation
condition is termed as CVM. If the capacitance is extremely small or the load power factor is
relatively low, it is possible that the capacitor voltage decreases to zero in the second half
short zero state and remains zero until the next switching action. It is called DVM shown in
the second one in Figure 8.4 (a). If the capacitor is even smaller, the capacitor voltage is also
possible to fall to zero at the first time it enters into short zero state, as shown in the third
figure of Figure 8.4 (a). At these two DCM case, the output voltage waveform will be
affected and also the voltage gain will be tuned.

8.3.2. SVPWM Control
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The basic idea of SVPWM control for current-fed gqZSlI is to turn some of the short zero
states to open zero states [3]. In order to make the current stress on the inductor lowest, Dop
should be designed to be zero at motoring operation and to be maximum at regeneration
operation [3]. So the best operation point for voltage boost mode is when Dgp =0, which is
same as traditional CSI; and the best operation point for voltage buck mode is
when Dy =1- Dy, which means turning all the short zero state into open zero state at a fixed
modulation index [3]. The instantaneous Dgy, varies with time, but the average duty ratio in
each sector is constant. In order to keep Dg, a constant value during a whole switching

cycle to reduce the output harmonics and switching current stress, the average Dop is used.

So the short zero state still exists with open zero state.

As long as the volt-seconds satisfy the voltage gain requirement, the division of the
switching period and the placement of each vector can be flexible without affecting the
output voltage waveform and value. The thing it affects is the input current ripple, device
switching loss and output harmonics. Four examples of SVPWM have been given in Figure
8.4 (b), (c), (d). (e). Take sequence (c) as an example. Its sequence is Top, Ta Tgh- In Top,
the capacitor voltage increases; in Ty, capacitor voltage decreases. If it decreases to be equal
t0 Vi_|peak / 2 before the active state ends, the circuit enters into mode 5, in which the
capacitor voltage will keep at V|_jpeqak / 2 level until the end of this active state. After that, in
short zero state, the it will continue to decrease until the end, which is in mode 2. The next
period starts with capacitor voltage being charging in open zero state. Thus there is only
mode 5 in this sequence. In this process, if the capacitor is small enough or the power factor

is extremely low, it is possible for the voltage to fall to zero during short zero state. In this
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case, the mode 4 appears. The other sequences can be analyzed similarly to sequence (c). It is
found that only sequence (e) has mode 4 & 5, and others only has mode 5 unless it enters into
DCM. To be concluded, different modulation methods result in different capacitor voltage
ripple; same modulation method but different switching sequences also cause different
capacitor voltage ripple. Different ripple contributes to different output voltage ripple, thus
harmonics. These differences also affect the critical conditions for discontinuous mode to
happen.

8.4. Critical conditions for discontinuous mode

/ Load

waeCondition, ., Ty

. e P |

D Capacitance C-B __E
Control T
Methods

Figure 8.5. The factors causing discontinuous operation mode

Using a small capacitance can reduce the volumn and cost of the system, but at the same
time, discontinuous operation modes will occur, in which the device understakes higher
voltage stress. In addition, the current fed into the inverter is no longer always constant
during active states, which causes additional harmonics in output voltage and current. So the
critical condition of the discontinuous operation mode becomes important to the design of the
capacitor.
The basic discontinuous operation critical condition is:

Vi —Ipeak

Ve min < (8.1)
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To guide the design procedure, this condition has to be transformed into the inequality in
terms of the circuit parameters or control parameters. The possible factors that affect this
operation mode is shown in Figure 8.5. The following related variables or parameters is
summarized: (1) output power factor (2) output impedance (3) Z-network dc capacitance (4)
control methods and variables, such as modulation index, shoot through duty cycle etc. In
order to derive this, the general capacitor voltage ripple equation has to be derived first, and
then the basic critical condition can be applied to that to obtain a complete critical condition
equation.
8.4.1. Capacitor voltage ripple

As analyzed above, the capacitor voltage increases only in open zero state. So the peak
to peak value of voltage ripple is:

icTop 3 (lin + 1) Top
C C

AV, = (8.2)

Since the average capacitor voltage is equal to the input voltage [3], which can be obtained

from input power and current, the minimum V¢ can be obtained from (3.2) and (8.2):

Vemin =Vin—AV¢ /2= I__(l ZE;)p ImTOp/ZC) (8.3)
in op

Assume the load impedance is Z. From the power balance, the input power can be calculated
by output current as:
3 &~ (2
P=EZ('ac) COoS ¢ (8.4)
8.4.2. Critical Condition of different shoot through control methods in SPWM

method:

292



For maximum constant boost control, the basic principle is to make the open zero duty cycle
constant at the maximum limit of available short zero state period. In order to make the open
zero duty ratio constant and maximum, the maximum open zero duty ratio is achieved as:

Msin@—Msin(@—z—”) J3
2 max =1--M (8.5)

Dop =1-

, Where ¢ is the phase angle of current vector .The expressions for upper envelope Vo and
lower envelope Vp,is similar to voltage-fed ZSI which has been derived in paper [5]. (to state
this equation here for further references)

Since the basic critical equation for the discontinuous mode is:

Vi —Ipeak

Ve min < (8.6)

Substitute the derived maximum Dop into the equation for V¢ min . the critical condition for

discontinuous mode can be derived as follows:

—2(J§M ) Cos ¢ 5 c

3M V3.(2-VBM)Tg 1 (8.7)
Z
When this condition is satisfied, the circuit starts to have discontinuous modes.
For constant boost control, the shoot through reference is equal to the modulation index
M. The maximum open zero duty cycle is (1-M). Thus the critical condition can be expressed

as:

M 20-M)Ts _,
2@M -1  32C

(8.8)

For maximum boost control, Dop is maximum available open zero duty cycle at any

moment, which varies with phase angle:

Msingd—M sin(@—zéf))

Dop =1-( 5

(8.9)
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But its average value is a constant value, which can also be taken to calculate the critical
condition:

ing_ in(Q _ 2w
,,/31_ M sin&—M sin(@ 3))

~  _ 0 2 3J3M
op 7l3 2 ( )

Together with the voltage gain equation, the critical condition of discontinuous mode for

maximum boost control is:

3Mz _BEz-3BM) T

—2(3\/§M = CoS ¢ 22 o7 = (8.11)

8.4.3. Critical condition for SVPWM method

The best operation point for voltage boost mode is when Dgy =0, which is same as
traditional CSI; and the best operation point for voltage buck mode is when Dop =1-Da,
which means turning all the short zero state into open zero state at a fixed modulation index
[3]. The instantaneous Dop varies with time, but the average duty ratio in each sector is
constant. In order to keep Dop a constant value during a whole switching cycle to reduce
the output harmonics and switching current stress, the average Dop is used. So the short

zero state still exists with open zero state. The average Dop can be calculated through

integrating and averaging in one 609 sector:

Ne

2

33

Dop :Iog 1-2M sin(§+0))d9/’3’ =1-22Mm (8.12)

2r
In order to achieve least switching times[3], choose the time sequence of the PWM in

SVPWM control in voltage buck mode is as following: Top,T1, T2, Tgp . The CVM and DVM

condition are shown in Figure 8.4 (c). The critical condition for SVPWM control can be

obtained from (8.3), (8.6) and (8.12) as follows:
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3_cosg <1 Voltage boost mode
2343
o M -1
33, (8.13)
3 cosyﬁ—Lg <1 Voltage buck mode
26M - 2 V4 Cz
AN

Table 8-2.Characteristics of different control strategies

Control strategy

Control Strategy Critical Condition

3M_ 2-M)T,

<1
22M -1)  3z2C

Mz BRE-3IM) Ty
2(3\3M - 7) 272 Cz
M cos¢—\/§(2_\/§M s o
2(\/3M -1) 6CZ
3 3zMm COS¢_2;;—3J§M 2T _
263M - 27 o2 CZ
3 CoS ¢
23J3M /7 -1

1

<1

At this point, all the critical conditions for different modulation methods have been derived

and listed in Table 8-1.

8.5. Simulation and experimental demonstration
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Figure 8.7. (a) First version of 5kW current-fed quasi-Z-source inverter with separate
inductors (b) second version of 5kW current-fed quasi-Z-source inverter with coupled

inductors.
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(b) From the top to bottom: device voltage stress, dc capacitor voltage (Zoomed in)
Figure 8.8. Experimental results of the CVM condition under SVPWM control for voltage
buck operation (Vpn: DC link voltage across the inverter bridge; Vc¢: gZ-network capacitor

voltage; lin: input inductor current; Vab: load line to line voltage; la: load phase current)
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Figure 8.8 (cont’d)
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(c) From the top to bottom: output line to line voltage, output phase current

To verify the aforementioned theoretical analysis, a RB-IGBT module based current-fed
gZSI prototype has been built in the laboratory with the following parameters: C=1uF,
L=1mH, Vj, =100V, fg =10kHz, f=60Hz (output frequency), and Z =5Q per phase
Y-connection. Experiments of the system using SVPWM control and modulation index of
0.923 are performed. Under these parameters, the system works in CVM condition. Figure
8.8 (a) (b) (c) show the experimental results in voltage buck mode. The open zero duty ratio
satisfies equation (8.12), which is set to be 0.19: In Figure 8.8 (a), Von has four levels: the
highest level is equal to two times of the capacitor voltage which happens in open zero states;
two output line to line voltage, which happens in active states; and the zero level is
corresponding to short zero states. The capacitor voltage increases in open zero state and
decreases when it enters into active states; when it decrease to be equal to half of the output
line to line voltage, it remains constant until the end of active state; when the short zero state
starts, it decreases again until the next switching action. This waveform agrees with

theoretical analysis result shown in Figure 8.4 very well. Figure 8.8 (b) is the enlarged
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waveform for Vi and Vpp. It demonstrates the discontinuous mode 5. The maximum pn

voltage is 375V, which is equal to two times of maximum capacitor voltage. It is obvious that
the output voltage range becomes smaller than the continuous case because of the high ripple
of the capacitor voltage Figure 8.8 (c) shows the output line to line voltage and phase current.
The current gain in continuous mode with this parameter should be 1.75. But from the
experiment results it can be seen that Ij;=16.25A and iy, =20A; so the current gain
becomes ¢ /(3 lin / 2) =1.42 . It shows that the current boost factor in discontinuous mode
is lower than in continuous mode with the same modulation index and the same control
method, which is because some of the active states become open zero states in discontinuous
operation, and make the inductor current decreases more than normal condition.

The System specifications are:

L4 =Ly =L =1mH, (Coupled), C; =Co =10uF,V|y =100V,
fy =60Hz, fg, =10kHz, Z =5Q;

8.6. Summary

€ The discontinuous modes can happen in the condition the capacitance in the quasi-Z
network is small or the load power factor is low;

@ There are two discontinuous modes except the normal continuous modes;

€ The changed variable in discontinuous mode compared to continuous mode is the
capacitor voltage; the non-changed variable is the output voltage and current.

€ Different control methods can yield different circuit characteristics due to different
modulation methods and different switching sequences. The key point to derive the
critical condition in order to avoid or utilize this discontinuous mode is to analyze the

maximum available open zero duty cycle, since the maximum capacitor voltage
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ripple AV is obtained at maximum open zero duty cycle. The critical condition for
discontinuous mode is a function of dc capacitance, modulation index, load power factor,
load impedance and switching frequency.

To be utilized, the discontinuous operation can reduce the requirement for capacitance,
thus reduce the system size; in addition, its voltage boost ratio can exceed the limit at 2.
However, the capacitor voltage rating and device voltage rating, as well as output voltage
harmonics will be increased. From this stand point, this mode should be avoided. One
method is to make the parameters not satisfy the critical condition; another method is to
replace the diode with an active switch which can be controlled to be turned off at all

active states and traditional short zero states.
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CHAPTER 9 CIRCUIT MODELING AND TRANSIENT ANALYSIS

9.1. Introduction

In hybrid electrical vehicle (HEV) motor drive, the operation mode changes from
motoring to regenerating very frequently, either in decelerating period or braking period. In
order to analyze precisely in which condition the motor drive inverter needs to do this
transition, the complete operation modes of both parallel HEV and series HEV are illustrated

as follows [3].

FHE—v | [ e ——

T T
| B =i P = M/G = | B p=i P = M/G =
(). Medium power operation mode 1 (b) High power operation mode 2
F E F E
T T
B e P mm M/G B pm P == M/G

(c)Low power operation mode 3 (d)Regenerative braking operation mode 4

Figure 9.1. Four operation modes of parallel hybrid vehicles (F: Fusion tank; E: Engine; B:
Battery; P: Power converter; M: Motor; T: Transmission)
In parallel hybrid vehicle configuration, there are two independent paths connected with
transmission line. One path is composed of fuel tank and engine. Another path is composed
of battery, power inverter and motor. They both can provide power directly through the
transmission line. It has four utilized operating modes [3] shown in Figure 9.1. and outlined

in the following:
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A. Mode 1, medium power

At medium power, the power of vehicle traction motor is only provided by the engine. And
the motor can operate as a generator to charge the battery when its SOC (State Of Charge) is
low.

B. Mode 2, high power

During acceleration, both engine and battery will provide power to the motor. Battery speeds
up the vehicle’s response time for acceleration and also maintains a safe and efficient
operation point for engine.

C. Mode 3, low power

The engine efficiency decreases when operated under low power. So the engine is turned off
and the traction motor is only driven by the battery.

D. Mode 4, Regenerative braking

During regenerative braking, the electric motor acts as a generator to generate electric power
from the torque of the motor which slows down the vehicle. This electrical energy will be
used to charge the battery. Thus the motoring to regenerating transition happens each time

when the vehicle switch to either mode A or D.

FHEHGHPHMHT I FI{E G P HMHT]
&) &)

(). Medium power operation mode 1  (b) High power operation mode 2

Figure 9.2. Four operation modes of series hybrid vehicles
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Figure 9.2 (cont’d)

[FI{EHeHPHMHT] [FHEHGHPHMHT]
| B] B |

(c). Low power operation mode 3  (d) Regenerative braking operation

In series hybrid vehicle configuration, both of engine energy and battery energy go through
power converter to drive the motor. It also has four utilized operating modes but different
with the parallel hybrid vehicle since all the power in battery needs to be provided through
power converter, as shown in Figure 9.2 with the following outline:

A. Mode 1, medium power

At medium power, the power of vehicle traction motor is provided by the engine; at the same
time the engine needs to provide power through power generator side power converter to
charge the battery when its SOC (State Of Charge) is low. At this moment, the generator side
power converter operates at regeneration mode.

B. Mode 2, high power

During acceleration, both engine and battery will provide power to the motor. Battery speeds
up the vehicle’s response time for acceleration and also maintains a safe and efficient
operation point for engine. At the same time, the engine will charge the battery when its SOC
becomes low.

C. Mode 3, low power

The engine efficiency decreases when operated under low power. So the engine is turned off
and the traction motor is only driven by the battery. But at the same time, the engine will
charge the battery through converters when the battery’s SOC is low.

D. Mode 4, Regenerative braking
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During regenerative braking, the electric motor acts as a generator to generate electric power
from the torque of the motor which slows down the vehicle. This electrical energy will be
used to charge the battery.

To be concluded for series HEV, the transition from motoring to regenerating happens in all
four modes when its SOC goes low.

Therefore, a fast transient response is a necessary characteristic that the HEV motor drive
converter should possess. The traditional motor drive is implemented by a series boost
converter and a voltage source inverter, since the battery voltage is usually only half of the dc
link voltage that the inverter needs. A approximate 2 boost ratio is required in the front stage
of inverter. It is common sense that this topology can implement the transition from motoring
to regenerating very fast, because the transition is presented in the form of input current
direction change, which is supposed to be fast in voltage source inverter. Here comes the
doubt about current source inverter: the big inductor in the input of current source inverter
may cause a much slower response to the current direction change command. If this is a
problem, the big inductor in boost converter also causes a slow transition response. If this
problem can be overcame by properly designing the inductor and capacitor parameters in the
circuit, the same procedure can be conducted for the single-stage current-fed quasi-Z-source
inverter.

The structure of this chapter: (1) A state space model has been built for current-fed
quasi-Z-source inverter to demonstrate that it has fast transient response that it only needs
several switching cycles to transfer from motoring mode to regeneration mode, which makes

it very suitable to be used for HEV or EV motor drive. (2) Both abc and dq state space model
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is built for current-fed Z-source rectifier to demonstrate its transient performance
theoretically. (3) A generalized state space model based on connection matrix has been built
for all the topologies in switched-coupled-inductor inverter family, in order to derive all the
governing equations including voltage/current gain and voltage/current stress, and also for
transient analysis.

9.2. Current-fed quasi-Z-source inverter

9.2.1. Research target

|g |g
+ > + :
‘ 4 N )
AN =) )
-| Vin > 7| Vin v ‘
T Vg T Vg
Motoring Transition Regenerating

Figure 9.3. Block diagram of transition from motoring mode to regenerating mode

The research target topology is the current-fed quasi-Z-source inverter, which introduces
the extra open zero states and makes buck-boost and regeneration capability possible. The
plot of its voltage gain versus the active duty cycle Da has been shown in Figure 3.5. In
motoring mode, the maximum voltage gain is 2. But the negative voltage gain in regeneration
mode has no such limit. However the 2 boost ratio is enough for the normal design of battery
voltage and dc link voltage.

This section concentrates on the transition performance of this inverter from motoring
operation mode to regenerating operation mode, which is presented in the form of that the
input inductor reverses its current direction, as well as the output inductors, as Figure 9.3
shows. Theoretical model and simulation, experiment demonstrations will be given in the

following parts to get the transition time duration for the reverse of input current.
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9.2.2. Circuit Modeling

—>ldc —>ldc
A lArawn
o o Tvér C2 ¢ 09 TVCJ' C2
Vin N T Vout Vin .\
- C]_T_ T L2 ) - C]_T T L2
(a) (1- Dop) (b) Dop

Figure 9.4. Circuit model for two basic circuit states
(a) non-open-zero state (b) open zero state
The mathematical model for this transition can be built to predict the transient performance of
the pre-designed circuit, in terms of response time, voltage/current overshoot/undershoot
amplitude and phase, rise time, settling time and so on, thus form a design guideline. The
transient performance of the circuit can be simplified into the transient waveform of the input
current. The basic idea is to obtain the input current waveform in the transition from solving
the differential equations. The state average model method is used to solve the equation for
the input dc current 14 in the transition. There are two basic circuit states (a) non open-zero
state (b) open zero state shown in Figure 9.4. So the general state space equation of this
switching mode circuit should have state space averaging method applied. In non open-zero
state, the inverter is considered as a voltage source, and in open zero state it is an open circuit.

The state average model of this equivalent circuit states are expressed in eq. (9.1):

r T 1-2D _ -
d ] o " 0 Vour
ot L 1 |- Dop)
2Dgp -1 D
d(\j/tc = (Z? 0 % Ve |+ 0 (9.1)
dlgc 0 ~2Dyp -r ldc Vin - (- Dop)Vout
L dt ] L L - - -
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, Where the definitions of the variables are lined out in Figure 9.5 and also the inductance,

capacitance satisfy: Lj=Ly=Lg.=L,C;=Cr=C;

There are three differential equations in terms of three variables 1| (Z-network inductor
current), Ve (Z-network capacitor voltage) and lgc (Input current). The Dop is

considered as a constant in every steady-state, which is assigned by the voltage boost ratio
requirement and also the best operation point constraint. The only unknown variable here is

the average pn voltage in active state V¢ ; however, it can be derived from voltage and the
duty cycle function as:Vy,; = DaVeg + DpVep + DVee - IN order to calculateVy, assume the

output capacitor voltage to be sinusoidal function with amplitude V,, as follows:

Vi sin(at)
Vea 5
Vep | =| Vi si n(a)t—?ﬁ) (6.2)
Vee

Vi sin(a)t+2?7z)

The duty cycles can also be considered as sinusoidal with amplitude M (modulation index)

and angle S with respect to voltage:

D M sin(awt + f)

a
Dy | =| M sin(a)t+ﬂ—2?7[) (6.3)
DC

M sin(ewt +ﬂ+2?7[)

, iInwhich g =0for motoring mode, and /S = x for regenerating mode.

Through calculation it is found that the average pn voltage in active state is a constant value:

3 Ll
Vout =5 M Vi (6.4)

,where M '=M for motoring mode and M'=—-M for regenerating mode. So the final

simplified equation with all variables known except the ones that is going to be solved is:
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a1 T 1-2D | - ]
a1 o —e 0 3M Vi
dt L I L (1- Dop)
2Dy, —1 D
dve | _| o 0 P v |+ 0 (6.5)
dt C c |, ,
dlyc —2Dgp —r de Vin—(1- Dop)gM Vim
—_ 0 _ _
L dt L L L L ]

To be concluded, the state space average mode of this circuit in motoring and regenerating
mode is shown in equation (6.5), with M’=M in motoring mode and M’=-M in regenerating
mode. The next step is to solve the input current |4 from this equation.

9.2.3. Initial conditions and steady state conditions

The transition process is simulated by connecting the current-fed quasi-Z-source inverter to
the grid at the output side. The grid current is the control object. The motoring operation is
equivalent to inject current to the grid, and the regenerating operation is equivalent to absorb
current from the grid. The transition between the two starts from grid current control
command change, and ends up with the output phase current and input inductor current reach
a steady state with negative direction. Figure 9.5. shows the circuit configuration to
demonstrate the transition performance. The current-fed quasi-z-source inverter is supplied
by the dc source generated by the rectified grid voltage, and the inverter output is connected
to grid to supply a constant current. An important note here is a resistor has to be connected
in parallel with the dc link capacitor, to provide an energy consumption path for regeneration

mode. Otherwise, the capacitor will be charged up continuously since the diode rectifier can
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Figure 9.5. Circuit configuration to monitor the transition process
not send the energy back to the input side. This circuit configuration actually is also similar to
the series hybrid vehicle motor drive system, in which the input voltage is its generator and

the output voltage is its traction motor.

To simulate the transition process, the grid current lga command is changed from 18.,0°A
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to 18,180°A (0 degree means the current is in phase with the grid voltage and 180 degrees

means the current is out of phase with the grid voltage), so as the command of phase b and c,
at the time of t=0.2s. The mathematical model for the transition has been built to calculate the
transition time for the mode change. The reason to build this mathematics model is to form a
pre-design guide line for the system. The transition time is defined by the time that the input
dc current changes from positive direction steady-state to negative direction steady-state here.

When the circuit mode changes from motoring to regenerating, the transient response of
the output line current has the linear relationship with the input dc inductor current. If the
input current can reverse its direction fast, the output current can also change its phase from 0
degree to 180 degree in a short time. The transient expression for the input dc inductor

current as a function of time can be derived using the state space average model in equation

(5).

From t=0s, the circuit works in motoring mode and the grid current command

IS 1 gref ~18,0° A, which is in phase with the grid voltage. At t=200ms, the current

command changes t0 I gref =18.,180° A, which is out of phase with grid voltage. The circuit

is changed to regeneration mode. The direct command change according to the voltage and
current ratio equation of this circuit, is: the modulation index and open zero duty cycle
change from [0.65, 0.3] to [0.25, 0.6].

The initial conditions of the system are:

1L(07)=1.(0")=0;Vc (07) =V (07) =Vjp =100V; 14 (07) = 14 (07) = 30A; Vyy, =85V

M (07) =0.65, Doy (07) = 0.03;M (0™) = —0.25, Dy (07) = 0.6

And the parameters are: L=1mH, r=0.7, C=200uF;

9.2.4. Solution for input current
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Simplify the differential equation into the single equation about Idc as the following third

order differential equation:

1 7 « 19 1400
——————lgc () lge (1) ——lqc (t)—?ldc(t)+6050=o (6.6)

—1.2e006 1.2e004 6

The characteristic equation of this time domain differential equation is:

s3 1+ 70052 +19*1.26006/ 6-5 +1400*1.2¢006 /12 = 0 (6.7)
And the roots are s =-37; Sp =-331+ j1915; s3=-331-j1915
Solve the equation with the following initial and steady-state conditions:
lge (07) =30A; 14 () =—8.3A; 4. '(07) =132
Thus the final solution is:
lge (1) =—3.79e 737t 4+ 42.19e 733 sin(1915t +1.4) 8.4 (6.8)
Plot the Ig4(t) in Figure 9.5. It is shown that the transition time from motoring to

regenerating tr =1ms, which is 10 switching cycles in this case (fsw=10kHz).

40
S
30 tr=1ms Idc

20— Magnitude of [ga |

—
—~
>
~
S

LN~ *
20 \/ ‘ |

5198 02 0202 0204 0206 0208 021 0212
t(s)

Figure 9.6. Calculated input current waveform in transition starting at t=0.2s
9.2.5. Simulation and experiment demonstration
In order to verify the theory analysis, the circuit in Figure 9.5 has been simulated with

the following parameters:
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Ldc =1Im, rgc =0.7Q, Cdc =12000uF, Rgc =4.120; C1 =C2 =200uF, L1 = L2 =1mH
Mode

Cs = 60UF; Lg =0.3mH, rg =10mQ,Vga =85.200V;Rs =0.3m, rs =0.1mQ, Vsa = 63.20°V.

changes from motoring to regeneration at t=200ms.

40.0 7 e

< 001 /- ............ ............ ............ ........... ........... ...........

400 ()4
100.0 7]

Vga
= 0.07

-100.0 : : : : : : : (A) :1(s)
Idc

30.0 7

< 15.07
0.0
-15.0 1

(V) :1(s)

140.0
12001
2 100.0
80.07 : : : : : : :
60.0 7 i i i i i i i |

0.1 0.125 0.15 0.175 0.2 0.225 0.25 0.275 0.3
t(s)

Figure 9.7. (a)Simulation results (1) Output phase A Current (2) output phase A Voltage (3)
input inductor current (4) Z-source capacitor voltage in motoring to regeneration transition (at

t=0.2s) (b) Zoom in results of (a)
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Figure 9.7 (cont’d)
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Figure 9.7. (a)Simulation results (1) Output phase A Current (2) output phase A Voltage (3)
input inductor current (4) Z-source capacitor voltage in motoring to regeneration transition (at
t=0.2s) (b) Zoom in results of (a)

The simulation results are shown in Figure 9.7. The mode changes from motoring to
regenerating happens at t=200ms. The measured other variables changes are shown in Table

9.1:

Table 9-1. Simulation results in mode change transition

loa(A) | Idc(A) | Vin(V) M Dop | transition time(s)
Motoring (1820 30 89 0.65 0.25

0.00109

Regenerating {18 ~£180 | -14 |103.89 | 0.03 0.6
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Figure 9.8. Comparison between calculated Idc and simulated Idc
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Figure 9.9. Comparison between calculated Iga amplitude and simulated Iga amplitude

The simulation demonstrates that the transition time is around 10 switching cycles. The
comparisons between calculated results in section | and the simulation results are shown in
Figure 9.8. and Figure 9.9. It can be seen that the simulation results match with the theory
equation (6.8) quite well. And the transition time from motoring to regenerating is about 10
switching cycles. The exact number of switching cycles that the transition requires is not a

fixed one but not very different for different cases.
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9.2.6. Conclusion

The current-fed quasi-Z-source inverter exhibit a fast transient response when its operation
mode changes from motoring to regenerating. It only needs several switching cycles to reach
a steady state. This feature makes it suitable for HEV/EV application. The large signal
state-space average model effectively estimates the transient.

9.3. Three phase current-fed Z-source PWM rectifier

9.3.1. PWM rectifier state space model

(b). State II—Active: Dp

Figure 9.10.Operation states of current-fed Z-source PWM rectifier
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Figure 9.10 (cont’d)

(c). State 11I—Open Zero: Dop

The equivalent circuit of modeling for current-fed Z-source rectifier has been shown in
Figure 9.10 and all the variables are defined. The switching function of a switch in Figure
9.10 is defined as

1, switchclosed  ie{a,b,c}
Si(t)= (6.9)

0, switch open
If the switching frequency is much higher than the utility frequency, the switching function

Sjcan be replaced by its average value in non-open zero state of one switching period. The

three-phase source voltages and the average switching function for each leg of the converter

Dy (n=a,b,c)in non-open zero state are defined in (9.10).

v Vp, sin(at) D D, sin(et + )
Sa a
Vep |=|Vm sin(a)t—z?ﬂ) | Dp |=| Dm sin(wt—z?ﬂ+ﬂ) (6.10)
Vsc D¢
Vin sin(cot+2?”) D sin(a)t+2?ﬂ+ﬁ)

,where g stands for the angle between input current and phase voltage. From Figure 9.10,

the input currents satisfy:
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d. r. 1 Va,b,c
—ho3=——h23-——VC123+—— (6.11)
dt L L L

While in non-open zero state,

1

=——| 6.12
1—2Dop dc ( )

Ipn=2|L_|dc

So the overall equation for capacitor voltage in non-open zero state and open zero state can

be derived as:

i +Dg p - Dop) lq
i i : 1,2,3 abci S~ 'dc
a _a-ppoyck2s  JonPabey o B 1-2Dygy,
at -2 P Cs P cq Cs
(6.13)
For dc output voltage and current, one has :

i'dc _Vde _faclde _ Vb

dt Ldc Ldc Ldc (6.14)

i\/ __lde _ Vdc

dc =
dt Cdc CdcRo

The dc link voltage V,, has different expressions in open zero state and non-open zero

state:

(6.15)

v —DaVC1 - DbVC2 - Dcvc3 non —open zero state
PR 2vye open zero state

The average value for Vg, is

Vpn = (1= Dop)(=Davc1 — Dpvc2 = Deves) + Dop -2Vge  (6.16)

In Z-network, Vpn =Vc -V and Vp =V +V|_

So

Vp =2V —Vpn == (1= Dgp)(DaVcy + Dpve2 + Devea +2Vge)  (6.17)

9.3.2. Z-Source network state space model
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From equivalent circuit for Z-network in Figure 9.10, one has:

In non-open zero state (1- Dgp ) ,

S ) (o Ry [o -2,
dt |, L (VL]+ 1 L (VC} (6.18)
—V¢ = o|\'C — o |\'PN
dt C C
In open zero state Dy ,
d 1
—I 0 _=
I 0 0)(!
@, ot (VLJ{O oj[de] (6.19)
—Vc - 0 C pn
dt C
So the overall state space equations for Z-network is
dt I I
?jt " | 2Dy, -1 ) [VL]+ 1-D ) (vdcj (6.20)
—VC op 0 C —~op 0 pn
dt C C

9.3.3. Current-fed Z-source rectifier dq state space model

From Figure 9.10 and equations (6.9)-(6.20), the state model of current-fed Z-source
rectifier can be obtained. It is a time varying three phase system because of the average
switching functions; however, it can be converted into a rotating synchronous frame (d-g-0)

using Park transformation, and the transformed matrix is shown in (6.21).
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i T - L 0000 o0
R
t
gi w -“0o -1 oo o0 o0
| Lg Lg
dt 1 Dg (1~ Dop) CREN
Vg | | =— 0 0 0o ————- 000 _ —sd
dt Cs Cs(1-2Dgp) Ig Ls
Dy(1-D V %
dVeq 0 1 —w 0 g op) 0 00 Vcd Vsq.
dt |_ Cs Cs(1-2Dqp) cq |, Ls
dlge 00 ~ Dg(1-Dgp) ~Dg(l-Dgp) 1y 2001 lge | |0
t Lac Lac Lac Lac Vi 0
Ve 1 1 | |0
dt 00 00 - - 0 0 0
di, Cdc CdcRo Ve | LY 4
W 1-D, 1-D, 1-2D
dt 00 ==o¥ XDy 000 2
dve L L
5 1-D, 2Dy, -1
Ldt J oo 0 02 o 2 C
L C |
(6.21)
The equivalent duty ratios in the d-q domain can be obtained form the Park’
transformations as given below:
dq %mcos p
= (6.22)
dg

1 )

—msin

> B

The obtained model is a non-linear time invariant system. Small signal linearization

around its DC operating point can be done by assuming that:

A A A A
A A A A
igc = ldc + ldc+Vde =Vdc +Vdc.Vc =Vc +Ve.iL =1L +iL; (6.23)
A A A

By substituting these equations into (6.21) and separating steady state components from

dynamic variables, the small signal AC model can be obtained in equation (6.24).
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r AT [ r 1

d . —— w-—00000
q d Ls Ls
q’ w-"0-Loooo
a'q Lg Ls
A Dy (1—D
a1 L o0w 2080w
A Dy (1-D,
dch P e Lt T
d.” Dy(1-D D, (1-D 2D —1
a|dC 00 — d( op) 3 q( op) ~ ¢ op 00
A I—dc I—dc I-dc I—dc
da, 1 1
gldc| (0000 -— - 00
A Cdc CchO
d. 1-D 1-D 1-2D
gt | |00 —"2PDy —2Dy 000 o
A L L
d 1-D 2D —1
gc | 000020 "0
L 10 C C ]
00
00 0
lgc (1~ Dop) 0
_ac Tops g Dile 1 1 1
Cs(L—2Dqgp) LA )
S Dop —5
0 lgc@- I:)op) ( oP )
Cs(1-2Dgp) R Dqldc(l 11 )
C. 2 4 1
N ~Veg (1-Dgp) ~Veg@—Dgp) || dg N s (Dop —5)
L L n D D 2
0 0 dc I—dc de
PVog vaq —DyVed — DoV — 2V
L L dVed —PgVeq —4Ve
00 L
C

9.3.4. Initial conditions and steady state conditions

©(9.24)

The steady state operating point affects the dynamic response and it can be obtained

from solving the state space equation (6.21). Assume that the position of q axis is the same as

the ac side capacitor voltage space vector, which makesVcq =0, so the solution can be
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further simplified into:

DqRo(2Dgp —1)(1— Dop )(@lsVsg —Vsq)

Vyc = (6.25)
(r?Dg? + ©?Dyg?Ls?)(L- Dgp)? ~ IRy (1 2Dgp )
Vyc (2Dgp —1
Veq :M (6.26)
Dg (1~ Dop)
lgc1-D Vg 1-D
I = de op) _ de op) (6.27)
(1—2Dop) _RO(1_2Dop)
1-Dgp)DgV,
c=( op)Pa¥eq _,, (6.28)
, Which are coincident with the circuit analysis in section Ill.  From (44), due to the limit of

voltage step down operation, i.e. the highest output voltage is determined by the maximum

value of Dgq . which is 0.5 from (38). Therefore the maximum output to input voltage

conversion ratio for a given open zero duty cycle is given

Vdge _ Pg@-Dop) _ (—Dop)

as: , which is coincident with (3.23).

9.3.5. Initial conditions and steady state conditions
Small-signal frequency analysis has been carried out to determine how certain rectifier
state variables vary with input variables within a given frequency range. The general model

for DC side variables can be obtained from the lower four rows of equation (6.24).

N N

The transfer function of Vc/dg, can  be obtained as follows:

G Ve(s)  (2Dop —D(Veg —2Ve ) +5L(21 — I gc)
1=~ =

5 > (6.29)

Dynamic response is shown in Figure 9.11 for the operation condition

Vog =64V, m=04, L=2mH, C =200uF, Dy, =0.65,Vg =Vgie ~85V, 1| =95A Ig ~—8A
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Based on this dynamic response, the closed loop controllers are adjusted for required

bandwidth and phase margin. The details of the controller design will not be discussed here.
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Figure 9.11 Frequency response of the transfer function of V¢ /dgp

9.4. Switched-coupled-inductor inverter
9.4.1. Steady state analysis for voltage-fed topology

Take VF-SCII 2 as the representative of voltage source inverter. VF-SCII 2 has two
operating states: shoot through state and non-shoot through state, as shown in Figure 9.12.
Shoot through means turning on the upper and lower switches on the same phase leg at the
same time. If the shoot through is chosen to happen during the normal zero state, it will not
affect the output voltage and current. However, the front inductor gets charged during shoot
through state, so the inverter can boost voltage. The two equivalent circuit states of VF-SCII
2 are shown in Figure 9.12. When the inverter bridge shoot through happens, the front diode

automatically turns off, and inductor 2 gets charged. In non-shoot through state, the diode is
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on, and inductor 1 gets discharged. The inverter can be considered as a current source with

equivalent voltage V, in this case. In the whole switching period, the energy in the coupled

inductor gets balanced, which means the total turns current product (N*1) keeps constant.

(@) (b)

Figure 9.12. Inverter b operating states (a) shoot through state Dy
(b) non-shoot-through state 1—- Dy
In shoot through state, L1 has zero current, but L2 is charged by C1. In
non-shoot-through state, L1 and L2 are in series and charged by the voltage difference
between source and capacitor. The inductor voltages in two states are:
Vi 1= (M —Ve) Viz l:—i(\/in —Vep)  //at(1-Dy)
1= 170 (6.30)
Vi 2=V =-Vcri; Viz 2=-"Vc1 /1at By
, In which n is the trans ratio between L1 and L2, and Dyis the shoot through duty cycle.
Each inductor current is discontinuous since it has different expressions at different circuit
states during one switching cycle. In another word, it has jump during one switching period.
But the total flux in the inductor keeps constant. So a continuous unit inductor current can be

defined here:

_ N+ (6.31)
(n+1)

This current can be taken as the state variable in the state space model since it is continuous.
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Therefore, take unit inductor current i_and capacitor voltage V¢ as the state variables,

then the state space equation of VF-SCII 2 is:

di 1 1
Ld_lt_ Zm(\/Ll_l +Vi2 1) :m(\/in -Ve)
[at(l—Do)]

dVC—i + n i| d

— WLt loa

d¢ ) n-1 (6.32)

i
Ld—lt‘zm(\/Ll_2+VL2_2)=—VC

v [at Do]

C .

—==(1-n)i

it d-n)ip

The steady state solution for inductor current and capacitor voltage could be obtained by

using state space average method. The average inductor current and capacitor voltage are:

di 1-D
L—L =209V, -Vc)-DoVc

St 1-n (6.33)
Ve . n . .
—==(1-Dg)(l} +——1I Do(@—n)i
at ( 0)(L+n—1 load )+ Do(d—n)i_
The volt-seconds and ampere-seconds balances impose:

LI g ¢ _,, (6.34)

dt dt

Thus the averaged i_and v can be derived as:

—n(l— Do). 1- DO

L 1-nD, load: VC 1-nD, in (6.35)

The equivalent output voltage in non-shoot-through state in average model can also be

derived as:

Ve __ 1 (6.36)
1- DO 1- nDo

Vout =
Thus the boost ratio of the switched-coupled-inductor network is:

B= !
1—nD0

(6.37)
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The voltage gain between input and output then can be expressed as, by using
that Dy =1—~/3M /2:

M M

G=MB= =
l—nDO

(6.38)

1—n(1—‘/2§|v|)

, from which it can be seen that this inverter has voltage buck-boost function.
The current stress on the active devices in inverter bridge is equal to output current in
non-shoot through state. But the maximum current stress depends on the current in shoot
through state, which is the inductor 2 current in this case. According to the flux constant
equation:

(n+1)i =1-i 5" (6.39)
The L2 current in shoot through state can be derived as:

_Nn@-Dp)
~ 1+nDy

iL2 (6.40)

, Which is also the current stress on the active device.
9.4.2. Generalized state space model for the voltage-fed family

Assuming the non-shoot-through state is state | and shoot through state is state Il, the

generalized state space equation for all topologies in the voltage-fed family in no load case is:

. 0 FLc Flg
LOjlI K I —

L |_ LCN e Kig Vi (6.42)
0C V’ —FLc(n+l) 0 VC E

¢ Kic <

The definitions of the coefficients are:
FLc: connection between L & C: when L charges C, F ¢ =-1; when C charges L,

FLc =1, when there is no connection F ¢ =0;
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K| ¢ : per unit number of turns of the inductor that injects current to capacitor; the base value

is the smaller number of turns in two inductors.

FLg : connection between L and source; if current flows from source to inductor, F_ g =1;
otherwise F g =-1.

Fcg : connection between C and source; Fcg =0 in this case.

Therefore for each circuit state shown in Figure 9.12, a state space equation can be obtained
for each circuit. The average capacitor voltage and average inductor current then can be

derived by using average method. Their general forms are:

FLg1 FLg2
_[DOK79+(1_DO)K79]
Ve = Lot Lo? y, (6.42)
CcC— F F In '
DO LC1+(1—DO) LC2
LC1 KiLc2
. DoFcg1 +(@—Do)Feg2 N 6.43
L Fin+)) Flco(n+D) " (6.43)
DO LC1 +(1_DO) LC2
KLca KLc2

The general form for the voltage-fed switched-coupled-inductor inverter family can be

further derived as:

di )
Ld_tL =(1-hy) - (GLc1ve +Grg1Vin) +ho - (GLcave +GLgaVin) —riL

dv, .
—tC =(1-ho)(GcraiL +Gcrive +GegiVin)

+hy (Gl +GcraVe +Geg2Vin)

di 1 M (6.44)
Li—L = —hg—— =M -hy))(L-h
i 4t (hy —hg M (i:1 i b))1—-hg)
[Vin —kw(GLc1ve +GrgtVin)l-Vi (i=12.M)
dVi . Vi .
i—=ij——2 i=1,2.M
I dt | R ( )
, in which

326



FLci Feli Fcri FLgi
—=GcLi =—"Gcri == GLgi =—— Gcygi = Fcyis
KLi Kci R I K J J

i=12,..N (N is the number of circuit states in one switching cycle)

Gici=

Definition of the coefficients in the generalized state space equation of the voltage-fed SCII
family:

Felit FeLi =—Ficis

Fcri: When resistor current flows into positive side of capacitor, Fcgj=1; when it flows
into negative side, Fcr;j =—1; when there is no connection, Fcg;=0.

Kj: the total number of turns in per unit of the inductors that connect with the
corresponding capacitor and also exchange energy with it.

Kcij: the number of turns in per unit of the single inductor that connects with the capacitor
and also exchanges energy with it.

Ks;j : the total number of turns in per unit of the inductors that connect with the voltage
source and also exchange energy with it.

Ky : the number of turns in per unit of the inductors that between source and the inverter
bridge; it is positive when the inductor voltage positive side connects with the source, and
negative when the negative side connects with the source.

Kgw: per unit number of turns between input source and the dc side switch; it is positive
when the source current flows into the positive side of the inductor with per unit 1 number of
turns; otherwise it is negative.

9.4.3. Governing equations for voltage-fed family

From the generalized state space equation, the governing equations for the inverter voltage
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TABLE 9-2. VOLTAGE GAIN AND ACTIVE/PASSIVE DEVICE STRESS FOR VF-SCI|

Passive Stress Voltage Gain
Vc/Vin IL/iload Vout/Vin
(1-Dg) n(1-Dp) 1
VE-scii1 1+nDy 1+nDy 1+nDg
(1-Dp) -n(1- Do) 1
VFE-SCII 2 I nDq 1Dy 1-nDg
(n+1)(1-Dg) | n(@—Dp) (n+1)
VE-SCI3 T h@—Dg) | T+n-nDg 1+n(1- D)
(-n+1)(1-Dg) | -n(l-Dp) —n+1
VE-SCI 4\ T @~ by) 1-n+nD, 1-n(1- Do)
n(-Dg) n(—Dp) n
VF-SCIIS | 0~ Dg)-Dy | (n+D)Dy-n | n=Dg)-Dg
n(l—Dg) -n(1-Dg) n
VE-SCI6 | h1—Dg)+Dy | (-n+1)Dg+n | n—Dg)+ Dy
INV | Stress Frong Switch Stress
Isw/lload Vs/Vin Ifs/lload
VF-SCII 1 TenDy TnDy TnDy
—n(1—Dg) 1-n -1
VF-sCli2 =T T 1-nDg T-nDg
vE-sclr 3 | [Me=Do) 1 _—i-n_
) 1+n-nDg 1+n-nDg 1+n-nDg
—n(l- Dg) 1 —1+n
VF-SCil 4 1-n+nDyg 1-n+nDgq 1-n+nDg
|(n+1)(1-Dg)| | _N@-Dp)-1 n
VE-SCII 5 ‘ (n+1)D0—n‘ N(l-Dg)—-Dg | nDg+Dg—n
(-n+1)(1- Dp)||_—n@-Dg) -1 n
VF-SCII 6
(-n+1)Dg+n ‘ —N(A—Dg)—Dg | —nDg + Dg +n

gain, inverter switch current stress, capacitor voltage stress, inductor current stress and front

switch voltage and current stress could be derived, as listed in Table 9-2. The trans-ratio are
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defined in Figure 9.12.
9.4.4. Steady state analysis for current-fed family
CF-SCII 2 is taken as an study example here. It has two operating states shown in

Figure 9.13. The extra open zero state has a duty cycle of Dy .

. 1in . . 1in .
_rmy\__q{*g\i SIRTETR
L1 N L1 L2
S Vou S1
CRNNSCHNG
|
(a)Active state (b) open zero state D

Figure 9.13. Two operation states of current source inverter h
The volt-seconds equation on L1 leads to:
(1~ Do)Vin ~Vout) =+ DoVin =0 (9.14)
Thus the expression for Vgt /Vjp is:

1—nDO

Vout /Vin = 1-D,

(9.15)

Thus when n<1, it can boost voltage; when n>1, it can buck the voltage; when n goes to even

. 1 . . .
bigger that n >D—, it enters into regeneration mode.
0

9.4.5. Generalized state space model for current-fed family
Similar to previous voltage-fed equations, the generalized state space equation for the

family of current-fed SCI inverter in no load condition is:
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. FLc Flg
LOjl K | —

L= LCl 4 Kig Vg (9.16)
0C V' FLC 0 VC E

€ | Kie co

, Which share the same definitions of the coefficients as voltage-fed equations.

The generalized state space equation for the normal case is:

LR NORVERE S T %hv)l
—L —hy Vi ——+(1=hg)- Vi — > hv;)-—
dt In KSW In = 171 kW
o Mg U (9.17)
dt R
(i=12..M, hj = hl; —h2;, where hl;is the switching function for
upper switch, and h2; is the switching function for lower switch)

9.4.6. Governing equations for current-fed family
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TABLE 9-3. VOLTAGE GAIN AND ACTIVE/PASSIVE DEVICE STRESS FOR CF-SCII

\Voltage Gain |Inductor INV switch
current stress | woltage stress
Vout/Vin IL/(Vin/2R) Vsw/Vin (DO)
1+ I’IDO 1 1+ nDO
; —G
CF-sCll1 | 7= Do 1- Dy 1-Dy
1—nD0 1 .G 1—nD0
CF-SCl2 | 4_ Do 1-Dy 1-Dy
n(d—-Dg)+1 1 n(d—-Dg)+1
) B Sl VA N Y ¢ ) (A Sl (Al
CF-SCil 3 (n+1)1-Dg) | (M+DA-Dg) | (n+1)(1-Dg)
1-n(1-Dg) 1 1-n(1-Dg)
CF-SCIl 4 -G
(l-n)(1-Dg) | @-n)@-Dg) | (1-n)@-Dp)
n(l-Dgy)-D 1 n(l—Dg)-D
CF-SCII 5 0’0 G 0,0
n(1- Dp) (n+1)(1- Dy) n(1-Dg)
1-Dg) + D 1 1-Dg)+D
ce-scine | 1@=Do)+ Do .g|N@=Dg)+Dg
n(1-Dg) (1-n)(d- Dy) n(1-Dg)
Inverter switch |Front switch stress
current stress
Isw/(Vin/2R)  [Vs/Vin Is/ (Vin/2R)
1 1 1+n
- -G -G
CF-SCII1 |7 Dg 1-Dg 1-Dg
Crscli2 | —— : 1-n
i 1-Dg 1- Dy 1-Dg
CF-SClI 3 = - 1 1.
1-Do 1-Do (L+n) (I- D)
1 5 1 1 1
CF-SCll4 11 7p, 1- D, (1—n) (L-Dp)

9.4.7. Simulation Results demonstration

Take voltage-fed SCII 2 as an example. Figure 9.14 - Figure 9.15 shows the simulation
results for voltage-fed switched-coupled-inductor inverter 2, at m=0.6, n=2. Figure 9.16 -
Figure 9.17 shows the simulation results for voltage-fed switched-coupled-inductor inverter 5,

at m=0.75, n=0.5. The input voltage is fixed at 100V. From Figure 9.14, it can be seen that
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the voltage has been boosted by 3 times. The dc link voltage is around 4.5 times of the input

voltage, which

M ts)
112-5_ ,,,,,,,,,,,,,,,,,,,,, ‘ 444444444444444444444 , ..................... ,,,,,,,,,,,,,,,,,,,,, Vin
75.0 7
37.57
0.0
(V) 1 1(s)
525.0 ] VDC
350.0 |
175.0 7
0.0
(V) : t(s)
400.07 ] ] ] ] e
200.0 - 444444444444444444444 ..................... ,,,,,,,,,,,,,,,,,,,,,
L — S S o e
(V) : t(s)
350.0 7 Viine
0.0
-350.0 7| ; ; ; ;
10.0m 20.0m 30.0m 40.0m 50.0m
t(s)

Figure 9.14 Simulation results for voltage-fed switched-coupled-inductor inverter 2 at M=0.6,
n=2 (from the first to last: input voltage, dc link voltage before inverter bridge, input
capacitor voltage, output line to line voltage)

is equal to the active switch voltage stress. Figure 9.15 demonstrates that both inductor
current are discontinuous. However, the total ampere-turns keep the same. So the unit

inductor current has been taken as the state
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Figure 9.15 Input inductor L1 and L2 current (from first to last, input inductor 1 current,

input inductor 2 current)
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Figure 9.16. Simulation results for voltage-fed switched-coupled-inductor inverter 5 at

M=0.75, n=0.5
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Figure 9.17. Input inductors L1 and L2 current
variables in the equation. In Figure 9.16, the voltage has been boosted by 2.75 times in
voltage-fed topology 5, at the control parameters set. In Figure 9.17, both inductors current
are positive, but discontinuous still.

These results have been measured accurately, to compare with the governing equations
in Table 9-2 and Table 9-3. They match with each other very well, which verify the
correctness of the previous analytical equations and theory analysis.

9.4.8. Conclusion for switched-coupled-inductor inverter

This section proposed a new family of buck-boost inverter topologies:
voltage/current-fed switched-coupled-inductor inverter (SCII). The following features have
been demonstrated by circuit fundamentals analysis and simulations:

(1) At the correct selection of trans-ratio n and extra switching state duty cycle, both
voltage/current-fed topologies have candidates that can buck-boost voltage.
(1) Voltage-fed SCII has only half number of passive components compared to Z-source

inverter, but higher voltage boost ratio and lower active switch voltage stress.
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(2) Voltage-fed SCII has less active switch, smaller size and higher reliability than two stage
boost-converter-inverter.
(3) Current-fed SCII is a capacitor-less solution, which is much more compact than the ones
with capacitors (boost-converter-inverter and Z-source inverter)
(4) Current-fed SCII has lower active switch current stress than current-fed Z/quasi-Z-source
inverter at the same voltage gain, in buck motoring and regeneration mode.
(5) With active front switch, both voltage and current-fed SCIlI can have regenerative
capability.
Due to the benefits, this voltage-fed switched-coupled-inductor inverter is beneficial to be
used in the dc-ac applications that demand a high voltage gain from a very low voltage dc
source, such as the micro-inverter in photovoltaic, or G/M in HEV. The current-fed
switched-coupled-inductor inverter is potential candidate for compact, regenerative, high
temperature, high efficiency, low cost HEVV/EV motor drive or engine starter.
9.5. Summary

This chapter analyzes the state space model for three circuits: current-fed quasi-Z-source
inverter (CF-qZSl), current-fed Z-source rectifier (CF-ZSR), switched-coupled-inductor
inverter family (SCII). The transient performance of CF-gZSI has been analyzed according to
the state space model and also has been demonstrated by the simulation and experiments. A
dg state space model has been built for CF-ZSR, from which a linearized transfer function for
the rectifier is derived, in order to guide the control loop design. For SCII, a generalized state
space model based on the connection matrix has been built for all the topologies of

voltage-fed or current-fed family, in order to derive all the governing equations including
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voltage/current gain and device/passive voltage/current stress equations. This chapter could

be extended to closed-loop control for each topology in the future work.
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CHAPTER 10 CONCLUSIONS AND RECOMMENDATIONS
10.1. Contributions
This work has the following contributions:
L 4 A new family of switched-coupled-inductor inverters has been proposed in this work,
with voltage buck-boost function. The voltage-fed switched-coupled-inductor inverter has
higher boost ratio and lower active device voltage stress than Z-source inverter at the same
voltage gain, and has wider voltage buck/boost range than conventional boost-converter
inverter. The current-fed switched-coupled-inductor inverter is a capacitor-less solution
among the buck-boost inverters, which reduces the system size significantly. Compared to
traditional boost-converter-inverter, it has less switch count, and less active device current
stress. The features of the circuit are verified with simulation results.
L 4 A zero vector placement technique in SVPWM has been proposed for current-fed
quasi-Z-source inverter for HEV motor drive application, to obtain lowest switching loss,
lowest current ripple, lowest output harmonics and lowest voltage spike on the device in both
constant torque and constant power operation regions, in order to achieve higher efficiency,
higher power density and lower cost. A 24kW current-fed quasi-Z-source inverter has been
built in the lab and controlled by this technique. The full power rating efficiency reaches
97.6%, and peak efficiency reaches 98.2%, both of which have a 3%-4% improvement on
traditional two stage configuration. The power density is 15.3KW/L, which is also 5SKW/L
higher than the commercial unit in HEV.
L 4 A Space-Vector-Pulse-Width-Amplitude Modulation (SVPWAM) method has been

proposed for buck-boost current source inverter. By using this method, the switching loss is
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reduced by 60%, and the power density is increased by a factor of 2 to 3, with a less output
harmonic distortion than normal SVPWM method. A 1 kW boost-converter-inverter
prototype has been built and tested using this method. The overall system efficiency at full
power rating reaches 96.7% and the whole system power density reaches 2.3 kW/L and 0.5
kWI/Ib, all of which are remarkable at this power rating. As a result, the proposed SVPWAM
can make the buck-boost inverter suitable for applications that require high efficiency, high
power density, high temperature, and low cost, such as EV motor drive or engine
starter/alternator.

L 4 Four control methods including simple maximum boost, maximum boost, maximum
constant boost control and hybrid minimum stress control have been proposed for the newly
proposed direct Z-source matrix converter, and verified with simulation/experiments.

L 4 Two new discontinuous operation modes have been proposed for current-fed
quasi-Z-source inverter topology. The characteristics of the discontinuous operation modes
have been analyzed and the critical conditions under different control have been derived.
Simulation and experiment results are given to verify the theoretical analysis.

L 4 A transient state-space model has been built for current-fed quasi-Z-source inverter to
demonstrate its fast transient response in motoring and regenerating transition. The analytical,
simulated and experimental results all show that the inverter only needs several switching
cycle to complete the transition, which makes it suitable for HEV/EV motor drive
application.

10.2. Recommendations for future works

€  The proposed switched-coupled-inductor inverter family needs to be verified through
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experiments. Thus future work includes building a prototype for one topology in voltage-fed
family and one topology in current-fed family to verify their unique features.

€  The proposed SVPWAM modulation method has only been verified on the voltage
source inverter through experiments. Thus the future work should be done with the
buck-boost current source inverter in experiments, such as current-fed quasi-Z-source
inverter topology.

€  The discontinuous operation mode needs to be explored further to see if it can be
utilized in order to bring some good features for the inverter, like higher boost ratio and so

on.
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