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CHAPTER 1

INTRODUCTION

1.1 Introduction

In this new century where people keep pursuing higher quality of life, energy
seems to be essentia to everyone's life no matter when and where they are. Electric
energy is one of the most important forms of energy among the different types available
which is required everyday. The power systems existing presently have been structured
and operated based on the concept of centralized generation power plants. Based on this
concept, there are technical and economical justifications for generation, transmission,
distribution, and utilization of energy. In power generation systems, high energy
conversion efficiency is desirable in order to reduce the cost the energy. Thus the market
is largely driven by the need for uninterrupted, high-quality power, as companies are
anxious to avoid both the inconvenience and potential financial losses caused by sudden
power failures. Rising awareness about environmental concerns and unpredictability of
conventional energy prices prompt the Government to emphasize the need for aternative
sources of energy.

Power electronic converters play an increasingly important role in the future energy
economy. It is essential that there are efficient methodologies for their control, which will

also help to improve their design and achieve the optimal, minimalist structures resulting



in cost reduction, efficient improvement, and reduction of the size. A deep understanding
of modulation schemes and mathematical concepts that can be used to determine the
desired outcome is required in this study. A study of the control of these converters is
essential in order to synthesize the various combinations for switching the power devices

in order to obtain the desired reference outpuit.

1.2 Power Electronics

Power electronicsis afield which has grown rapidly in recent years. Thisis due to
the advances in power semiconductor devices, advanced control techniques, new power
converter circuit topologies, and improvements in packaging and manufacturing. The
genera trend in power electronics devices has been to switch power semiconductors at
increased frequencies in order to minimize harmonics and reduce passive component
sizes. The fields where Power electronics are useful are AC machine drives,
uninterruptible power supplies (UPS), multi-level converters for utility interface
applications, adjustable speed drive applications like hybrid electric vehicle (HEV), and
industrial power supplies where the industrial applications flourished. Improvement in
product performance, cost, new products and features previously not economically

feasible are accomplished in the advances in technology and design techniques.

Energy Conservation Law states that “Energy can neither be created nor
destroyed. It can only be transformed from one form to another.” A switching power

converter is a power electronic system, which converts one level of electrical energy into



another level of electrical energy. Electrical energy conversion using power converters
are of varioustypes. They can be classified as

* DCtoAC converters (Inverters)

» ACtoDC converters (Rectifiers)

 DCtoDC converters

* ACto AC converters (Cycloconverters/Matrix converters)

There has been on-going research on these power converters and as technology
evolves and matures various new trends and performance of the converter can be
identified. The dominant topology in the low power and some selected medium power
applications has been the pulse width modulated two-level converters. Factors like
increasing the power density, improving performance of the converter, reducing the cost
of the converter, and also increasing the VA ratings of the converter are among the
important issues that play a maor role in these new trends. There are several ways in
which these factors can be achieved. Reducing the switching losses due to the devices by
using appropriate switching techniques, good quality switching devices, and providing
efficient thermal protection can increase the power density. Another issue is to increase
the performance of the system, which can be achieved by reducing the total harmonic

distortions, reducing the EMI problems, and by increasing the dynamics of the system.

Another important factor which has to be considered is the cost of the converters.
Tremendous amount of research work is going in an attempt to reduce the cost of the
converters by reducing number of devices. Various topologies are being studied to

produce the similar result by using lesser number of switching devices. By reducing the



cost of the passive devices, the cost of the converter can be reduced. There has been a
continuing increase in power demand and hence the converter power ratings also
increase. If the conventiona two-level converters are to be used in these high power
applications, the rating of the devices has to be increased such as the blocking voltage
rating, current rating, thermal management, and so on. Hence in case of increasing the
power ratings of the converters by using the low rating devices, Z-source converters are

being studied.

The Z-source converters make it possible to deliver high performance, lower cost
drives for a wide range of commercia, vehicular, military, utility, and residential
applications. Thisis possible because the Z-source converter consists of lesser number of
components than other multiple models used in the industry. It thereby contributes to
efficient operation of electric power systems, enhance the efficient use of eectricity, and
thus contribute to environmental protection and sustainable developments around the

world.

1.3 Scope of the Work

This thesis will present in detail the issues in the Z-source converter with special
attention on development of new PWM strategies for the Inverter and Rectifier and their
advantages with respect to the switching loss and the reduction of harmonic content and

ripplein the currents.



Development of various modulation strategies for the Z-Source Inverter
and the Z-Source Rectifier.

Development of the Generalized Discontinuous Pulse Width Modulation
(GDPWM) scheme for the Z-source converter using the space vector
approach.

Development of the system model of the Z-Source Inverter and the Z-
Source Rectifier detailed.

Study of the model and development of the steady state model of the Z-
source inverter feeding an RL load as well as an induction machine.
Modeling and analysis of the Z-Source Rectifier using aresistive load and
development of the detailed steady state analysis while unity input power
factor is achieved.

Development of a cascaded control system for the Z-Source Rectifier
feeding a resistive load while controlling the output DC voltage and the
capacitor voltage.

Development of a rotor flux vector control scheme of a squirrel cage
induction motor by controlling the DC capacitor voltage of the Z-source

inverter.



1.4 Organization of Thesis

The organization of thisthesisis asfollows:

Chapter 1 presented the introduction to the thesis. It gave an overview of
the suggested research work and the scope and limitations of the research.
Chapter 2 presents the literature survey performed in the scope of
realization of this research work. A study of the different converter
topologies and the modulation schemes for each topology has been
discussed. A comparison of the different topologies discussed has been
made. The control schemes and their anaysis methods have been
reviewed.

Chapter 3 proposes the conventional converter topologies available and
studied so far. It gives a description of the Carrier based Pulse Width
Modulation (PWM) and the Space Vector Pulse Width Modulation
(SVPWM) schemes which have been used. This chapter gives a basic
knowledge of the difference in the classical converters and the Z-source
converters.

Chapter 4 illustrates the various conventional VSl pulse width modul ation
(PWM) dtrategies (centered space vector modulation (SVM)) can be
modified to switch a Z-source converter either continuously or
discontinuously for the realization of the Z-Source Converters. It provides

the operating principal of the modulation schemes. The stressislaid on the



Space Vector Pulse Width Modulation (SVPWM) and the generalization
of the scheme. The concept of shoot-through duty ratio is brought in, in
this chapter. The development and determination of this shoot-though duty
has been illustrated. It also provides results to validate the proposed
control scheme.

Chapter 5 illustrates the detailed modeling and study of the Z-Source
Inverter. Simulation and steady state results prove the theories stated. In
this chapter, the model is studied with an RL (impedance) load. The small
signal analysis and the stability analysis shown gives a wider knowledge
of the model studied.

Chapter 6 presents the case of an Induction machine driven by the Z-
source inverter. Both the steady state and the dynamic analysis have been
performed presenting simulation results.

Chapter 7 illustrates the detailed modeling and study of the Z-Source
Rectifier in all the modes of operation. The input power factor is
maintained at unity in this case. The load of the Z-source rectifier is a
resistive load.

Chapter 8 provides the detailed analysis of the Z-source rectifier. The
simulation and steady state results prove the theories stated. The small
signal anaysis as well as the stability analysis shows the different state
variables and their eigen values.

Chapter 9 describes the cascaded control system of the Z-Source Rectifier

while controlling the unity input power factor, the capacitor voltage as



well as the output DC voltage. In this case, there are three control

variables - M, M, D,. Simulation results show the concept of the

as’
controller used.
Chapter 10 proposes an indirect vector control of an induction motor. The
procedure isillustrated in detail. In addition to it, the block diagram of the
control scheme is presented with the control parameters and the control
variables.

Chapter 11 presents the hardware implementation of the Z-Source Inverter
and the Z-Source Rectifier. A detailed procedure of selection of the
components and a step-by-step procedure in building the converters and
the Z-network are explained. The carrier-based implementation using the
TMS320LF2407 DSP is explained in detailed in this chapter.

Chapter 12 presents the contributions of the work with some conclusions.

Also it provides some future extension of the present work.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter presents areview on the various research and works previously done
on Z-Source Converters. The review aso includes the work done in the area of
conventional converters and their control methods.

The initial section gives the details about the vast amount of work done in the
field of conventiona three-phase voltage source inverters, three-phase boost rectifiers,
boost-buck ac-dc converter, buck-boost ac-dc converters, Z-source inverters, and Z-
source rectifiers and their modulation schemes. This section also highlights the work
done on three-phase boost rectifiers and methods of control applied to different
connection topologies of these rectifiers.

The second section deals with the Z-Source Inverters and the Z-Source Rectifiers
specifically while their analysis methods and characteristics are discussed along with
their topologies. The case where minimum ripple is obtained while maintaining a
constant voltage boost is highlighted. The control methodology used in the previous work
is presented. In the case of the Z-source Inverter, the control of the DC link voltage is

being controlled using suitable PID controllers and this concept has been established in



the earlier work. The vast amount of work done is discussed and the method of study of

the process of the control scheme developed in thisthesisis put forth in contrast.

2.2 Topologies of Converters

This section deals with the topologies of the conventional converters like the
voltage source inverter, boost rectifier, boost-buck ac-dc converter, buck-boost ac-dc

converter and the Z-source converters.

2.2.1 Voltage Source Inverter

Voltage Source Inverters (VSI's) are used as a means for DC = AC electric
energy conversion in ac motor drive, active filters, unified power flow controllers in
power systems, utility interface, and uninterruptible power supplies (UPS) applications.
They are aso used to generate controllable frequency and AC voltage magnitudes with
the help of various Pulse Width Modulation (PWM) techniques [C.1]-[C.3]. However,
the classical VS| has asimple structure as shown in Figure 2.1.

From various studies on PWM over the past severa decades, the following
characteristics could be stated as the most desirable in the PWM scheme :

e Minimum switching loss
e Minimum total harmonic distortion (THD) in the switching function

spectrum

10



* Minimum voltage and current harmonics
e Minimum computation time

* Wide linear modulation range

» Easy implementation [C.4]

Among several modulation schemes, Carrier-based PWM which uses the
sinusoidal signal as the modulation signal is the earliest type that employs the “per-
carrier-cycle volt-second balance” principle in order to program a desirable inverter
output voltage waveform. The intersections obtained by comparing the reference voltage
(modulation) waveforms with the triangular carrier wave, in the triangular intersection
technique, define the switching instants of the controllable switching devices. Direct
digital technique is another common technique where the space-vector concept is utilized
to calculate the duty cycle of the inverter switching devices which in turn is utilized to

program the switch gate signals[C.3].

o | <
/
/
/

o | <

Figure 2.1: Structure of the conventional Voltage Source Inverter
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The absence of the neutra current path in three wire loads gives a degree of
freedom in determining the duty cycle of the inverter switches. The degree of freedom
occasioned by the star-point of the three-phase loads appears as the partitioning of the
total time the switching devices in the two zero states are used in the space-vector
modulation (SVM) methodology. A degree of freedom appears in choosing the
modulation wave, in a triangle intersection implementation, where any zero sequence
signal can be injected to the reference modulation waves. However, in direct digital and
triangle intersection methods, the voltage linearity, waveform quality (current ripple), and
switching losses are all influenced by the choice of the zero-sequence signal (zero-state
partitioning) [C.3].

The knowledge of the classical space-vector technique along with the definition
of the distribution of the null state times has been helpful for the modulation schemes of
inverters in the derivation of generalized equations for the reference voltages and the
corresponding methods for their synthesis [C.2]. Discontinuous Pulse Width Modulation
(DPWM) methods at the high-modulation range have superior performance while the
switching loss and waveform quality comparisons indicate Space Vector Pulse Width
Modulation (SVPWM) at low modulation. Magnitude tests and analytical methods were
helpful in designing the inverter and determining the performance characteristics as well

[C.1].
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2.2.2 Boost Rectifier

Now coming to the Boost converters, they are widely used in many industrial
applications requiring a high-power dc supply or an intermediate dc link of ac/ac
converters and are also used as power-factor corrected pre-regulators [C.6, C.8]. These
rectifiers with significant levels of low-frequency harmonics, excessive reactive power,
and pulsating input current (EMI interference) may pollute the ac supply. Pulse Width
Modulation (PWM) technology can now be used to achieve nearly sinusoidal three-phase
input currents with unity power factor, aswell as satisfying the harmonic standards due to
the rapid improvement in high-speed power semiconductor modular devices [C.8]. The
structure of the boost rectifier is as shown in Figure 2.2.

For better performance, the conventional step-up/down ac/dc conversion is
usually done by means of two cascaded converters while a single-stage converter is
certainly a better choice to achieve better efficiency [C.10]. Potential zero-sequence
circulating current is a unique feature in the parallel three-phase converters. Most present
technology uses isolation approach, such as transformers or separate power supplies to
avoid the circulating current. Some of the approaches followed are given below.

* Isolation: Separate ac or dc power supplies or a transformer isolated ac
side is configured for the overall parallel system. This parallel system is
bulky and costly because of additional power supplies or the ac line-

frequency transformer.
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Figure 2.2: Structure of Boost Rectifier

» High impedance: High zero-sequence impedance is provided by the use of
Inter-phase reactors, but only at medium and high frequencies as they
cannot prevent alow-frequency circulating current.

» Synchronized control: In this approach, paralel converters are treated as
one converter. For instance, two parallel three-phase three-leg converters
are controlled as a three-phase six-leg converter. This approach is not
appropriate for modular converter design. The system becomes very
complicated to design and control when more converters are in parallel
[C.7].

A new control scheme has been proposed for regulating the instantaneous power

for PWM boost type rectifiers under generalized unbalanced operating conditions [C.5].
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The harmonics in the output DC voltage can be eliminated more effectively under
generalized unbalanced operating conditions in the ac input side, by simplifying the
oscillating components of instantaneous power at the poles of the converter instead of the
front-end through solving a set of nonlinear control equations in real time. The control
scheme allows the PWM rectifier to generate a DC output without substantial even-order
harmonics as well as to maintain nearly unity power factor under generalized unbalanced
operating conditions making it possible to reduce the size of the DC-link capacitor and
AC inductors leading to reduced total cost. Feasibility of the new control method is
confirmed by the ssimulation results along with experimental results for the open-loop

control using alaboratory prototype converter.

2.2.3 Boost-Buck ac-dc Converters

It is basically a single phase diode rectifier followed by a dc-dc converter power
stage. The principal of operation here is a dc-dc converter operating in the current mode
control with a rectified input voltage. The illustration of the Boost-Buck ac-dc converter

isas shownin Figure 2.3.
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Figure 2.3 Structure of a Boost-Buck ac-dc Converter

The modeling of the boost-buck ac-dc converter is realized using the Cuk- Cuk
representative [T.4]. They are often called the power factor preregulator since the
topology is that of a single phase diode rectifier followed by a dc-dc converter power
stage. If the continuous inductor current mode of operation is selected in their current
control scheme, they have an inherent input current distortion at the beginning of every
half cycle due to lack of a negative ac terminal voltage synthesizing capability [C.13]. In
this case they have no power regenerating capability. Generaly, single phase applications
are low power oriented and quite cost sensitive. The advantage in this case is the low cost
realization with this approach.

It has a clear difference in the PWM schemes between the conventional boost
rectifier and the boost-buck based rectifier from the viewpoint of power transfer. The

boost-buck based rectifiers have an intermediate energy storage stage and the power

16



transfer from the ac source to the intermediate energy storage stage occurs with an active
voltage state vector and that from the intermediate energy storage stage to the dc load
occurs with a zero voltage state vector. Experimental demonstration has been performed
in [C.14] and [C.15]. In the case mentioned, bidirectional power conversion is not
possible in spite of utilizing six active switches with anti-parallel diodes.

Both the upper and lower switches of any leg can be turned ON together in this
case. That is the most significant difference between the conventional boost rectifier and
the boost-buck rectifier where the zero voltage space vector is applied in the z interval.
By turning ON both the upper and the lower switches in a phase leg, a current path for
the coupling capacitor discharge is established; thereby power transfer from the coupling

capacitor to the dc load is realized. Since the diode D, is naturally turned OFF, the

shoot-through failure does not occur in the phase leg. One-leg, two-legs or three-legs
short mode of operation can be followed. It is seen that the required maximum current
carrying capability for the devices in the three-phase bridge is lower because the coupling

capacitor discharge current is separated into three-phase legs.

2.2.4 Buck-Boost ac-dc Converters

The smple application of duality to the boost or the boost-buck converter
operating principle leads to two current sources connected via a parallel capacitor. In
reality, the available ac source is a voltage source. Hence the ac current source must be a
series combination of an ac voltage source and an inductor. The LC network between the

ac voltage source and the ac current chopping source has a function to filter out the
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Figure 2.4 Structure of a Buck-Boost ac-dc Converter

switching frequency components due to the current chopping on the rectifier/inverter
side. Theillustration of a buck-boost ac-dc converter is as shown in Figure 2.4.

It utilizes a ssimple control scheme with discontinuous inductor current mode of
operation and simultaneous switching. Three ac side active switches are turned ON and
OFF simultaneously. The active switch on the dc link is necessary to prevent the diode
bridge from conducting in its step-down operation. The ac side active switches and the dc
side switches operate in complementary fashion which results in a unidirectiona power
converter [C.16, C.17, C.18].

The topology suggested in [C.18] brings in another reduced switch count version
of the buck-boost based converter. It is claimed to have higher efficiency than the six

switch realization because only one reverse blocking switch is conducting at any time.
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The converter reviewed in [T.4] offers bidirectional operation following the schematics
of the Cuk topology in it. The inverter operation with open loop voltage control is studied
in [C.19], although the authors mentioned a possibility to operate as arectifier as well.

The dc-dc converters can be made bidirectional power converters from
unidirectional power converters by adding a series diode to the active switch and a series
active switch to the freewheeling diode as shown in Figure 2.4. The buck-boost based
bidirectional dc-dc converter appears to be a buck-boost converter from both sides. The
reversal of polarity in both the input and output voltages is necessary to change the
direction of the power flow. The left side source or load is expressed as a parallel
combination of a current source and a bipolar capacitor, and the right side source or load
is expressed as a series combination of split inductors and a voltage source, where the
voltage source polarity must be changed depending on the direction of the power flow
[T.4].

In the case of the boost-buck ac-dc converters for power transfer, the necessity of
bridge-leg-short is taken into consideration and the application of duality implies the
necessity of bridge-leg-open in the buck-boost ac-dc converter operation as
unconventional zero current space vector in order to make power transfer possible.
Unlike the boost-buck ac-dc converter operation, there is effectively only one zero
current space vector to realize the bridge-leg-open because none of the switching devices
in the three-phase Current Source Converter (CSC) bridge can carry current during the
bridge-leg-open zero current space vector period [T.4].

The most significant difference from the conventional buck rectifier is in the

interval z during which a zero current space vector is applied. By opening all three phase
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legs, the magnetic energy stored in the inductor L, isreleased to dc load sidevia S, and
D,. Whichever the interval is an active current space vector period or a zero current
space vector period, S, always has a positive gate signal as long as rectification is under
operation and D, is naturally turned ON or turned OFF depending on the voltage across

it. Unlike the buck rectifier, the overlap period conduction period between an outgoing

device and an incoming deviceis not necessary [T.4].

2.257Z-Source lnverter

In the late nineties, Dr. Fang Zheng Peng popularized the concept of the Z-Source
Converters, which employ a unique impedance network (or circuit) to couple the
converter main circuit to the power source. They provide unique features that cannot be
obtained in the traditional voltage-source (or voltage-fed) and current-source (or current-
fed) converters which use capacitor and inductor, respectively. The conceptual and
theoretical barriers and limitations of the traditional voltage-source converter
(abbreviated as V-source converter) and current-source converter (abbreviated as I-source
converter) are overcome by the Z-source converter providing a novel power conversion
concept that can be applied to al dc-to-ac, ac-to-dc, ac-to-ac, and dc-to-dc power

conversion [I.1]. The structureis as shown in Figure 2.5.
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Figure 2.5: Structure of a Z-source inverter

Z-source inverters are single-stage electronic power converters which have both
voltage-buck and boost capabilities. The dc-side phenomenon, associated with the Z-
source impedance network, is shown through small-signal and signal-flow-graph analyses
to be having a right-half-plane zero in its control-to-output transfer function. The ac-side
phenomenon is shown through space vector analysis to depend on the time intervals of
inverter states used for reconstructing the desired inverter output voltage. A method for
improving the inverter transient response is presented on the basis of ac vectorial analysis
[1.1, 1.2, and 1.7]. A Z-source inverter is proposed, which can operate at wide range load
(even no-load) with small inductor, eliminating the possibility of the dc-link voltage
drops, and simplifying the inductor and controller design [1.5].

The widely used V-source converter has the following conceptual and theoretical

barriers and limitations.
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* The ac output voltage is limited below and cannot exceed the dc-rail voltage
or the dc-rail voltage has to be greater than the ac input voltage. Therefore, the
V-source converter is a boost (step-up) rectifier (or boost converter) for ac-to-
dc power conversion while the V-source inverter is a buck (step-down)
inverter for dc-to-ac power conversion. Some applications where the available
dc voltage is limited and over drive is desirable need an additional dc-dc boost
converter so as to obtain a needed ac output. The system cost increases and
efficiency decreases due to the additional power converter stage.

e If the upper and lower devices of each phase leg are gated on simultaneously
either by purpose or by EMI noise, a shoot-through would occur that destroys
the devices. This shoot-through problem caused by electromagnetic
interference (EMI) noise's mis-gating-on heavily effects the converter's
reliability. V-source converter has to provide the dead time to block both
upper and lower devices, which causes waveform distortion, etc.

* Anoutput LC filter is required to provide a sinusoidal voltage compared with
the current-source inverter that causes additional power loss and control
complexity [1.1].

The current source converter circuit, a three-phase bridge is fed by a DC current
source that can be arelatively large dc inductor which isfed by avoltage source such asa
battery, fuel-cell stack, diode rectifier, or thyristor converter.

I-source converter has the following conceptual and theoretical barriers and

limitations.
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* The ac output voltage has to be greater than the original dc voltage that
feeds the dc inductor or the dc voltage produced is always smaller than the
ac input voltage. Therefore, the I-source converter is a buck rectifier (or
buck converter) for ac-to-dc power conversion while the I-source inverter
is a boost inverter for dc-to-ac power conversion. Applications in which a
wide voltage range is desirable, need an additional dc—dc buck (or boost)
converter. The system cost increases and efficiency decreases due to the
additional power converter stage.

* At any given time, at least one of the upper devices and one of the lower
devices have to be gated on and maintained. If not, an open circuit of the
dc inductor would occur that destroys the devices. This open-circuit
problem caused due to EMI noise’'s mis-gating-off is a magjor concern of
the converter’s reliability. I-source converter needs overlap time for safe
current commutation, which also causes waveform distortion, etc.

* The main switches of the I-source converter should block reverse voltage
which requires a series diode to be used in conjunction with high-speed
and high-performance transistors such as insulated gate bipolar transistors
(IGBTs). This avoids the direct use of low-cost and high-performance
IGBT modules and intelligent power modules (IPMs) [1.1].

Several problems related to high frequency switching are faced with the
Traditional 2-level high-frequency pulse width modulation (PWM) inverters for motor

drives, which produce common-mode voltages and high voltage change (dV/dt) rates to
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the motor windings. The concept of utilizing a dc-dc boost converter in series with the
inverter was introduced, which uses the Z-network to boost the DC voltage.

In order to minimize the voltage stress for any given voltage gain, the boost factor
and the modulation index have to be minimized and maximized, with the restriction of
that their product is the desired value. However, to achieve the maximum voltage gain,
the boost factor should be maximized for any given modulation index. When the
triangular carrier wave is either greater than the maximum curve of the three phase
references or smaller than the minimum of the references, the circuit is said to be in shoot
through state. The shoot through duty cycle varies each cycle. The average shoot through
duty cycle aids to calculate the voltage gain [1.10].

Low-frequency current ripple has to be eliminated by using a constant shoot-
through duty ratio so that the volume and cost of the Z-source network can be reduced.
Simultaneoudly, to reduce the voltage stress across the switches, a greater voltage boost
for any given modulation index is desired. This control method has five modulation
curves out of which three are reference signals and two shoot-through envelope signals.
The inverter is turned to a shoot-through zero state, when the carrier triangle wave is
higher than the upper shoot-through envelope or lower than the bottom shoot-through
envelope. Meanwhile, the inverter switches in a similar fashion as in the traditional
carrier based PWM control. Maximum voltage gain is achieved and the voltage stress is

also minimized, keeping the shoot-through duty ratio a constant [1.11].
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2.2.6 Z-Sour ce Rectifier

Although several single-stage single-phase ac/dc converters have been proposed
in the existing literature [C.11, C.12, R.4, T.4], not much work is done in the area of
three-phase step-up/down converters. Only a few buck—boost-type three-phase ac/dc
converters have been proposed. However, the disadvantages of the pulsating input and
output currents still exist. An equivalent duty cycle for the zero-voltage space vectors is
proposed so that control of the ac and dc parts of the converter circuit can be integrated to
achieve the ideal characteristic of a single-stage step-up/down ac/dc converter. The input
current can be made clean sinusoidal with unity power factor and the output can be
stepped up/down without ripples. Based on how many modes are chosen and which class
of generalized zero-voltage space vectors is selected to increase the equivalent dc duty
cycle, different control schemes can be derived. In specific, elimination of the dead time
circuit also simplifies the drive circuit and adoption of fixed switching frequency renders

the design of thefilter ssmple [C.9, C.10].
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Figure 2.6: Structure of a Z-source rectifier

Z-Source Rectifier concept has been introduced to prevent the problems stated
above. The three-phase ZVS Z-Source rectifier implements the zero voltage turn-on
(2VS) for power transistors and zero current turn-off (ZCOFF) for the diodes without any
additional circuits [R.1].

The voltage source rectifier (VSR) is widely used in the four-quadrant AC motor
driver system in which case, the DC voltage that is greater than AC voltage has to be
obtained, that benefits the motor driving performance at the same time being a
disadvantage to the motor starting course. Thus, the inverter should be able to take the
high DC voltage during starting course, and the modulation index of the inverter hasto be

set in alow value, reducing the quality of output AC voltage. Additionally, the method of
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increasing dead time has been applied to avoid the shoot-through which would result in
the distortion of the current waveform.

Employing the Z-Source rectifier's impedance network to couple the rectifier main
circuit to the load provides unique features that cannot be obtained in a traditional full-
bridge rectifier. The Z-source network is coupled between the bridge and the load, with
the unique control strategy, some virtues should be achieved.

* Flexibly adjust the output DC voltage, greater or smaller than the line ac
voltage.

» Shoot-through allowed in a bridge leg, which increase the EMI noises
resistance.

* The dead time need not be applied, and the clear sinusoidal current wave
is obtained.

* The size of both the dc-link inductor and the output capacitor are reduced
compared to traditional two-stage buck rectifier.

The unique features of Z-source network make it better to be used in AC-DC
converter, and obtain more virtues than traditional cascaded rectifier. As the Z-Source
rectifier can access buck or boost function without using two-stage power conversion, it
overcomes the drawbacks of the traditional cascaded buck rectifier. A non-shoot-through
allowed in a bridge leg, which lead to lower EMI reliability is one of the limitations in
traditional two-stage circuit. In addition, the cascaded system may be lower efficiency
and more complicated. Basically, the Z-source rectifier utilizes the shoot-through states

to achieve buck-boost DC voltage [R.2].
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The capacitors are charged during the extra zero voltage state (Shoot-through state),
and during the active state, the charged capacitor voltage is supplied to the load along
with the voltage output of the boost rectifier. The shoot-through interval (inserted during
the traditional zero vector) can achieve buck-boost output voltage while not leading to
circuit disorder. The average voltage of the inductors over one switching period can be
zero in steady state by charging Z-source inductors[R.2].

The configuration provides favorable characteristics that exceed the traditional
voltage source rectifier. It can buck and boost the input voltage and increase the
reliability of the system to a great extent. Thus the Z-Source Rectifier provides a low-
codt, reliable and highly efficient single-stage structure for the buck and boost power

conversion [R.1].

2.3 Modulation Scheme

The modulation scheme is the most important in terms of realizing the Z-source
converter. The modulation scheme is the one which makes the model different from the
conventional converter and the required output is obtained. The modulation scheme used
in the previous work is as shown below.

The shoot-through duty ratio which determines the buck factor has to be kept
constant. It is proposed in [1.1], a ssimple boost method and a similar method is given in
[R.1] where the triangle signal shifts to the right where the shoot-through signal is
produced. The six active states are maintained unchanged in this method just like it isin

the traditional PWM control. The switches which are in the ON state during the free-
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wheel states are turned ON just during the shoot-through state. The extra zero state is
injected on the forepart of these free-wheel time zones along with the diode-clamp
characteristic. The switches operate in the ZV'S condition and the diodes operate in the
ZCOFF condition. Except for the shoot-through states, the operating principle is similar

to that of the traditional PWM control method [R.1].

2.4 Analysis M ethods

The analysis methods followed in most of the previous work is as mentioned
below. Jinbo Liu in [T.2] has utilized the AC small signal models of the Z-source
converters operating in the Continuous Conduction Mode (CCM). It is assumed that

e Z source converter isoperating in continuous conduction mode

* The passive components used in the Z-source network are ideal and
lossless

* The input voltage is an independent voltage source. The forward voltage
drop of the switch is modeled by afixed voltage drop

» Because the on-resistance of the switch is much smaller than the load
impedance, it is neglected in the modeling and analysis

The model isanalyzed using aresistive load, and inductive load [T.4].

Inthecaseof P. C. Loheta in[l.7,1.8,1.13, 1.15, 1.19], three methods of analysis
were performed while taking into consideration the dc side transient analysis of the Z-
source impedance network. Namely

* Small-Signal Mathematical Analysis
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» Signa-Flow Graphical Analysis
* Root Locus Analysis of RHP Zero
For ac side transient analysis of the Z-source inverter, two analysis methods are

performed. Namely

» Significance of Inverter Null Switching Vectors

e Gradua Tuning of Active State Interval with Improved Transient

Performance

In the case of the dc analysis, both small-signal and signal-flow graph methods are used
with an intention of developing a comprehensive guide on the Z-source network
modeling. A feature revealed by both modeling methods is that the Z-source network has
a RHP zero in its control-to-output transfer function, resulting in the dc-link voltages
having a non-minimum-phase response. Non-minimum-phase response is also proved to
be in existence through vectorial anaysis on the inverter ac-side when PWM state
sequence with constant (or zero) null interval is used. This ac response with an initial dip
and slower rise time can be improved by using PWM sequence with a variable

cushioning null interval and gradual tuning of active interval [1.7].

2.5 Control Scheme

Fang Z. Peng et a in [1.3] introduces a PID controller for dc-link boost voltage in
Z-source inverter which utilizes the shoot-through zero states to boost dc voltage and

produces an output voltage greater than the original dc voltage. A constant capacitor
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voltage can be achieved with this technique along with an excellent transient performance
that enhances the regjection of disturbance, including the input voltage ripple and load
current variation with good ride-through for voltage-sags. A detail description of the
shoot-through duty cycle modulation strategy for controlling the dc-link boost voltage is
given to simplify the controller design and improve the transient response [1.3, 1.4]. Fang
Z. Peng et a in [1.4] introduces a PID controller for direct peak dc-link boost voltage in
Z-source inverter and describes the peak dc-link voltage direct sensing and scaling
method, and modified modulation strategy, which simplify the controller design, improve
the transient response, and decrease the voltage stress across the switches.

The ZSI makes use of the shoot-through state to rise the dc link voltage by
conducting both upper and lower switches of any phase legs. Therefore, the ZSl can
boost voltage to desired ac output voltage that is greater than the available dc link
voltage. The capacitor voltage is equivaent to the dc link voltage of inverter which can
be increased by controlling the shoot-through time duty ratio. The shoot-through time
cannot linearly control the capacitor voltage as the relationship between the ratio of the
capacitor voltage to the dc link voltage and the shoot-through time duty ratio has
nonlinear characteristics. This nonlinearity may deteriorate the transient response of
capacitor voltage [1.6].

Miaosen Shen et al in [1.29] describes and presents the controller for the Z-source
inverter feeding an inductive load. It aims at controlling the output voltage as well as the
Z-network capacitor with two control parameters — modulation index as well as the
shoot-through duty ratio. A gain scheduling controller has been designed using Taylor

series for all possible equilibrium points.
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Fang Z. Peng et a in [R.3] presents the analysis of dynamic response of the ZVS
Z-source rectifier and design of the closed-loop controllers for both the Z-source rectifier
and the Z-network circuit. The transient response is found to be challenging in
controlling the ZV'S Z-source rectifier due to the unique Z-network. The ZVS Z-Source
rectifier model is proposed by combining the traditiona PWM rectifier model and
equivalent model of the Z-network. The controllers are designed through detailed
analysis in order to obtain the steady DC-link voltage and a sinusoidal AC voltage under
linear loads. The recently presented Z-source rectifier can provide good input power
factor, low line current distortion, regeneration and also a wide range of output dc bus
voltage due to using the impedance network (Z-network) [R.1]. Hence, the z-source
rectifier can both buck and boost voltage to a desired output voltage, greater or smaller
than the input ac voltage, that can be used in the ASD system to make the PWM inverter
operating with the high modulation index while in the low voltage condition, M=1.
Shoot-through can no longer destroy the circuit, thus improving the reliability of the
rectifier. The small-signal model of the Z-network circuit is given based on which the PD
controller is designed providing better transient response and steady dc-link output
voltage. The ZV'S Z-source rectifier in conjunction with the PD compensator has better
dynamic response, smaller voltage ripple, a single-stage power conversion topology, high

reliability, good dynamic response, and high efficiency.

32



2.6 Conclusion

This chapter dealt with the previous work performed in this field of study. A
detailed analysis of the conventional converters such as voltage source inverters, boost
rectifiers, boost-buck ac-dc converters, and buck-boost ac-dc converters has been
performed. A deep review of the Z-source inverters and Z-source rectifiers has been done
and it can be concluded that in al the work performed so far, a detailed step by step
analysis of all the modes of operation has not been performed. At the same time, the
resistances in the Z-network have always been neglected. A comprehensive analysis of
the system has not been performed in the work done so far. Also, in al the work studied
so far, the control parameters are limited to two which leads to controlling only two
variables. In this thesis, a comprehensive analysis of the system as well as the designing a

controller with three control variables has been considered.
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CHAPTER 3

CONVERTER TOPOLOGIES-THREE-PHASE VOLTAGE

SOURCE INVERTER AND BOOST RECTIFIER

3.1 Voltage Sour ce | nverter

A conventional three-phase Voltage Source Inverter (VSI) feeding a three-phase
load is as shown in Figure 3.1. The main purpose of this topology is to generate a three-
phase voltage source with controllable amplitude, phase angle, and frequency. Three-
phase DC/AC voltage source inverters are extensively used in motor drives, active filters,
and power flow controllers and uninterrupted power supplies (UPS) using various pulse
width modulation (PWM) strategies. There are totally six power semiconductor devices
with anti-parallel diodes, which can be transistors, MOSFETS, IGBTs, or any other
components that can operate as switches and transfer power. The input DC source is
usually obtained from a single-phase or three-phase diode-bridge rectifier with a filter or
a battery. Voltages can be generated from the voltage source converter by turning on and
off the switches under certain combinations.

The carrier-based PWM scheme and the Space vector PWM scheme are discussed

in the following section. The voltage vectors are used to synthesize the desired voltage.



o | <

o | <

- — | LOAD
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Figure 3.1: Conventional Voltage Source Inverter feeding three-phase load.

Table 3.1: Variables used for the Three-phase Boost Rectifier

V, INPUT DC VOLTAGE
V. Vi V4 THREE-PHASE OUTPUT VOLTAGES

THREE-PHASE OUTPUT CURRENTS

V., NEUTRAL VOLTAGE
T Top Top TOPDEVICES
T Ton Ta BOTTOM DEVICES
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3.1.1 Carrier-Based PWM

The turn-on and turn-off action of the switch produces a rectangular waveform
known as the switching pulse. It is obtained by comparing a sinusoidal signal with a high
frequency triangle signal. This principle is known as Sinusoidal Pulse Width Modulation
(SPWM) where a sine weighted modulating signal is obtained [B.2]. This is shown in
Figure 3.2.

The three phase shifted reference signals are compared with the carrier signal in
the three-phase VSI, which eventually define the switching instants for the power

devices. The harmonics generated in this scheme are around the carrier frequency and its
multiples. The output voltage is equal to the input voltage, V7d when the switch is turned

ON and it is equal to zero when the switch is turned off. Thus, the continuous turning ON
and turning OFF produces atrain of pulses.

Due to the Kirchoff’'s Voltage law, the two switching devices on the same leg
cannot be turned ON simultaneously as the DC source will be shorted. At the same time,
they cannot be turned OFF simultaneously as it will result in an uncertain voltage to the
phase it is connected to. This implies that either one of the switches in each leg of the
inverter have to be turned ON at every instant. That is, the nature of the switches on each
leg is complementary.

The turn-on and turn off sequences of a switching device are represented by the
existence function. Generally, an existence function of a two-level converter with
switching devices, T; isgivenas S
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where

i=ab,c.

i represents the phase on the load side to which the device is connected.

j=p.n

] represents the top (p) or the bottom (n) device of aleg.

Here, the existence functions of the phase ‘a top device, T,, is S,, and that of the

bottom device, T,, is S,, and so on and so forth. The following expressions are obtained

to ensure that the devices in one leg are not turned ON together.

Triangle signal

Sy +S, =1
Sy + S =1
Sp +Sn =1
3 I I I I
N L ] ] Modulation Signal ||

Switching signal

Figure 3.2: lllustration of Sinusoidal Pulse Width Modulation
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The output phase voltages of the VS| from Figure 3.1 can be expressed as

7(Sap S, )=V, +V,
V7d(sbp - Snn) = Vbn +Vn0 (32)
Vy

7 (Scp - Scn ) = Vcn + Vno

The switching functions for the two switching devices on a leg are dependent.
Hence only one switching function can be used to represent the switching status of each
leg, which is usually chosen as the switching function of upper device. So the turn-on and
turn-off actions of the switches produce series of rectangular waveform and the ratio
between the on-duration and a full period is defined as duty cycle, which is varying

between 0 and 1. Thus (3.2) can be written as

V?d(zsap ~1)=V,, +V,,

V?d(zsnp ~1)=V,, +V,, (33)

V?d(zscp ~1)=V, +V,,

The switching function can be written in terms of the fourier series of the
modulation signal. The switching function comprises of a fundamental frequency

component and an average component.

so-1em)
1
S, :§(1+ My, ) (3.4)
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1

S, :§(1+ M)

where

M, = three-phase carrier-based modulation signal
To obtain the modulation signal, (3.4) is substituted into (3.3) to get

2\/in +Vno
Mip :%

(3.5)
where

V,, = three phase voltages

i =abc

The neutral voltage V., is determined later in (3.6). In the linear modulation

range, the three-phase modulation signal varies from -1 to 1. The steps involved in
obtaining the output voltage are as follows. The first step is to calculate the modulation
signals of the desired frequency. These three-phase modulation signals are compared with
the high frequency triangle signal which also varies between -1 to 1. When the
modulation signal is greater than the high frequency triangle signal, the corresponding
phase upper device turns ON as the output signal is high. When the modulation signal is
lesser than the triangle carrier signal, the corresponding lower device of the phase turns
ON. When the upper device is turned ON, the positive rail of the DC supply is connected
to the phase and while the lower device is turned ON, the negative rail of the DC supply
is connected to the phase. Hence the PWM switching pulses are obtained. The triangle
signal is of high frequency because the fundamental component of the voltage pulsesis

equal to the reference signal only at high frequencies.
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The modulation index is defined as ratio between the magnitude of the desired
output voltage to half the DC supply voltage.
Vin
"

To calculate the phase voltages, the neutral voltage V., needs to either be

M = (3.6)

eliminated or determined. The neutra voltage V,, is obtained from (3.3) as they are

summed and the neutral voltage is eliminated from it. Under balanced load conditions,

the neutral voltage is obtained as

Vv, = V—sd(sap £S5, + scp)—7 (3.7)
Hence the phase voltages can be obtained as
V, = V—:;j(zsap -S, - S,)
V,, = V—Bd(— S, +2S, -S,) (3.8)
vV, = V?d(— S, - S, +2S,)

The switching pulses are used to drive the switching devices and the phase
voltages are applied to the load which results in sinusoidal currents in the case of
inductive loads.

The simulation results of the Carrier-based PWM are shown in Figures 3.3, 3.4,

3.5, and 3.6 asthe inverter feeds an RL load.
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Figure 3.3: Three-Phase modulation signal
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Figure 3.4: Three-phase output voltages (a) phase ‘a voltage, (b) phase ‘b’ voltage, (c)

phase ‘Cc’ voltage
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Figure 3.5: Output line voltages (a) Line‘a-‘b’, (b) Line‘b’-‘c’, (c) Line‘c’-'a
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Figure 3.6: Three-phase output currents (a) phase ‘a current, (b) phase ‘b’ current (c)

phase ‘C’ current
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3.1.2 Space Vector PWM

The maximum fundamental voltage which can be achieved is only 78.5% of \%"

and the output voltage is linear to the reference voltage only until this point. There are six

switching devices in the conventional three-phase voltage source inverter. There are eight

possible switching combinations. At any instant of time, the inverter would be operating

in any one of the eight operating modes. A desired sequence of operating in the eight

modes will result in the desired reference voltage as well as minimize the switching loss.

Kirchoff’s Voltage Law (KVL) and Kirchoff’s Current Law (KCL) are kept in mind

when the possible eight modes are represented. It is shown in Table 3.2.

Table 3.2: Possible eight switching modes

SWITCHES
M ODE S, Sy Se S, S, S TURNED
ON
NULL,
U 0 0 0 1 1 1 S S, S
0
ACTIVE,
U 0 0 1 1 1 0 Sa S Sy
5
ACTIVE,
U 0 1 0 1 0 1 S Sy S
3
ACTIVE,
u, 0 1 1 1 0 0 S Sy Sip
ACTIVE,
U 1 0 0 0 1 1 S S S
1
ACTIVE,
U, 1 0 1 0 1 0 Sp S Sy
ACTIVE,
u, 1 1 0 0 0 1 S Sy S




NULL,
u, 1 1 1 0

Sap pr SCp

The neutral voltage V,, is obtained from (3.3) as they are summed and the neutral

voltage is eliminated from it. Under balanced load conditions, the neutral voltage is

obtained as

Hence the phase voltages can be obtained as

Van :\/_;(Zsap - Sy _SCp)
Vin :V_;(_ S, 25, _SCp)
V., =V?d(— S, - S, +2S,)

(3.9)

(3.10)

These phase voltages can be represented in the g-d reference frame. The

transformation between the abc reference frame to the g-d reference frame and the g-d

reference frame to the abc stationary reference frame is shown in Figure 3.7. Here ‘f’

represents the quantity in reference frame which is transformed. It can be current,

voltage, flux density and so on. The transformation matrix and the inverse transformation

matrix isas shownin (3.11).
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Figure 3.7: Transformation between reference frames

f

a

=T(6) f,

1

2

cosd

cos(@—z—ﬂj sin(H—z—ﬂj 1
3 3

cosd 005(8—2—”] co{0+2—ﬂj
3 3

where T(ﬁ):g sné sin(@—z—] gn(m%”j

1
2

6 isthe angle between the reference frames

(3.12)



The genera transformation for any given three-phase voltage set in the stationary

reference frameisgivenin (3.9).

(3.9)

V. =V
ap an
Y,
= ?d(zsap -S,-S,) (3.10)
1
Vdp = ﬁ(_vbn +Vcn)
1
= ﬁ(_ S, +S,) (3.12)
Y, 3
V,, = ?d(sap +S,+S, _Ej (3.12)

The g-d voltages can be calculated for the eight operating modes assuming
balanced load conditions. Table 3.3 illustrates the switching modes of the conventional

V Sl and the corresponding stationary reference frame g-d-o voltages.
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Table 3.3: Switching modes of the conventional VS| and the corresponding stationary

reference frame g-d-o voltages

MoDE Sap Sop Scp qu Vdp VOP
NULL,
U 0 0 0 0 0 - \i
0 2
ACTIVE, V
U 0 0 1 Vo < Vo
5 3 V3 6
ACTIVE, Vv
U 0 1 0 Y -3 Yy
3 3 V3 6
ACTIVE,
0 1 1 | A | g Va
U, 3 6
ACTIVE,
1 0 0 % 0 - \i
U, 3 6
ACTIVE, V
U 1 0 1 \i _—d V_d
6 3 \/§ 6
ACTIVE, 1 1 0 \i B V_d V_d
U, 3 J3 6
NULL,
U 1 1 1 0 0 V—d
7 2

Table 3.3 can be represented in the form of a Space Vector Diagram as shown in

Figure 3.8. A regular hexagon is divided into six equal sectors.
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Figure 3.8: Space Vector diagram for the conventional V SI

The g-d reference voltage, Vq*d is caculated in each of the eight sectors to

synthesize a reference phase voltage, In general, the three-phase voltages expressed in the

stationary reference frame, V, =V,,V,,, situated in the appropriate sector, are

approximated by the time-average over a sampling period (converter switching period

T,) of the two adjacent active voltage inverter vectors and the two zero states U, and
U,. The switching turn-on times of the two active and two null states are utilized to

determine the duty cycle information to program the active switch gate signals [C.1].
When the inverter is operating in the linear modulation region, the sum of the times the

two active switching modes are utilized is less than the switching period, in which case



the remaining time is occupied by using the two null vectors U, and U,. If the four

\Y/ V40 and V.

voltage vectors V, adon+ » Vadpo -

dpa ? are caled into play for times t_, t,, t,, t,

(normalized with respect to modulator sampling time or converter switching period T,),

respectively, then the gp and dp components of the reference voltage Vq*d are

approximated as
Vq*d =V + A
=Vygpata T Voamls + Vagolo + Voarts (3.12)
t, =ty +t, =1-t, —t, (3.13)
where
t, = at,
t,=(1-al,

t. isthenull state time. t_ constitutes of t, and t, where they are divided

with aratio of a .
Equation (3.12) is separated into its real and imaginary parts and the zero

sequence voltage is approximated as

Ve =Vopata +Vmls +Vepoto +Veprts (3.14)

V(;s :Vdpata +Vdpbtb +Vdp0t0 +Vdp7t7 (315)
In general the zero sequence voltage,

Vop :Vo*s +Vno (316)

<Vo*s +Vno> :Vopata +Vopbtb +Vop0t0 +Vop7t7 (317)
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However, it is noticed that V4, and V,,, do not play arole in obtaining the times,

t, and t, . Equations (3.14) and (3.15) can be represented in matrix form as

Ve || Ve H (319
Vds Vdpa Vdpb tb
Hence thetimes, t, and t, can be calculated from (3.18) as
VARV IRV
|:ta:| :|: Qgpa qpb:| V(ls (319)
tb Vdpa Vdpb Vds
ta — Vdpbvqs _qubvds (320)
quavdpb _qubvdpa

* *

S\ VARE A VARY/
{, =Pl Tamlds (3.21)

quavd _qubvdpa

pb

The sum of the normalized times t_, t,, t. are equal to 1.
Hence the expression for the normalized time t, is given in (3.13). In the linear
modulation region, the sum of the times, t, and t, isless than 1. The remaining time is

utilized by the two null states. Here, a which varies between 0 and 1 determines the ratio
at which the two null state times are divided. The normalized times are calculated, and
the switching pattern in order to have switching loss is brought about. It is noted that a
clean voltage synthesis is achieved when the converter is operating in the linear
modulation region when a =0.5 [T.7]. The results shown below have been performed
for a =0.5. The device switching times in each sector can be represented in terms of the

line voltages as shown in Table 3.3.
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Table 3.4: Switching times of the devices expressed in terms of the reference line

voltages
SECTOR t, t,
o Ve Ve
d Vd
2 \h V;ba
Vd Vd
s | V| Va
Vd Vd
4 \ﬁ cb
Vd Vd
o | Va| Va
Vd d
6 \ﬁ Vac
Vd d

The sequence used to synthesis the reference voltage vector is by rotating it
counter-clockwise for all the six sectors. In each sector, the starting and ending
conditions for all upper switching devices are state mode O while the state mode 7
happens in the middle of the period. A minimum switching is obtained using this
arrangement in order to reduce the switching losses. Figures (3.9), (3.10), (3.11), (3.12),
(3.13), and (3.14) show the arrangement of the existence functions of the top devicesin

each of the sectors respectively.
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Figure 3.10: Existence function of the top devices in Sector 2
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Figure 3.11: Existence function of the top devicesin Sector 3
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Figure 3.12: Existence function of the top devicesin Sector 4
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Figure 3.14: Existence function of the top devices in Sector 6

The simulation results of the conventional voltage source inverter are as shown in

Figures (3.15), (3.16), (3.17), and (3.18).
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Figure 3.15: Three-Phase modulation signal when a = 0.5
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3.2 Boost Rectifier

A conventional boost rectifier feeding a resistive load is as shown in Figure 3.19.
It consists of a three-phase voltage supplying to the converter consisting of six switching
devices which feeds a resistive load. It differs from the three-phase bridge rectifier by
utilizing the switching devicesinstead of the diodes. A three-phase bridge rectifier has six
diodes instead of the switching devices.

The PWM boost rectifier has been increasingly employed in recent years owing to
its advanced features including sinusoidal input current at unity power factor and high
quality dc output voltage with a filter capacitor of small size [C.2]. The application areas
of the boost rectifier are varied and exhaustive because of the boosting of the output
voltage as well as the efficient utilization of power in the rectification process.

The three-phase boost rectifier's six switches are switched using the sinusoidal
pulse width modulation technique. In general, the operation of a converter can be
explained in terms of the input quantities, output quantities and the pattern of the
switching used to obtain the reference output. The input ac voltages are defined and the
output dc voltage is dependant on the input voltage and the switching pattern of the
rectifier. Kirchoff’s Voltage Law (KVL) and Kirchoff's Current Law (KCL) is used as
the basis of formulating the switching pattern of the switches. The switching pattern for
any converter can be expressed as a function, which is a mathematical representation of

the switching pattern which is known as the existence function [B.7].
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Figure 3.19: Three-phase boost rectifier

Table 3.5: Variables used for the Three-phase Boost Rectifier

V. Vi Vo THREE-PHASE INPUT VOLTAGES

s Tos les THREE-PHASE INPUT CURRENTS
r INPUT PER PHASE RESISTANCE
L, INPUT PER PHASE INDUCTANCE
C, OUTPUT FILTER CAPACITANCE
R, LOAD RESISTANCE
V, OuTpPuT DC VOLTAGE

T Too Top TOPDEVICES
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T Ton Ten BOTTOM DEVICES

The boost rectifier follows the laws same as that of the classical three-phase

voltage source inverter. The three-phase voltages supplied to the converter are given as

V, =S,V + SuVom (3.21)
Vb = prvkn + SDann (322)
Vc = Schkn + Schmn (323)

The supply voltages are given as

V,=rl_+Lpl,+V, (3.29)
Vbs = rsI bs + Ls pl bs +Vb (325)
Vcs = rsI cs + Ls pl cs +Vc (326)

Now the switching functions of each phase/leg are complementary to each other.

=S, =1-S

\p n (3.27)
where, i=a, b, c
By using (3.27) in (3.21)-(3.23) and substituting the result in (3.24)-(3.26), the

following expressions for the voltages are obtained

Vas = rsI as + Ls pl as + Sap (an _an)+vmn (328)
Vbs = rsl bs + Ls pl bs + Snp (an _an)+vmn (329)
Vg =1l +Lpl g + Sy (Vi =Vin) + Vi (3.30)

Here, the voltage differenceis given as

an _V n :VO

m
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Hence, the voltage equations become

Vs =Tl +Lopl s + SV, +V,, (3.31)
Vbs = rsl bs + Ls pl bs + Snpvo +an (332)
Vi =Tl T Lopl s + SV, +V,, (3.33)

The neutral voltage V,,, is eliminated by adding (3.31)-(3.33). In a case where the

source is balanced,
VO
V,, = —?(sap +S,+S,) (3.34)

By substituting (3.34) in (3.31)-(3.33), the voltage equations given in (3.35)-

(3.37) are obtained.
Y,
vV, =rSIaS+LSpIaS+?°(ZSap—Snp—Scp) (3.35)
V
Vbs = rsl bs + Ls pl bs + ?0(_ Sap + 28Dp - Scp) (336)
VO
V. :rS|CS+LSp|CS+?(—sap—st+2scp) (3.37)

The current exiting the rectifier isgiven as
In = Saplas +Snp|bs +Scp|cs
Hence the current through the capacitor is given in (3.38) when the load is a

resistive load.

Co pVo = (Sapl as + Sopl bs + Scpl cs)_ (338)

P | <
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The simulation results shown in Figures 3.20, 3.21, 3.22, and 3.23 have been
performed using Sinusoidal Pulse Width Modulation using a resistive load of 50 Q and

an input ac voltage of 220 V while the modulation index used ism = 0.8.
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Figure 3.20: Three-phase modulation signal
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Figure 3.21: Three-phase input current
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Figure 3.23: DC Load current
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3.3 Conclusion

In conclusion, this chapter verified the topologies of the conventiona voltage
source inverter as well as the conventional boost AC-DC rectifier. It can be seen from the
simulation results performed in MATLAB/SIMULINK that in the conventional voltage
source inverter, the output voltage is always bucked in all operating conditions. As the
name suggests, the boost rectifier aways boosts the output voltage. In order to achieve
the complementary results using the same converter, an additional AC-AC converter or a
DC-DC converter is required, respectively. This may increase the component count and
make it bulk and expensive. In order to avoid this disadvantage, the study of the Z-source

converter is performed in thisthesis.



CHAPTER 4

PULSE WIDTH MODULATION (PWM) SCHEME FOR

THE Z-SOURCE CONVERTER

4.1 Introduction

Large inverters operating at ten to hundreds of megawatts in the medium voltage
range (2-13 kV) have traditionally been the domains of gate turn off (GTO) thyristors.
Semiconductor switch ratings have limited the application of power converters rated in
the tens to hundreds of megawatts. However, their switching speed is severely limited
compared to the IGBT’ s so that the carrier frequency of a GTO inverter is generally only
afew hundred hertz. High switching frequencies can be achieved by replacing each of the
slower switches so that each individual IGBT shares the dc link voltage with othersin the
string during its off state. The devices are operated in saturation region of operation. This
is because there exists higher losses in active region operation of these devices.

In the traditional converter, the two switches of the same phase leg cannot be
turned ON at the same time because doing so would create a short circuit and damage the
converter. The Z-source converter overcomes this problem by introducing an impedance
circuit. In an inverter, the Z-source circuit connects the source and the converter circuit

while in a rectifier, the Z-source connects the converter and the load. For applications

65



requiring both buck and boost power conversions, Z-source inverters have recently been
proposed as a possible solution with many performance benefits [1.1]. The Z-source

circuit uses split inductors, L, and L,, and capacitors C, and C, connected in an X-

shape. The inductors may also be coupled. This unique impedance network alows the Z-
source converter to buck or boost its output voltage. In addition, the reliability of the
inverter is greatly improved because the shoot through caused by electromagnetic
interference (EMI) noise can no longer destroy the circuit [1.10]. An additional converter
is not necessary to boost the output voltage. In turn, the impedance network elements
(inductors and capacitors) are al that are utilized. Hence the switching components
reduce tremendously which in turn reduces the switching losses as well as the volume of
the entire system. Thus it provides a low-cogt, reliable, and highly efficient single-stage

structure for buck and boost power conversion.

4.2 Modulation Scheme

Pulse-width modulation (PWM) control for the Z-source inverter has to be
modified to utilize the shoot-through states for the voltage boost. Figure 4.1 shows the
conventional carrier-based PWM scheme of the VSI. There are eight possible states — six
active states and 2 null states as explained earlier in Chapter 3. During the null state,
either al the top devices are gated together or al the bottom devices are gated together.
During the active state, a total of three switches are gated at the same time, that is, one

device on each leg/phase is turned ON — either two top devices and one bottom device or
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Figure 4.1: Carrier-based PWM for the conventional converter where NS — Null state and

AS — Active state.

one top device and two bottom devices. During the active state, the dc voltage is
impressed across the load, positively or negatively [1.10].

In the Z-source converter, it has several shoot-through states, during which both
the switches on one leg/phase can be gated together. Multiple legs switches can aso be
turned ON together such that either the switchesin two legs/phases are turned ON at once
or even al the three legs' switches are turned ON together. In the case of redlization of
this thesis, shorting all the three legs/phases at once is utilized. This implies that all the
Six switches are gated together in order to realize the shoot-through state. The simulated

results of shorting one leg and three legs showed similar results. While implementing the
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three legs-short model, lesser components were required. Moreover, the required
maximum current carrying capability for the devices in the three phase bridge is lower
because the capacitor discharge current is distributed into the three phase legs.

As the name suggests, during the shoot-through state, the output terminals of the
inverter are shorted and it does not contribute to the output voltage. They have the same
effect of that of the null state of the traditional converter. The difference in this case is
that the dc voltage is boosted considerably. The active states are unaltered to maintain the
output voltage value. Essentially, a part of the null state or the entire null state is used for
shoot-through depending on the desired output voltage. The Z-Source Inverter's

schematics feeding an RL load are as shown in Figure 4.2.

S S, las
® Sop P R L Eas
> T N
bs
I oass
San Sonjscn I; Ecs

Figure 4.2: Model of a Z-Source Inverter
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The possible switching modes for the Z-source converter are shown in Table 4.1.
It is obvious from the table that either one leg/phase can be shorted or two legs can be
turned ON together or even all the six devices can be turned ON together. There are some
advantages and disadvantages of the shoot-through state. The main advantage in this case
is that it boosts the dc voltage to a considerable extend. The introduction of the shoot-
through state brings about more switching losses. The conventional null state is shared
between the Z-source null state and the shoot-through state. In this case, two other

reference waveforms, M, and M, are introduced to determine the shoot-through duty

ratio.
Table 4.1: Possible switching modes of the Z-source converter

STATE Sap pr Scp San Son Scn
1 ST 0 0 1 0 0 1
2 ST 0 1 0 0 1 0
3 ST 1 0 0 1 0 0
4 ST 0 1 1 0 1 1
5 ST 1 0 1 1 0 1
6 ST 1 1 0 1 1 0
7 ST 1 1 1 1 1 1
U, Null 1 1 1 0 0 0
U, Null 0 0 0 1 1 1
U, Active 1 0 0 0 1 1
U Active 1 0 1 0 1 0

2
U, Active 0 0 1 1 1 0
u, Active 0 1 1 1 0 0
U, Active 0 1 0 1 0 1
U, Active 1 1 0 0 0 1
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4.3 Deter mination of Shoot-through Reference Waveforms

In the Z-Source converter, the shoot-through state is the one which makes it
different from the conventional converter. The modulation scheme for the Z-source

converter is shown in Figure 4.3.

M as M bs M cs
1 MTP
\Z N » m
X
0 / \ // \
(Y
N \\_ _/( \\ / / ~\

P \ My
1 1M s,
_ L L s,
all 11 s,

. L S,
[L L1 S
. s

Figure 4.3: Modulation scheme of Z-converters and the switching functions of the

individual devices
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The volume and cost of the Z-source network has to be reduced. This can be
achieved when the low frequency ripple is eliminated. Using a constant shoot through
duty ratio simplifies the system as well as eliminates the low frequency current ripple
That is, the modulation method reduces the ripple in the current.

In Figure 4.3, there are five modulation curves — three reference signals,
M., M., M_ and two shoot-through envelope signas, M., M,, . The two shoot-
through envelopes are considered as straight lines since a constant shoot-through duty
ratio is required. The modulation scheme considered for the three phase reference signals
is the conventional modulation scheme where the top device is gated when the reference
signal is greater than the high frequency triangular wave and the corresponding bottom
device is gated when the same signal is lesser than the high frequency triangular wave.

When the carrier triangle wave is higher than the upper shoot-through envelope, M, and
when the carrier triangle wave is lower than the lower shoot-through envelope, M, , a

shoot-through signal is given to the system. That is, al the devices are turned ON to turn
the converter to the shoot-through state.

The signals, M., M, are determined as functions of the three-phase modulation
reference signals. The shoot-through envelopeM ., is aways greater than the maximum
of the reference signals and the shoot-through envelopeM,,, is always lesser than the
minimum of the reference signals. The expressions can be expressed as

Mp=M_ +[1-M_)o (4.2)

I\/lTN = Mmin + (_1_ Mmin )0' (42)
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o isaratio between 0 and 1. This determines the value of the shoot-through duty
ratio used in the modulation scheme.

M, ad M . can ether be the instantaneous maximum and minimum of the

modulation signals or they can be the absolute maximum and minimum of the
modulation signals.

Figure 4.4 shows the waveforms of the ratio of the shoot-through envelope o and
the shoot-through envelopes when absolute maximum and minimum values are used.
Figure 4.5 shows the waveforms of the ratio of the shoot-through envelope ¢ and the
shoot-through envelopes when instantaneous maximum and minimum values are used. It
can be seen that the ratio of the shoot-through envelope in this case varies with time. This
is the only difference between using the absolute maximum and minimum and
instantaneous maximum and minimum. The shoot-through envelope remains the same in
both the cases. The envel ope determines the shoot-through duty ratio. Hence either one of
the two methods can be used to determine the shoot-through envelope. By using the

absolute maximum and minimum, the realization of the modd turns out to be easier than

the other, hence the sameis used in this case.
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4.4 Deter mination of Shoot-Through Duty Ratio

The shoot-through duty ratio is determined using a simplified analysis. In a

switching cycleT , T, is the shoot-through time, T, is the active state time while T,is the

null state time.
Hencethetimeperiod, T =T, +T, +T, (4.3
In the case of Z-source converter analysis, the inductors and capacitors used in the
Z-circuit are assumed to be balanced. That is, the two inductors are of same value L and
the capacitors are of the same value, C . The Z-source network becomes symmetrical and
hence it can be seen that
V, =V, =V, (4.4)

VLl = VL2 = VL (45)

During the shoot-through state, in a switching cycle,

V, =V, (4.6)
Vag = 2V, (4.7)
V., =0 4.8)

V, =V, -V, (4.9)
Vy, =V, (4.10)
VO :VC _VL

=V, -V, (4.11)
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In one switching cycle, the average voltage of each inductor should be zero. The
dc link voltage across the inverter input terminals can hence be represented as

V. = T00+ (Tl +T2)(2Vc _Vdc)

(o]

T
- (Tl +T, )(2\/0 _Vdc) (4.12)
T
V|_ — Tch + (Tl +-|-r2 )(Vdc _Vc) =0 (413)
Ve . Th+T, (4.14)
Vo, T,+T,-T, .

The active state is when there is a transfer of power from the source to the load.

Hence the peak of the dc link voltage across the inverter bridge is given as

=BV, (4.15)
where
B is the Boost factor

T
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= (4.16)

-
D, =2 4.17
= (4.17)

4.4.1 Graphical Illustration of Shoot-Through Duty Ratio

The representation of shoot-through envelopes and one period of the high
frequency triangular signal is as shown in Figure 4.6. The individual shoot-through duty
ratios for the top triangle peak and the bottom triangle peak are obtained using

trigonometric identities. The top triangle peak is represented in Figure 4.7.
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Figure 4.6: Unsymmetrical shoot-through envelopes
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; _Mp
Fromtriangle ABC, tand = ——
Lt}
2
2Mp
=0 =—— 4.18
Pz (4.18)
i _ Vg
From triangle DEC, tan@ =
4
=T, = HNre. (4.19)
tand
When consideringM . and using (4.18) (4.19), D,, = % —% (4.20)
1 My (4.21)
2 N



0
7
G H Moy
Y E aF
.2
2 .
DU —
4

Figure 4.8: Method to determine the bottom shoot-through duty ratio with unsymmetrical

envelopes
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From triangle CGH, tané =

= p, =2M tan@ (4.22)

T

From triangle CFJ, tan@ = 4

VTRN
=T, = Ny tand (4.23)
When considering M., and using (4.22) and (4.23), D, = % - % (4.24)
_1_ My (4.25)

2 2\/TRN



Hence the shoot-through duty ratio is given as

DO = D01+ D02
=1- MTP _ MTN
ZVTRP 2VTRN

When the shoot-through envelopes are symmetrical about the x-axis, then Figure
4.9 illustrates the control method. Simple right angle triangles are formed from the

structure and the duty ratio is easily determined from the simple control method shown in

Figure 4.10.

M,

Figure 4.9: Symmetrical shoot-through envelopes
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From triangle ABC, tang = VTR'—;MT
2
—~ 7= 2(VTRI + MT)
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2
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The shoot through duty ratio isgivenas D, = 2(1
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VTRI +M T

T
From (4.26) and (4.27) — = (4.29)
Ts 2VTRI
=D, =2(1—1— My ]
2 2\/TRI
M
=1-—" 4.30
v (4.30)

TRI
In the earlier case, the shoot-through envelope being used was unsymmetrical

about the X-axis. Now to prove the above concept of symmetry, M, and M, are
considered of equal magnitude but of opposite signsin order to be symmetric.
Now if M, =-M,
VTRP = _VTRN
Do = Dol + D02

M
Vim

=1- (4.31)

In this case, the reference signal is symmetric
M ™ = -M ™
The reference signal, M, can be defined in terms of the instantaneous maximum
or the absolute maximum of the three-phase modulation signal and a ratio, o. The
expression is as expressed in (4.32). The peak of the triangle is the absolute value of 1.
Mp=M_ +[1-M_)o (4.32)
Vi =1 (4.33)
The above equations can be used to determine the shoot-through duty ratio, D,

which is used in the simulation.

81



D,=1-M_ -(1-M_ o
=(1-o)1-™M,,) (4.44)

The Shoot-through duty ratio hence has a limit on its value for every modulation

index. While using the space vector modulation, the peak of the modulation signal is

/3

determined to be 7m while m being the modulation index. Hence the maximum limit

of the shoot-through duty ratio can be determined by (4.45) and it is observed that it isa

linear curve from Figure 4.11 As the modulation index increases, D, decreases

linearly.

o S1-2m (4.45)
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Figure 4.11: Relation between the modulation index and the duty ratio
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4.5 Harmonic Analysis of the Shoot-through Duty Ratio

By injecting the third harmonic functions, it is seen that the results are identical to
that of the ones without the injection of third harmonics. The third harmonic injection
modulation scheme is shown in Figure 4.12. Since the results are the same, the
waveforms with the third harmonic injection are used to find the maximum and the
minimum of the shoot-through duty ratio curve. When the sequence is formed, it is used

to find the Fourier series of the same.

M, = mcosé, - %cossee (4.46)
M, = mcos(d, - B) - %cosSHe (4.47)
M = mcos(g, + f3) —%cosSHe (4.48)
d(;v'gas = —msing, + ggnsee (4.49)

e

To find maximum or minimum: dcl:/;as =0

sin6, —%(si n(26, +8,)) = 0 (4.50)

cosé, = i% ; 6, =30°150° (4.51)

g, =300 =M3_m (452)
2 6

M, = @ M (4.53)
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6, =150° :‘_ﬁm-m
2 6
Mas:_@ I\/lmin
2
J3m

0=0: d :1—7 at point M,
To find the point of intersection,

M, = mcosé, —%cossﬁe

M, = mcos(d, - B)- %003399

M, =M

as

cosd, = —Cc;see + \/§s;n %

M at 6, =60°
Minimum:
21, m
M = mcos(&, +?) —Ecos?ﬂe

MCS :—m+m:—5_m
6 6

d :1_37m At point M,

(4.54)

(4.55)

(4.56)

(4.57)

(4.58)

(4.59)

(4.60)

(4.61)

(4.62)

(4.63)
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Figure 4.12: Third harmonic injection modulation scheme for 1 cycle operation (a) Three

phase Modulation Signal, (b)Maximum of three-phase modulation signal, (c)Minimum of

three-phase modulation signal

The shoot-through duty ratio for one cycle of the system by injecting the third

harmonics is shown in Figure 4.13. This figure illustrates the maximum point, M, and

minimum point, M, .
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Figure 4.13: Shoot-through duty Ratio using third harmonic injection modulation scheme
Now the generalized equation for the shoot-through duty ratio is given as

(4.64)
(4.65)

n
6

<

=
@72 VI

=1-
where 0
Now assuming f (6)
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The Fourier theorem states that a periodic function f(6) can be described by a
constant term plus and infinite series of sine and cosine terms of frequency na , where n

isan integer [B.5]. Therefore, f(6) can be expressed as

f(9)z%+2ancosn9+2bnsinn0 (4.66)
n=1 n=1
where
% is the average value of the output. The constants, % a, and b, can

be determined from the following expressions

;
2
% :% [ f(6)ae (4.67)
.
T
2
a, :$ [f(6)cosng)de  1sn<eo (4.68)
.
)
2 E
b, == [f(6)sin(ng)de  1<n<e (4.69)
T
2

Hence the fourier seriesof f(6) is obtained by using the above equations

f
a_1 J' @CO{H—]—Tde
2 ml 2 6
3 6
3v3m
=2 (4.70)
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_ @cos(é’ —7—3 cos(n@)dé

o

I
wliy|N
oyl

_afam sin((l—Zn)gj sin((1+ 2n)76Tj 1

471
2 1-n " 1+n +(1—n)(1+n) (47D
s
b, == | @co{e—’l)sin(ne)de
772 6
3 6

33 co{(l—Zn)gj cos((1+ 2n)76Tj fn
Y ¥

1-n 1+n (1-n)a+n) (472

Substituting the constants, % a,,and b, from (4.70), (4.71), and (4.72) in the fourier

series which is represented in (4.66).

f(g):3\/§m+ . 3/3m sin((l— 2n)gj sin((1+ 2n)gj

1
2 HZ:;‘ 2 1-n " 1+n +(1—n)(1+n) cosné

. i 33m cos((l— 2n)gj ) cos((1+ 2n)gj N

=Y 1-n 1+n (1-n)1+n) sinné

(4.73)
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sin((l—Zn)ﬂ—nej sin((l—Zn)”+ nej
6 4 6
2(1-n) 2(1-n)
sin((1+ 2n)g - nej sin((1+ 2n)g + nej
_3/3m , 3/3m¢ * 2(1+n) * 2(1+n)
0= " 2n
i sin((l—Zn)ﬂ+ nej sin((l—Zn)ﬂ—nej
cosnd 6 B 6
(1-n)1+n) 2(1-n) 2(1-n)
_sin((1+ 2n)g+ nej sin((1+ 2n)g—ngj _ Jnsnng
2(1+n) 2(1+n) (1-n)1+n)
The above equations solves to become (4.74)
_3J3m 3 3/3me 1
f(6)= P ;(Gn—l 6n+1)cos6n6' (4.74)

Now from (4.64), the fourier series of the shoot-through duty ratio is given as

d:1_3\/§m+3\/§mi( 1

- cos6nd (4.75)
21T 21 =\6n-1 6n+1

4.6 Space Vector Modulation Scheme used in the Z-Sour ce | nverter

The phase voltages of the given system as shown in Figure 3.1 are given as from

(3.2)
V, +V_ = V—;d(sap -s,) (4.76)
Vbn +Vno = \/_;d (Sop - Son) (477)
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Vcn +Vno = V% (Scp - SCFI) (478)

Adding (4.76), (4.77), and (4.78) gives the neutra voltage

1

V
Vio = g(%(sap + Sy *Sp 7Sm TSk Scn)_(van *+Vin +Vcn)j (4.79)

In acase where the load isbalanced; V,, +V,, +V,, =0

Iheref ore,
V Vdd (S t } S S S ) 4 80
no — ? ap Snp cp an Sbn cn ( . )

Hence the phase voltages of the system are given below after substituting the

neutral voltage (4.76), (4.77) and (4.78).

V
Van:%(Zsap_Snp_scp_zsan+son+scn) (481)
V, =Y (-s 425 -S,+S, -25,+S,) 4.82
bn_? ap Sop cp an Son cn ( )
v, =Yu (-5 -5 +25 +S, +S,-2S,) 4.83
cn_? ap Snp cp an Son tn ( )

The qdo equations in the stationary reference frame are given as

Vq :_(V _Vbn _Vcn)

an

Wl

<

V=235 -5 -5, -2S,+S,+S,) (4.84)

(o]

<
I

tr

(_ Vbn + Vcn )

— Vdd — —
Vd - 2\/5( Sop + Son + Scp Scn) (485)
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V
V=28 (S, +8, S, -8, -5, -S.) (486

o]

Table 4.2 illustrates the phase voltages in both the abc reference frame as well as
the qdo reference frame in al the switching states. Figure 4.14 shows the space vector
diagram of the Z-Source Inverter taking into consideration the qdo equations at each state

of operation.
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Table 4.2: Phase voltages in the abc and g-d reference frame given the

possible switching states

S-rA T E VAN VBN VCN Vq Vd VO
1 ST 0 0 0 0 0 0
2 ST 0 0 0 0 0 0
3 ST 0 0 0 0 0 0
4 ST 0 0 0 0 0 0
5 ST 0 0 0 0 0 0
6 ST 0 0 0 0 0 0
7 ST 0 0 0 0 0 0
U, NuLL 0 0 0 0 0 Ve
2
u, NULL 0 0 0 0 0 _Va
2
U, | Acrive N, Va |V NV 0 Ve
3 3 3 3 6
U, | ACTIVE | Vy N | Va Var Var Var
3 3 3 3 NE 6
Ug | ACTVE | Vg | _Va Mg Na Var Vs
3 3 3 3 J3 6
U,| Actve | v, Vi Vi _ 0 Veo.
3 3 3 3 6
U, ACTIVE Vg N, V. V. V. _ Vi
3 3 3 3 J3 6
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-V, -V, -V, y Vo =V Vo
3'Ja' 6 3'J3'6

Figure 4.14: Space Vector Diagram of the Z-Source Inverter

Here,

C

Y/
Null state UO(O,O, %j =at

Null State U7(O,O,—\ﬁ] = a,t,
2

Shoot-through state = t,

where

(4.87)

(4.88)

(4.89)

t, and t, are the normalized active state times, t, is the normalized non-active

State time

t,=1-t, —t,
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a+a,+y=1 (4.91)
The stationary reference frame gdo voltage is expressed as
Vq*d = V(; + JV(; = quata +qubtb +qu0t0 +qu7t7 (492)

The device switching times and the individual maximum and minimum voltages

when the reference voltages are in the six sectors are given in Table 4.3.

Table 4.3 Device switching times in each sector

SECTOR t, t, MAXIMUM MINIMUM
VOLTAGE VOLTAGE
I Vab Vbc Van Vcn
Vdd Vdd
l l Vac Vba Vbn Vcn
Vdd Vdd
I I I Vbc Vca Vbn Van
Vdd Vdd
lV Vba Vcb Vcn Van
Vdd Vdd
V Vca Vab Vcn Vbn
Vdd Vdd
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VI

ac

<‘<
<

dd dd

n

The average neutral voltage is obtained in each section as follows.

Sector |
V., =V
Vcn :Vmin
Vbn = _(Vmax +Vmin)
t :V;ab :Vmax +Vmax +Vmin - 2Vmax +Vmin
! Vdd Vdd Vdd
t = Vbc = _Vmax _Vmin _Vmin _Vmax _Z\/mm
’ Vdd Vdd Vdd
tc :1_ta _tb =1- (Vmax _Vmin)
Vdd
V V
<Vno> :%(_ta +tb)+ﬂaltc _%aztc
_Vdd max min
<Vno> —7(0'1 _a2)+_(_1_a1 +a2)+_(_1+al _az)
V V AV
VvV V=29 p_ Tmax (1 —_mn (]
(Veo) =3 B==(1+ B) =22 (1- B)
Sector |1
Vbn :Vmax
V., =V

cn min
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Van = _(Vmax +Vmin)
t = Vac _Vmax _Vmin _Vmin Vmax _Z\/mln
: Vdd Vdd Vdd
t — Vba Vmax +Vmax +Vmin — 2\/max +Vmin
b =
Vdd Vdd Vdd

tc :1_ta _tb :1_ (Vmax _Vmin)

Vdd

C

<Vno> = ?(ta _tb)+%altc _V%azt

V V \V
<Vno> :%(0’1 _a2)+7max(_l_a1 +a2)+ r;n (—1+0’1 —0’2)

_Va _Vﬂ _VLin _
<Vno>_7 2 (1+ﬁ) 2 (1 ﬁ)

Sector |11
Vbn :Vmax
Van :Vmin
Vcn = _(Vmax +Vmin)
t — Vbc _Vmax +Vmax +Vmin — 2Vmax +Vmin
! Vdd Vdd Vdd
t Vca _Vmax _Vmin _Vmin _Vmax _Z\/min
b
Vdd Vdd Vdd

Vdd
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V, Vo V.
<Vno>:7(a az)"’T( 1_a1+a2)+ r;n (—1+a1—a2)
V Vo
V)= it g Ve g) Vi (g
(Vi) = =54 B= =L+ B)==77 (1= B)
Sector IV
Vcn :Vmax
Van :Vmin
Vbn = _(Vmax +Vmin)
t = Vba = Vmax _Vmin _len Vmax _Z\/mln
! Vdd Vdd Vdd
t Vcb V +V Vmin - 2\/max +Vmin
’ Vdd Vdd Vdd
(V _Vmin)

Vo \YA
<Vn0>:7(al a )+T( 1_a1+a2)+%(_1+01_a2)

(Vi) =5 f= 2 (14 ) -2 1~ )
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Van = _(Vmax +Vmin)
t = Vca _Vmax +Vmax +Vmin — 2\/max +Vm|n
: Vdd Vdd Vdd
t Vab — Vmax _Vmin _Vmin _Vmax _Z\/min
b =
Vdd Vdd Vdd

tc :1_ta _tb :1_ (Vmax _Vmin)

Vdd

Cc Cc

V, V V
<Vno> = %(_ta _tb)+%alt _%azt

V V \V
<Vno> :%(0’1 _a2)+7max(_l_a1 +a2)+ r;n (—1+0’1 —0’2)

_Va _Vﬂ _VLin _
<Vno>_7 2 (1+ﬁ) 2 (1 ﬁ)

Sector VI
V., =V
Vbn :Vmin
Vcn = _(Vmax +Vmin)

t = Vcb _Vmax _Vmin _me _Vmax _Z\/min
! Vdd Vdd Vdd
t = Vac Vmax +Vmax +Vmin — 2\/max +Vmin

b
Vdd Vdd Vdd
V =V
tc :1—ta _tb :1_( max mln)
Vdd
V \J
<Vno> :%(ta tb)-l_ﬂarltc %aztc

99



Vi) =22 (-, + 212 (-1-a, +a,) + Y20 (14, -t
Vi) =22 =Y (14 p) - 1 )

Hence, the generalized equation for the neutral voltageis,

Vo) =% =2 (14 )Y 1 ) @99
where
B=a -a, (4.94)

Also, the generalized equation for the active state duty ratio in terms of the
maximum and minimum voltages can be expressed as

t.+t, V. _ -V
a b — _ max min (495)

T Vi

The switching pattern for the model in order to obtain minimum switching loss
for the Z-source converter is as shown in Figures 4.15, 4.16, 4.17, 4.18, 4.19, and 4.20 in

each sector of operation respectively.
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Figure 4.15: Existence function of all the devicesin Sector 1 operation
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Figure 4.16: Existence function of all the devicesin Sector 2 operation
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Figure 4.17: Existence function of all the devicesin Sector 3 operation
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Figure 4.18: Existence function of al the devicesin Sector 4 operation
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Figure 4.19: Existence function of all the devicesin Sector 5 operation
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Figure 4.20: Existence function of al the devicesin Sector 6 operation
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4.7 Conclusion

In this chapter, the modulations scheme used in this thesis has been explained in
detail. The shoot-through pulses are injected in the previoudly total null state region. A
constant portion of the null state is used for the shoot-through state. Hence the shoot-
through duty ratio is maintained constant. The injection of third harmonics brings out the
same shoot-through duty ratio for a particular value of modulation index. Hence the
analysis is performed with the injection of third harmonics. The generalized expression
for the average neutral voltage of the Z-source Inverter is obtained showing details in the
determination of the times. The arrangement of the switching functions in each sector has

been illustrated.
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CHAPTER 5

MODELING OF Z-SOURCE INVERTER WITH RL LOAD

5.1 Introduction

A new type of converter, Z Source converter (ZSC), was introduced for adjustable
speed applications [I.1]. The AC voltage from the Z source inverter can be controlled,
theoretically to any value between zero and infinity. For applications such as AC drive
systems requiring machine operating over a wide speed range, it is much desirable that
the power converter has a buck-boost capability. To differentiate the new DC-AC
converter from any conventional VS| and CSlI, the author named it Z-source inverter

(ZSl). The structure of a VS| based Z-source inverter is shown in Figure 5.1.
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AC Load or
Source

Figure 5.1: Structure of aV S| based Z-Source Inverter

The structure of the Z-source converter shown in Figure 5.1 can be simplified to
an equivalent circuit. In the simplified circuit shown in Figure 5.2, the VS| bridge is
viewed as an equivalent current source or drain in parallel with an active switch, S [T.2].
In this case, the shoot-through state does not harm the system. The analysis performed in
[1.1] shows how the shoot-through state over the non-shoot-through state controls the
buck-boost factor of the system. By controlling the shoot-through duty cycle, ZSI can
produce any desired AC output voltage.

The AC voltage from ZSC can be controlled theoretically to any value, either
higher or lower than the voltage limit imposed by conventional VSI. It is clear that the
ZSC can give a large degree of freedom to AC machine design and control so that the

performance and costs of overall systemisoptimized [I.1, 1.2, 1.26].
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Load

Figure 5.2: Equivalent circuit of voltage source based Z-Source Inverter

Analysis shows that various conventiona carrier-based pulse-width modulation
strategies could be modified for ZSI [1.13]. Furthermore, two methods were proposed to
obtain maximum constant boost control for ZSI, which can achieve maximum voltage
gain at any given modulation index without any low-frequency ripple[1.10].

In this chapter, a detailed dynamic analysis of the six modes of operation has been
studied. The study has been extended from the previous work by including the dynamics
involved when the resistances in the circuits are taken into consideration. Section 5.2
illustrates the details of this analysis. Section 5.3 explains the details regarding the steady
state analysis. The entire analysisis performed for two cases of loads

e RL Load

* Induction Motor
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Section 5.4 illustrates the accurate small signal model and analysis and also gives
a detalled view of the system's stability. The Space vector pulse width modulation
(SVPWM) iswidely used for variable frequency drive applications because of the various
advantages such as the good DC utilization and less harmonics distortion in the output
waveforms. In the ZSI, amodified SYPWM is used to inject the shoot-through states into
the null states without affecting the active state of operation. This concept is as explained

in Chapter 4.

5.2 Dynamic Analysisof ZS|

A detailed analysis of the different modes of operation including the resistancesin
the circuit is studied and explained. There are basically three modes of operation

* ActiveState S,
» Shoot-through State S,
* Null State S,
Another detail to be considered is the switch S, which will be turned ON and
OFF in each of the three states. When the switch, S, isturned ON, it is considered to be

high and whileit isturned OFF, it is considered to be low.

108



5.2.1 Active State; S,

Figure 5.3 represents the active state when S, =1

Il
S, g r L1

T
Sy 'S, 'S, L,
|l R
| s
| o
Sh L Sn S,

Figure 5.3: Active State of ZS| when S;=1

The model equations for the system during active state of operation is given asthe

following
Vg =nl,+Lpl, +V,, (5.2
Vg =1, +L,pl, +V, (5.2
C,pV,=1,-1, (5.3
C,pv,=1,-1, (5.9
Ve = R s T L Pl s (5.5)
Vg =V, (5.6)
I =1, +1,-1, (5.7)
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IL:SapIas+SDp|bs+Scp|cs (58)
Vo :Vcl +Vc2 _Vdd (59)
Figure 5.4 represents the active state when S,=0

The model equations for the system while the switch S, is off is given as the

following
Vg =nl,+Lpl, +V,, (5.120)
Vg =hL1I,+L,pl, +V, (5.12)
CpVy =1, -1, (5.12)
CpV, =1, -1, (5.13)

Ibs" M

Figure 5.4: Active State of ZSl when S;=0
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V, = C I:Lz (r,1, +V,,)+ Lllfl-z (r1, +V,) (5.14)
1,=0 (5.15)
=1+, (5.16)
V, =V, +V,, -V, (5.17)

5.2.2 Shoot through State; S,

Figure 5.5 represents the Shoot-through state when either one of the legs or two or
all the legs are shorted together when S, =1.

The model equations for the system during the shoot-through state of operation is

given asthe following

V, =rl, +Lpl, +V,, (5.18)
Vy =0, +L,pl, +V, (5.19)
CipVy =1, -1, (5.20)
C,pV,, =1, 1, (5.21)
Vs = Ve (5.22)
=1, +1,-1, (5.23)
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Figure 5.5: Shoot-through State of ZS| when S;=1

1,C, +1,C

=l (5.24)
1 2

V. =0 (5.25)

Figure 5.6 represents the converter in the shoot-through state when S, =0.

The model equations for the system while the switch S, is off is given as the

following
V, =rl, +Lpl, +V, (5.26)
Vy =nl,+L,pl, +V, (5.27)
CipVy =1, -1, (5.28)
C,pV,, =1, -1, (5.29)
Vg =V +Ve, (5.30)
1, =0 (5.31)
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Figure 5.6: Shoot-through State of ZS| when S;=0
I =1+, (5.32)

V. =0 (5.33)

5.2.3 Null State; S,

Figure 5.7 illustrates the Null state when the switch S, is turned ON. That is

The model equations for the system during the null state of operation is given as

the following
Vg =nl,+Lpl, +V,, (5.34)
Vy =rnl,+L,pl,+V, (5.35)
C,pV,=1,-1, (5.36)
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Figure 5.7: Null State of ZSl when S;=1

CpVe, =1, -1, (5.37)
Vi =V (5.38)
I, =1, +1, (5.39)
1, =0 (5.40)
Vo :Vcl +Vc2 _Vdd (541)

Figure 5.8 represents the converter in the null state when S, =0.

The model equations for the system while the switch S, is off is given as the

following
Vg =nl,+Lpl, +V,, (5.42)
Vg, =nl,+L,pl,+V, (5.43)
C.pV,=1,-1, (5.44)
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C,pv,=1,-1, (5.45)

V,, :ﬁ(rzlz +vc2)+ﬁ(rll1 +V,,) (5.46)
I =0 (5.47)
1,=0 (5.48)
V, =V, +V,, -V, (5.49)

5.3 Averaging Technique

The averaging technique is performed to generalize the equations in al the modes
of operation. Generally, the model is averaged over one period of time. In this case, the

averaging is performed for a switching cycle.
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5.3.1 Derivation of Generalized Equations

The equations in al the six operating modes can be generalized by utilizing the

averaging technique and the equations can be written as the following

L,pl, =S, (S,(Vy =11, =V, )+ ([1-S, )V - 1,1, -V.,))

+S5(Sy (Vyy — 1,1, -V, )+ (1-S, )V, -1, -V,,))

+S. (S, (Vy =11, -V, )+ [1-S, )V, -1, -V.,)) (5.50)
L,pl, =S,(S,(v, - 1,1, -V, ) +(@-S, )V, - 1,1, -V,))

+8,(S,(Vyy = 1,0, =V, )+ (-5, )V - 1,1, -V,))

+S.(S,(Vy, =11, -V, )+(@-S,)V, - 1,1, -V,)) (5.51)
C,pV, =S\ (S, (1, -1, )+(@-5,)1, -1, ) +Ss(S, (1, -1, )+@-s,)1,-1.))

+S.(s,(1, -1, )+@-s,)1,-1.)) (5.52)

C,PVe, = Su(Sy(ly = 10)+ (=S, )(1, = 1)+ Sa(Sa (1, = 1)+ @-S, )1, - 1.))

+SC(Sd(I1_IL)+(1_Sd)(I1_IL)) (5.53)

Vi = Sa| SiVie +(1_ S h (rzlz +Vc2)+ L. (I‘1|1+VC1)
L +L L, +L

1 2 1 2

+ SB (dedc + (1_ Sd )(Vcl +V02 ))

+Se| SV +0-S, ) | (1,0, +V )+ —2 (1, +V.) ||| (5.5
L. +L L. +L

1 2 1 2
Vabcs = SA(Sd (RLIabcs + I‘L pl abcs)+(1_ Sd )(RLIabcs + I‘L pl abcs)) (555)
Id = SASd(I1+ |2 _lL)+SBSd(|1+ I2 _IL)+SCSd(I1+ |2) (5-56)
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IL = SA(Sd(SapIas +Snp|bs +Scp|cs)+(1_sd)(|1+ |2))

1,C, +1,C, _
+ SB(Sd (W) +(1-s, )1, +! Z)J (5.57)
Vo =Sa (Sd (Vcl +V, =V ) + (1_ S )(Vcl +Veo =V ))

+ SB (Sd (Vcl +V02 _Vdd )+ (1_ Sd )(Vcl +V02 _Vdd ))

+ Sc (Sd (V

C

1 Ve, =V ) + (1_ Sy )(V

C.

1+ Ve, Vg ) (5.58)
Equations (5.50)-(5.57) are simplified by grouping the common terms and are
expressed as shown in (5.59)-(5.67)

L1 pl 1= (SA + SB + Sc )(Sd (Vdd - r1|1 _ch))"' (SA + SB + Sc )((1_ Sd )(Vdd - r1| 1 _ch ))

(5.59)
Lpl, =(S,+ S +S: NS, (Vy =10, =V )+ (S, +Ss +S. )-8, )V, 1,1, -V,,))

(5.60)
C,pVy, = (S, + Sy + S )(S, (1, -1, )+ @-s, )1, -1.)) (5.61)
CopVe, = (S +Ss + S (S, (1, -1, )+(@-S,)(1,-1,)) (5.62)

Vi = (SA +S + S )(dedc)

+ (SA + Sc )((1_ Sd )[ﬁ((rzl 2 +Vc2)+ L IJ_ZL (r1|1 +Vc1)j]j (5-63)

1 2 1 2
Vabcs = SA(Sd (RLIabcs + I‘L pl abcs)+ (1_ Sd )(RLIabcs + I‘L pl abcs)) (564)
4 :(SA+SB)Sd(I1+I2_IL)+SCSd(I1+I2) (5.65)

= SA(Sd (Saplas + St)plbs +Scp|cs))+(SA + SB)(l_Sd)(Il + |2)

I L

I1(:1-'- I2(:2 —
+SB[S"(WJ+(1 S, )1, + |2)] (5.66)

Vo = (SA +Sc )(Sd (Vcl +Ve, =V )) + (SA +Sc )((1_ Sy )(V

C.

1 ¥ Veo =V )) (5.67)
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The combined equations (5.59)-(5.67) can be further smplified using the

expression (5.68) and the resulting equations are expressed as shown in (5.69)-(5.77)

S,+S;+S. =1 (5.68)
L,pl, =V -l -V, (5.69)
L,pl, =V, —1,l, -V, (5.70)
C,pV,=1,-1, (5.71)
C,pVe, =1, 1, (5.72)
Vm:%WHﬂr%X&+$%;fﬂZmb+w)+7ﬁgmh+wﬂ+ﬁ—%Bﬂh+WJ

(5.73)
Vi = Sa(R e + Ly Pl ages) (5.74)
l, =S, (S, +S, )1, +1,-1,)+S,S.(1,+1,) (5.75)
|L:gaﬁ%%+3Mm+%%J¢h%Xg+%Xhﬂg+%a{%%%§ﬁ]

(5.76)
V, =(S, +S: )V, +V,, -V,,) (5.77)

For simplifying the simulation, a balanced case as well as the following is

assumed.
L=r,=r
L=L,=L (5.79)
C,=C,=C

Hence the equations used for the simulation when an RL load is used are given as

1
pl = = (Ves =112~ Vo) (5.79)
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pl 2 :%(Vdd =l 2 _Vcl) (5-80)
(1,-1,) (5.81)
(1,-1,) (5.82)

Vaa = SiVee + (1_ Sy )(SA + Sc)(%(rl 2 Ve 11y +VC1)j + (1_ Sy )SB(Vcl +Vc2)

(5.83)

Id:Sd(SA+SB)(|l+|2_IL)+SdSC(I1+I2) (584)

= SdSA(SaPIaS Sipl s +SCPICS)+(1_Sd)(SA +SB)(I1+ |2)+SdSB(|l+|2j

2
(5.85)
V, = (SA +5; )(Vcl +Ve, _Vdd) (5.86)
The load current equations for an RL load are given as
1(V,
1= 3%, -s,-5))
1(V,
Pl = L—(? (s, +2s,-5,)-r. bs] (5.89)
1(V,
ol :L_(?(_ S, -8, +286p)—rslcsj (5.89)
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5.3.2 Dynamic Analysis Results

The ssmulation results when an RL Load is used are shown below.
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Figure 5.9: (a) Three-phase load currents, (b) Phase ‘a output voltage, (c) Line voltage
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Figure 5.10: (a-b) Inductor currents of the Z-Network, (c-d) Capacitor voltages of the Z-

Network
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Figure 5.11: Output voltage of the Z-network, V,
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Figure 5.12: Input voltage to the Z-network, V,
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5.3 Steady State Analysis of Z-Source Inverter

The steady-state analysis of the system is done using the state equations of the
system in the synchronous reference frame, as the variables in the equation are time-
invariant with respect to the frame of reference. The steady-state analysis of any system
is carried out to study the nature of the system at steady state and use the analysis to

control the response of the system.

5.3.1 Derivation of the Steady State Analysis

The derivative terms in the above generalized equations are set to zero and the
steady state equations of the system after using the averaging technique to eliminate the

switching functions are expressed as

_ 3F\)I(M qzs + M gs)(l_ Do )Vdc
2R? +(w,L)* 2D, -1)

| 5.90
- 3RMZ+MZJ1-D,)r (590
(R? +(a,L)* 2D, -1)?
_ SR(M c?s + M gs)(l_ Do )vdc
_ 2 2 _

oy, 2D 2R? +(w,L)* 2D, 12) 591

2D, -1 3RMZ +MZ2)1-D,)’r

+ 4 \
(R? +(w,L)?)2D, -1)?
p— p— 2 —

Vo - 2(1 Do) rl L _ (1 Do)vdc (592)

(20, -1 (2D,-1)
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_-2D,-D, )1, 2@-D,)

Yo p,-1¥  @0,-Y)
_IL(l_Do)
*=2n,-1)

V :ch - _(1_ Do)rl L _ (1_ Do)vdc

- (20, -1) (2D, -1)
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The steady state results for an RL load. The voltages are normalized with respect

5.3.2 Steady State Analysis Results

to the input DC voltage.
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Figure 5.15: Normalized peak output voltage, V,, for varying modulation index
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Figure 5.16: Normalized capacitor voltage, V, of the Z-network, for varying modulation
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Figure 5.19: Output voltage of the inverter, V,, for varying modulation index

Figure 5.20: Capacitor voltage of the Z-network, V_ for varying modulation index
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Figure 5.21: Input DC current to the Z-network, |, for varying modulation index
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Figure 5.22: Input voltage to the Z-network, V,, for varying modulation index
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Figure 5.24: Output voltage of the Z-network, V, for varying modulation index



5.4 Small Signal Analysis

The small signal analysis is performed by state space averaging which is

performed as follows.

5.4.1 Derivation of Characteristic Matrix

L et the state equations be of the form
x=f(x) (5.77)
A small change is introduced in all the state variables and they are simplified in
order to get the expression as shown below.

AX(s) = AAX(S) + BAu(s) + DAg(s) (5.78)
Where x - equilibrium (dc) state vector

u - equilibrium (dc) control vector

e - equilibrium (dc) input vector

A, B,D - co-€fficient matrices
The dynamic equations of the system are used to perform the small signal

anaysis.

1 1
pl 1= E((dedc + (1_ Sd )(SA + Sc )(E(rl 2 +Vc2 +rl 1 +Vc1)] + (1_ Sd )SB (Vcl +Vc2)} - rll _chj

(5.96)
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1 1
O (CURIEEVCRES LRI I SE X RS S
(5.97)

1 I, +1
chl :E(Iz _SdSA(SapIas + Soplbs + Scplcs)+(1_ Sd )(SA + SB)(Il +1 2)+ SdSB(szjj

(5.98)
_1 ( ) I +1,
pvcz _E I1_SdSA Saplas +Sop|bs +Scp|cs +(1_ Sd)(SA +SB)(|1+|2)+SdSB T
(5.99)
1(V
plo = ?O(zsap -S, —Scp)—rslasj (5.100)
1(V
ploe = | 25, 25, -Scp)-rslbsj (5.101)
Pl =|_i V?(— ST +280p)—rslcsj (5.102)

SV + -85, + & f 501, +Ver 11+

+ (1_ S )SB (Vcl +Vc2)

Vo = (SA + SB) Vcl +Vc2 -

(5.103)
By perturbing the above equations using the following expressions to bring in a

very small change
V

V, +AV,,

c: dco
I, =1 +A4l,
I2 = I20 +A|20

VC]. = VClO + AVCl

V02 = VC20 + AVCZ
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V0 = (SAO +ASA + SBO +ASB)

|~

cs = cso +Al cs
S; =S, +AS,
S, =S, +AS,
S; =S, +AS,
S =S, +AS:
Sy =S, TAS,
S = Sipe TAS,,

Vclo + AVcl +V020 + AVCZ -

(Sdo + ASd )(Vdco + AVdc )

+ (1_ Sdo - Asd )(SBO + ASB )(V

clo

(Vdoo - SAo - SCo - SBchlo - SBOVCZO )Asd + SdoAVdc + (1+ Sdo )ASA

r r 1
+ (1_ Sdo )ASC + (_ EJAI 07T (EJAI 20t (E + SBO - SdoSBojAVcl

i (_ % * SBO - SdOSBojAch + (Vclo +Vc20 - Sdchlo - SdchZO )ASB
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+ (1_ Sdo - ASd )(SAO + ASA + SCo + ASC )

(%(rl 20 + rAl 2 +V620 +AV62 + r.llo + r.All +Vclo +AVC1))

+ AVC]. +VC20 + AVC2)

(5.104)

(5.105)




Ol

p(av,,)

O|r

p(av,,)

((28@0 ~ Sy ~ S AV, + 2V,AS,, -V,AS, -V,AS,,

(V - SAo - Sbo - SBo\/clo - SBch20 )Asd + SdoA\/dc + (1+ Sdo )ASA

dco

+ (1_ Sdo )ASC + (_ szAl 1o + (%jAI 20 + (_ % + SBO - SdoSBo jAVcl (5106)

' (% * SBO B SdoSBO jAch + (Vclo +Vc20 - Sdchlo - SdOVCZO )ASB

1950+ S0 =50 = S 1o+ S0 S-S50 - 5SS o

+(_ Sdo + I10 + I20 _Sdollo _SdOIZO)ASA +(|10 + I20 _%Sdollo _%SdolmjASB

+(_ SAo _SAollo _SAOIZO _%SBollo _%SBOIZOJASd + SapoAIas + IasoASap

+ SopoAI bs +1 bsoASnp + ScpoAI cs + IcsoAScp

(5.107)
1 1
(l+ SAo + SBo - SdoSAo _ESdOSBo)Allo +(SA0 + SBo - SdoSAo _ESdOSBojAI 20
1 1
+(_ Sdo + Ilo + I20 _Sdollo _SdOIZO)ASA +(|1o + I20 _Esdollo _ESdOIZOjASB

+(_SA0 _SAollo _SAOIZO _%SBollo _%SBOIZOJASd +SapoA|as+ IasoASap

+ proAI bs + I bsoASop + ScpoAI cs + I csoAScp

(5.108)

r.Al 5.109
3 S asj ( )

(-S4, +2S,, ~ S AV, —V,AS, +,AS, +V,AS,
3

-rAl,. | (5.110)

(- Sy~ Sy + 25,0 AV, ~V,AS, -V,AS, + 2VAS
3

~rAl, | (5.110)
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2L

= é(l-'- SAo + SBo - Sdo SAo

0

o O O

0
28apo - Sopo - Scpo AVdc
3L, AV
- Sapo + 2pro - Sc

PO

3L,
- Sapo - SDDO + 28

cpo
3L

1 1
E (SAO + SBO - Sdo SAO - E Sdo SBOJ

)

1

- E Sdo SB

é(1+ SAO + SBO - Sdo SAO

1 1
E (SAO + SBO - Sdo SAo - E Sdo SBOJ

0

1

- E Sdo SBO
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L
30y, -80S SV - Ve
~Su =Sl = Sula ~ 3 Sh ~5 Sul
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0
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Here the characteristic matrix is

[ r r 1(1 1( 1
- — | =4Sy =SuSe | | =S+ Ss —SuS
2|_ 2L L(Z Bo do BOJ L( 2 Bo do “~Bo
r r 1 1 1(1
- — | =2 +Sy =SuSe | | =+ Ss —SuS 0 0
2|_ 2L L( 2 Bo do BOJ L(Z Bo do BOJ
1 1 1 1
E SA0+SBO_SdOSAo_§SdOSBo E l+SA0+SBo_SdOSA0_ESdOSBo 0 0
|1 1 1 1
A= E 1+SA0+SBO_SdoSAo_ESdoSBo E SA0+SBO_SdoSAo_ESdoSBo 0 0
0 0 0 0
0 0 0 0
0 0 0 0
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5.4.2 Stability Analysis

The stability of a system is studied by determining the eigen values and checking
the real part of al the eigen values. The rea part of the eigen values have to be less than
zero to ensure that the system is stable. Figure 5.25 shows the plot of the eigen values of
the parameters where the real part was plotted against the imaginary part. The real part of
the eigen value of all the state variables are negative. Hence for the given conditions, the

Z-source inverter is stable.
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Figure 5.25: Eigen values of the state variables of the Z-source inverter
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5.5 Conclusion

In this chapter, the Z-Source Inverter’s operating modes were explained in detail.
The steady state results were shown for the RL load. The system parameters were plotted
for various values of modulation index in the case of RL load and for various reasonable
values of shoot-through duty ratio. It was noticed that as the shoot-through duty ratio, D,
increased, the ripple in the circuit increased. The simulation results showed the system’s
behavior under loaded operating conditions. The small signal analysis was performed and
the characteristic matrix was obtained. The eigen values were determined and it was

shown that the Z-source inverter was stable for the given operating conditions.
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CHAPTER 6

ANALYSISOF Z-SOURCE INVERTER WITH AN

INDUCTION MOTOR LOAD

6.1 Introduction

The Z Source converter (ZSC), is used to control general-purpose motor drives.
By controlling the shoot-through duty cycle, the Z-source inverter can produce any
desired output ac voltage, even greater than the line voltage. As a result, the new Z-
source inverter system provides ride-through capability during voltage sags, reduces line
harmonics, improves power factor and reliability, and extends output voltage range
[1.26]. The structure of a VS| based Z-source inverter is shown in Figure 6.1.

This chapter deals with the analysis of the Z-source inverter when the load is an
Induction Motor. The dynamic analysis of the system along with steady state analysisis

put forth. The simulation results hence prove the theory stated.
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Figure 6.1: Structure of aV Sl based Z-Source Inverter

6.2 Dynamic Analysis of the Z-sour ce I nverter Feeding an Induction

Motor L oad

The dynamic analysis helps in studying the transients of the system. It gives the

real time characteristics of the mode!.

6.2.1 Derivation of Transient Analysison the M odel

The ssimplified equations in al the six operating modes for a balanced case of

operation can be generalized equations and it can be written as the following
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1
pl, :I(Vdd _rll_VCZ) (6.1)

pl, :%(Vdd —rl, _Vcl) (6.2)
_1.

chl _E(lz lL) (6-3)
_10

chz - E(I 1 I L) (6-4)

1
Vi =S,V +(1-S,)(S, + S )(E(nz v, +vﬂ)] +1-5,)S, (Vo +V.,)

(6.5)

Id:Sd(SA+SB)(I1+I2_IL)+SdSC(I1+I2) (6.6)

L= SdSA(SaPIaS * Syl +SCPICS)+(1_Sd)(SA +SB)(I1+ |2)+SdSB(I1;I2]

(6.7)

V, =(S, +S; )V, +V,, -V,,) (6.8)
When an induction machine is used as the load, the dynamic equations for the
load phase currents change. The Z-network equations remain the same as that of RL |oad.
The qd equations of the squirrel-cage induction machine load in terms of the stator and

rotor flux linkages are given as

Vs =Tl g + PAg + WA (6.9)

Vs =Tl g + PAg — WA (6.10)
V,'=rl, +pAy +(@-w), =0 (6.11)
V,'=rl, +pAy, —(w, - a)r)/Tqr =0 (6.12)
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P
pw =—J(Te -T,) (6.13)
3p
T=" (1o =1 oo (6.14)

where the stator and rotor flux linkages are given as

A =Lyl + L1 (6.15)
A =L+ L1, (6.16)
Ay =L g +L 0 (6.17)
Aldr = Llr l (Ijr + I-ml ds (618)

This implies that the stator and rotor currents can be obtained from the flux
linkage equations where the flux linkages are determined from the stator and rotor

dynamic voltage equations as they are expressed in (6.9)-(6.12).

PAgs = Vs — Tl gs = WAy (6.19)
PAg =V — Tl gs + WA (6.20)
pAy =11, — (@, - )y (6.21)
pAy =11 + (@ - ), (6.22)

The currents are obtained from the flux linkages (6.15)-(6.18).

| = %(L’,Aqs ~LAy) (6.23)
I ds = %(L'r/‘ds - I-mAIdr ) (624)
I = %(Ls)l'qr ~LA) (6.25)
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I (I:1r = %(Lsﬁdr - LmAds) (626)

where

A=LL -2 (6.27)

6.2.2 Results

The simulation results when an induction machine is connected to the output of
the inverter are shown below. The initial results show the transient characteristics of the

system as shown in Figures 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, and 6.8.

400 -————

T T T JES— : ‘
ool e
| | | | | | | |
— | | | | | | |
»
3 200F---- I R F T I S T T
(a) g | | | | | | | |
7777777777777 P BN
3" 100 L J\ | | | I | |
oL o L I B o ]
| | | | | | | |
| | | | | | | |
-100 | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
(b)

Figure 6.2: Transient characteristics of induction motor (&) rotor speed «w, (b) torque T,
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Figure 6.4: Transient characteristics of the Z-source network - DC input current to the Z-

network |,
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Figure 6.6: Transient characteristics of the Z-source network - (a-b) inductor currents,
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A load torque of 4 Nm is applied at 0.75 seconds. The behavior of the system is

shown below in Figures 6.9, 6.10, 6.11, 6.12, 6.13, 6.14, and 6.15.
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Figure 6.9: Squirrel cage induction motor characteristics (a) Changein rotor speed «, (b)

torque at 0.75 seconds
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Figure 6.10: Changein (a) ‘@ phase stator current (b) Phase ‘a’ voltage (c) Line voltage

when aload of 4 Nmisapplied at 0.75 seconds
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6.3 Steady State Analysisof Z-Source Inverter

The steady-state analysis of any system is carried out to study the nature of the

steady-state analysis of the system is done using the state equations of the system in the
synchronous reference frame, as the variables in the equation are time-invariant with
150

system at steady state and use the analysis to control the response of the system. The
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6.3.1 Derivation of the Steady State Analysis

The derivative terms in the above generalized equations of the Z-source inverter
and the induction machine are set to zero and the steady state equations of the system

after using the averaging technique to eliminate the switching functions are expressed as

-1

. I w,L 0 wl,, Vs
I ds | _ - we Ls rs - we I-m 0 Vds
l (Iqr B 0 (we - a)r )Lm rrl (we - a)r )Lr 0
I(Ijr _(we _a)r)l—m 0 _(we _a)r)Lr rrl 0
(6.28)

The currents are obtained from (6.28)

Here, | isthe stator current which is determined from (6.29)

I = 12+12 (6.29

V. = ~ 2(1_ Do)2r| L (1_ Do)\/dc (630)

© (ep,-1) (20,-1)

_-2D,(1-D, )1, 2(1-D,)
R T 6%

=147 Do) b ([1)‘ E’o)) (6.32)
Vc1 :ch - B (1_ Do )rl L _ (1_ Do )Vdc (633)

(20, -2 (2D, -1)
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6.3.2 Results

For an induction machine load the simulation results are as shown below.

14

(wN) anbio

Slip

25

20
15} - -
10F-----

Figure 6.16: Torque of the induction machine for varying shoot-through duty ratio D,

Slip

Figure 6.17: Rotor current of the induction machine for varying shoot-through duty ratio
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Figure 6.18: Stator current of the induction machine for varying shoot-through duty ratio
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Figure 6.19: Induction currents of the Z
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Figure 6.20: Peak output voltage of the inverter for varying shoot-through duty ratio D,
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Figure 6.21: Capacitor voltage of the Z-Network for varying shoot-through duty ratio D,
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Figure 6.22: Input voltage to the Z-Network for varying shoot-through duty ratio D,
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Figure 6.23: Output current of the Z-Network for varying shoot-through duty ratio D,
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Figure 6.24: Output voltage of the Z-Network for varying shoot-through duty ratio D,
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6.4 Conclusion

In this chapter, the Z-Source Inverter’s operation with Induction Machine Load
was explained in detail. The system parameters were plotted for various values of
modulation index and in addition for various reasonable values of shoot-through duty
ratio. The simulation results showed the system’s behavior under loaded operating
conditions. The Induction motor was loaded up to 4 Nm and the results proved the

theories explained earlier.
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CHAPTER 7

MODELING OF Z-SOURCE RECTIFIERS

7.1 Introduction

The voltage source rectifier (VSR) is widely used in the four-quadrant AC motor
driver system. In this case, the DC voltage that is greater than AC voltage should be
obtained, which would benefit the motor driving performance, while it would be
disadvantage to the motor starting course. Thus, the inverter must stand the high DC
voltage during starting course, and the modulation index of the inverter has to be set in a
low value, which reduces the quality of output AC voltage. In addition, to avoid the
shoot-through, the method of increase dead time has been applied. This technique would
result in the distortion of the current waveform.

The Z-source network is coupled between the bridge and the load, with the unique
control strategy, some virtues should be obtained.

* Flexibly adjust the output DC voltage, greater or smaller than the line ac
voltage.

» _ Shoot-through allowed in a bridge leg, which increase the EMI noises
resistance.

* The dead time need not be applied, and the sinusoidal current wave is

achieved.
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* _The size of both the dc-link inductor and the output capacitor are reduced
compared to traditional two-stage buck rectifier.

» The switching looses are reduced considerably.

This configuration provides favorable characteristics that exceed the traditional
voltage source rectifier [R.2]. This chapter explains the different modes of operation of
the Z-Source Rectifier. This configuration is a boost rectifier modified to buck the
voltage. Thisis brought about by the shoot-through state and the modulation index as the
voltage is boosted at lower modulation index. It is also capable of unity power factor

operation. The structure of the Z-Source Rectifier is shown in Figure 7.1.

Figure 7.1: Structure of a Z-Source Rectifier
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7.2 Dynamic Analysisfor ZSR

The Z-Source Rectifier provides unique features that cannot be obtained by the
conventional full-bridge rectifier. The three-phase Z-source rectifier is capable of voltage
boosting and voltage bucking to the desired output voltage which can be greater than or
less than the input voltage. It is aso capable of unity power factor operation. The
advantage of using the Z-source rectifier is reduced switching losses. The network under
consideration can be applied in fuel-cell systems. The shoot-through state leads to the
voltage boost and buck requirements. A wide range of output dc bus voltage is obtained
due to the introduction of the Z-source network (impedance network). The reliability if
the rectifier isincreased to a great extent because the shoot-through can no longer destroy
the circuit [R.3].

In the case of the Z-source Rectifier, there are three states of operation. Namely

* Active State, S,
» Shoot-through State, S,
* Null State, S,
The switch S connects the Z-Source network with the load. This switch is

turned ON during the Active state and the Null state. During the shoot-through state, the

switch S iskept open, that is, turned OFF.

The three states of operation of a Z-source rectifier are illustrated as follows.
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7.2.1 Active State; S,

The active state of the Z-Source Rectifier is as shown in Figure 7.2. The active
state relates to the actual functioning of the model. The three-phase source voltage is

supplied to the dc load through the Z-source network. The switch Sg remains closed in

this state in order to transfer the three-phase supply, which is converted to dc voltage
through the boost rectifier to the dc load which is a dc resistive load in this case. The
model equations during this state are given as follows.

The three phase input voltage equations are given as

V,=rl_+Lpl,+V, (7.0
Vbs = rsI bs + Ls pl bs +Vy (72)
Vcs = rsl cs + Ls plcs +Vz (73)

Vas r I—Els Sap
T
L, |~

Vbs »I bs
W R)
Vcs
O~

San

Figure 7.2: Active state of ZSR, S,
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where V, =S, V,, + S,V (7.4)
V, =SV + SV (7.5
V, =S Vin + SeVim (7.6)
The output DC voltage of therectifier is V,, =V,,, =V, =V.,
=V, =V4 *tV, (7.7)
Substituting for V,, in (7.4)-(7.7) and hence substituting for V,, V,, and V, in

(7.1)-(7.3) gives

Vo =1l +Lpl + S,V +Vin (S, +Sa1) (7.8)
Vbs = rsI bs + Ls pl bs + SDded +an (Snp + Son) (79)
Vcs = rsl cs + Ls pl cs + Schdd +an (Scp + Scn) (710)

By adding the three phase voltage equations (7.8)-(7.10) and eliminating V., and
also using the above equations in a balanced case makes the expressions for the three-

phase input voltages as

V
Vo=rl _+L.pl, +%(2sap -S,-S,) (7.12)
Vi, =0y + Lply, + 9 (s, +25, -S,) 7.12
bs — Is!bs sPls ? ap Sop cp ( )
Vo=rl_ +Lpl +Yu(-s -5 +25) 7.13
s — Tsles sPles ? ap Snp tp ( )
Lipl; =Vy =1l = Ve, (7.14)
L,pl, =V — 1l =Vy (7.15)
CpV,=1,-1, (7.16)
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C,pV, =1, -1, (7.17)

V=V, +V, -V, (7.18)

|, =Sl +Splie + Sl (7.19)

=1 +1,=1 (7.20)

CopVOZIL—IOZIL—\% (7.21)

3 _ Ve (7.22)
R,

7.2.2 Shoot-through State; S,

The shoot-through state of the Z-Source Rectifier is as shown in Figure 7.3. Both
the devices on one or &l the legs are turned ON together. Here the switch Sg is kept
open. In this state, the capacitors are charged. A portion of the conventional null state
period is used up for the shoot-though state. The switching functions of the active state,
shoot-through state and the null state are shown in Figure 7.5. The individual switching

functions of each device including the shoot-through is as shown in Figure 7.6.
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as s |
~—w— n.
Vbs
—O—wn—
VCS
- awn—

Figure 7.3: Shoot-through State of ZSR, S;

The model equations during this state of operation are given as follows

as

V,
Vbs = r.slbs + Lspl bs +%(_ Sap + 28op - Scp)

cs

L1p|1 =T I1 _ch

Lpl, =-n,l, =V,

Clpvclzlz_lL
C,pV, =1, -1,
Vi =0

(Zsap Sy~ SCp)

V,
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(7.23)

(7.24)

(7.25)

(7.26)
(7.27)
(7.28)
(7.29)

(7.30)



:|1+|2_|L

I, =0
=1 =1+,
C,pV, =~
R,

7.2.3 Null State; S,

(7.31)

(7.32)

(7.33)

The Null state of the Z-Source Rectifier is as shown in Figure 7.4. Here the switch

S, isturned ON.

Ver, L
——wn— ]
Vbs
—O—w—
Ves Naae
—o—W

Figure 7.4: Null state of ZSR, S.
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The model equations for this state of operation are given as follows.

V.
Vas = rslas + Lsplas +%(283p _SDP _SCP)

V,
Vbs = r.slbs + Lspl bs +%(_ Sap + 28op - Scp)

V
Vcs = rslcs + Lsplcs +%(_ Sap - Snp + 28cp)

Lpl, =V, -1l -V,

Lpl, =V —rl, -V,
Vy=rl,+Lpl,+V,+rl,+L,pl,

By substituting (7.37) and (7.38) in (7.39), gives (7.40)

Vdd :Vcl +V02 -V,

(o]

CpVv,=1,-1,
C,pV, =1, -1,
| =0
CpV, =1, —2

R
| =1, +1,
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(7.34)

(7.35)

(7.36)

(7.37)
(7.38)

(7.39)

(7.40)
(7.41)
(7.42)

(7.43)

(7.44)

(7.45)



7.3 Averaging Technique

The equations in all the three operating modes can be generalized by averaging

and the equations can be written as the following

Y, Y,
V, = sA(rslas +Lpl, +%(zsap -S, —scp)]+ SB(rSIaS +L.pl, +%(2sap -S, - scp)j

+sc(rs|a5+|_Sp|a5+\%(2sap -S, —scp)j (7.46)

Vv V
Vbs = SA(rslbs + Lspl bs +%(_ Sap +280p _Scp)j-'- SB(rslbs + Lspl bs +%(_ Sap +28[Jp - Scp)}

V
+ Sc(rsl bs + Ls pl bs + %(_ Sap + Zsop - Scp )] (747)

V V

Y R ] (7.48)
L1p|1 = SA(Vdd _r1|1 _Vc2)+SB(_ r1|1 _Vc2)+sc (Vdd _r1|1 _ch) (7-49)
L,pl, = SA(Vdd —hLl, _Vcl)+ SB (_ 1, _Vcl)SC (Vdd —1,l, _Vcl) (7.50)
Cl Vcl:SA(|2_lL)+SB(I2_IL)+SC(|2_|L) (7-51)
Czpvcz :SA(Il_IL)+SB(|1_IL)+SC(|1_IL) (7.52)

V V \/
C,pV, =S, | -2 |+S | -2 |+S. |, ——=2% (7.53)
(- s{R s

I :SA(|1+|2_(Saplas+Snp|bs+scp|cs»+sc(|1+|2) (7.54)
Vdd = SA(Vcl +Vc2 _Vo)+ SB (Vcl +Vc2 _Vo) (755)
In :SA(Saplas+Snp|bs+scp|cs)+SB(|l+|2) (756)
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|, = SA(V—") +S, (V—j +S. (V—] (7.57)
R, R, R,

Equations (7.46)-(7.57) are simplified by grouping the common terms and is

expressed as

Ve =(Sy+Ss + ) Vo ( -S,)

as — \“A B (o] rslas+Lsp|as+? 28ap_snp Scp (758)
V, =(S,+S, +S )(rl +Lpl, +Y8 (-5, +25, -S )j (7.59)
bs A B C s’ bs S bs 3 ap P cp *
V,=(S,+S, +S )(rl +Lpl +\i(—s -S, +2S )] (7.60)
cs A B C s'cs S cs 3 ap o] cp )
L,pl, = (SA + Sc )vdd + (SA + SB + Sc )(_ A _ch) (7.61)
L,pl, = (SA +3c )Vdd + (SA +Ss + & )(_ 1, _Vcl) (7.62)
CiPVy =(Sy+Sa+Sc )1, -10) (7.63)
C,pV,, = (SA +S55 + S )(ll -1 L) (7.64)
CoPV, =(Sy+ Sl +(Sa+ S, + sc)(—ﬂ (7.65)

The switching functions S,, S,,, S, constitute to the active state S,. That is

during the shoot through state and the null state, the three phase currents are zero. Hence

theterm S, can be neglected and (7.54) and (7.56) can be re-written as

IL:(SA+SC)(I1+IZ)_(SapIas+pr|bs+Scplcs) (766)
ln:(Saplas+Snp|bs+scp|cs)+SB(|l+|2) (767)
Vdd :(SA +SC)(VC1+V02 _Vo) (768)
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V
|, =(S,+S; +S. ) =~ 7.69
o =(S\+ +>(Roj (7.69)

The combined equations (7.58)—7.69) can be simplified using the expression

(7.70) and the resulting equations are expressed as shown in (7.71)-(7.82)

S,+S;+S. =1 (7.70)
Vo=rl +Lpl, ﬂ%(zsap -S,-S,) (7.71)
V, =1l +Lpl, ﬂ%(— Sy +2S,-S,) (7.72)
Vo=rl_+Lpl, ﬂ%(— S, S, +25,) (7.73)
Lpl, =(S, + S )V, +V,, -V.) -1l -V, (7.74)
Lpl,=(S,+S. )V, +V,, -V.)-r,l, -V, (7.75)
CopVey =1, = (S + Sc Ml +15) + (Sl s + Sl s + Sl ) (7.76)
CopVe, = 1 =(Sy+ Sl +1,)+ (Sapl s + Sl s + Sipl o) (7.77)
CopV, = (Su+ S )1, +15)~ (Sl ue + Syl + Scplcs)—\% (7.78)
1, =(Sa+ S )1, +15) = (Siplws + Sipl s + Sl ) (7.79)
Vs = (Sa+ S Ve + Ve = V%) (7.80)
= (Supl s + Siplos + Siples)+ Ss (I +15) (7.81)
V
l, :E(: (7.82)
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7.4 Switching Functions of the ZSR

The switching functions of the individual devices are obtained by combining the
switching functions of the conventional boost rectifier and that of the shoot-through state.
A portion of the conventional null state is used for injecting the shoot-through pulses.
The active state S, shoot-through state S, and the null state S, are shown in Figure 7.5.
When S, =1, it refers to the converter being in active state, otherwise the system is
operating in either the null state or the shoot-through state. When S, =1, it refers to the
converter operating in shoot-through state and when S.=1, it implies that the system is

operating in null state. The individual switching functions for the individual devices are

shown in Figure 7.6. These switching functions include the shoot-through pul ses.

Figure 7.5: Switching function (a) Active State, (b) Shoot-through State, (c) Null state
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7.5 Unity Power Factor Operation

The sum of the active state, shoot-through state, and null state switching functions
are equal to unity. The expression is as shown in (7.70).

Since the shoot-through state can be represented as d, the sum of the active state
and the null stateisgiven as

S,+S. =1-d (7.83)

where

d istheaverageof D,

The generalized average model equations in the qd reference frame are given as

shown in (7.84)-(7.94) when the expression in (7.83) is substituted.

Vddqu
Vqs = rsl gs + Ls pl gs + Lsa)el ds + 2 (784)
Vds = rsl ds + Ls pl ds stel gs + Vddg/l = (785)
Liply =V =1l =V, (7.86)
Lopl, =Vg — 11, =Vy (7.87)
C,pV,=1,-1, (7.88)
C,pv, =1,-1, (7.89)
3 Vv,
Co pVo = (1_d)(|1 + |2)_§(M qsl gs + I\/IdsI dS)_K (790)
I :(1_d)(|1+|2)_§(qu|qs+Mds|ds) (7.91)
2
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Vg = ([1-d)V, +V,, -V,) (7.92)

=2 Mol Ml )+l +1,) (.99
V,

I, == (7.94)
R,

The steady state analysis of the Z-Source Rectifier is performed when the
derivative terms of the synchronous reference frame qd model equations are made zero.
To obtain unity power factor, the input reactive power has to be equal to zero. The

equation for the reactive power is

3

Q:E(\/dslqs ~Vl)=0 (7.95)

Now, V, =V, cos(6,, -6,) (7.96)
V, =-V_sin(g, -6,) (7.97)

Where 6., - initial angle of the supply voltage
6, - initial angle of the reference frame

The initial angle of the reference frame is forced to be equal to the initial angle of

the supply voltage
=6, =6, (7.98)

Thisresultsin the gd input voltages to be

Ve =V, (7.99)
V=0 (7.100)

When Q =0 and when V, =0, it automatically implies that

|, =0 (7.101)
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7.6 Conclusion

In this chapter, the Z-Source Rectifier’ s operating modes were explained in detail.
It was seen that there were only three operating states in this case because the switch
connecting the Z-source network and the load was kept open during the shoot-through
state. That switch could have been open during the null state also but it was avoided in
order to make sure that the load was not left open. The averaging technique was
illustrated in detail to obtain the generalized model equations. The simplified dynamic
model equations were derived in the qd synchronous reference frame. The conditions for

unity power factor were derived and laid out.
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CHAPTER 8

ANALY SIS OF Z-SOURCE RECTIFIERS

8.1 Introduction

The Z-Source rectifier can accurately produce the correct volt-sec average at its
output along with simultaneously achieving inductive voltage boosting through careful
control. These performances are obtained at no increase of the number of semiconductor
devices and commutations. Minimal passive elements are utilized in this case. The
characteristics of the model of the Z-source rectifier has to be studied in order to verify
the theory stated.

The steady state analysis is performed while the objective is to achieve unity
power factor. The model equations are combined using the averaging technique and
harmonic balance technique is used to derive the steady state equations. The results of the
steady state analysis are utilized in the dynamic analysis to study the transients of the
system. Eventually the steady state and simulation results verify the proposed theories.

The small signal analysisis performed to study the stability of the system.
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8.2 Harmonic Balance Technique

The equations for the steady state analysis as well as the equation for the ripple
current and voltage in the Z-network can be determined using the harmonic balance
technique. Harmonic bal ance technique for alinear system states that, for a given system,
for example the output will have the same form as the input. That is, both sides of an
equation will be of the same order.

The qd synchronous dynamic equations of the Z-source rectifier are as shown in
equations (7.71)-(7.82). With the assumption that the Z—source network is symmetrical,
such that the currents through the two inductors and the voltages across the capacitors are

equal, the state equations can be re-written as shown in (8.1) and (8.2). The shoot-through

duty ratio D, isaveraged to become d .

Lpl =2@1-d)V, -V,)-r,l -V, (8.1)
CpV,y, = 1(-1+2d)+3M s + Ml ) (8.2
C,pV, =(1-d)l —g(MqSIqS+MdSIdS)—\é‘j (8.3)
where

=1, +1,

Vg, =V, +V,,

The Fast Fourier Transformation (FFT) was performed on the variables and they

can be expressed as shown in (8.4)-(8.12)

|, =Rell o + 1 48'%) (8.4)
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I = Rell o, +1,08%) (8.5)

V,, = RelV,y, +Vye'% ) (8.6)
| =Rell, +1,e'% +1,e"°% +1,e%%) (8.7)
d =Reld, +d.e'**) 8.8)
M = RelM o + M e'*%) (8.9)
M = Re(M o, + M &%) (8.10)
V, =Rev,, +V,e'%) (8.11)
V, =RelV,, +V,.e'*) (8.12)

The equations (8.4)-(8.12) are substituted in the average dynamic equations to

obtain (8.13)-(8.17)
Vo =1 Rell o +1,48'% )+ LpRell o, + 14" )+ Lo, Rell o + 1,8
+%R o V€% JR(M o + M 07 ) (8.13)
Vy =1 Re[l o, +148% )+ L pRell o +148'% )+ Lo, Rell o + 1 4%

¥ % Re(vddo +Vddlej99 )Re(M ot M dSGejGGE ) (8'14)

. . . . R V_.el%
LpRe(l, +1,6/% + 1,6/ +1,6/%% )= 21— Re(d, +d,e/** ){_ Rezi;’m:i;fe jee) )j
—1, Rell, +1,6'% +1,8"%% +1,e%% )-Relv,, +V_,e'%) (8.15)

Cp Re(Vsco +Vscleib’e): Re(l 1% 4] % 4] el )(_1+ 2Re(d0 +d el ))
* 3(Re(M a0+ M qSGejege )Re(l o t l qalejge )+ Re(M w M dseejege )Re(l . dSleJHe ))

(8.16)
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CO pRe(Voo +V01ei5’e): (1_ R do + (316(5,‘1.66’e ))Re(l ot Ilejge + |5ej599 + IGeJGE’e)
_g(Re(M oo ¥ M qSGenge )Re(l w t Iqslejge )+ Re(l\/l

L Relv,, +v,e®) (8.17)
RO 00 ol

66, i6e
+M dsGe )Re(l dso +1 dsle ))

dso

The identity given in (8.18) is used to solve the equations (8.13)-(8.17) to obtain

(8.19)-(8.23).

Re(A)Re(B) = Re(ZAB) ¥ Re('z“B*) (8.18)

VddolvI
—_ gso
Vi =Tl g T LiPl g + Lol g, +T+rS Rel

i6. i6.
s e +L Repl €

gsl

. | 4 Re - |
16e iGe j6e 66,
+ Lo, Rel e/ + L, Rel e +76/dd1|v| €% )+ RV M e

Re
+ 7 (\/ddlM qs6

e”"’e)+%(\/ddlM qsee'jE’HE) (8.19)

Vd = rsI dso + Ls pl dso stel gso +$ + re Rel dslejge + Ls Re pl dSleJHe

. ' ' Re ' '
j6e _ j6e j6e 66,
+ JL.w, Rel e L.w, Rel @€ 7t —2 MdlM 1€ )+ ReV M €

R - R y

# VM ! )+ = VM ™) (820)

Re(vsco Vo t (Vscl ~Va )ejee)
. . | 2d V, +(2d V., -d.V, )e'% -2,V

LpRell, + 1,e™ + 1,/ +1,e°%)=2 _Re +(2dgV,, - 2d v )eJ65e1+ (dev Y Jei"

7 6V sco 6 Y 00 6V scl 6ol

+ (d 6Vsc1 - dGVol )ej55’e
+r, Rell, +1,8/% +1,6/% +1,e%% )-Relv, -V, %) (8.21)
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C Re(pvsco + pv:;clejee + jwevsclejge ) == Re(l ot |1ej9e + I5e1599 + |Gej699)
N R{ZI Jd, +1.d, +(21,dg +21,d, )el*® +21.d.e'% +1,d.e"* +2I SdoeiSHej

+1.d.e™M% +1,d.e™%* +1,d,e’%* +1.d,e*

gs6 " gso gs6 ' gsl qs6 ' gsl
2

dso * dso

3Re[2quolqso+2quolqslejge+2M | eif% oM | el +M | el ]
+

+2M l +2M dsoI dslej'ge +2M d56| dsoejege +M d56| dsleﬂge +M d56| dsleJSHe

(8.22)

C, Re(pV00 +pV, e'% + ja)evolejge): Re(l ,H1.e% ] el + IGejG"’E)

Re 2d0|0 +d6|6 +(2do|0 +dG'5)ej9e +(2do|5 "'dell)ejsge
2 (+(2d,1, +dg1,)e'® +d,1,e/7% +d I &% +d,| "%

i6e 66, 76,
2M ol + 2M | /% +2M ] (€/%% + M ] e

gso ' gso gso ' gsl gs6 ' gs6

3Re - - -
_ 156, i6e 166,
T +M qs6I ®© +2M |, +2M dSOI w€ °t 2M ds,GI 4s6€

dso ' dso

j786, j56,
+Md56|dsle e-'-I\/|d56|dsle )

_Ref, +v ) (8.23)

By separating the average terms from the above equations, the average equations

can be obtained as shown in (8.24)-(8.28)

VddolvI gso
Vqs = rsl gso + Ls pl gso + Lsa)el dso +T (824)
Vds = rsl dso + Ls pl dso Lsa)el qso +% (825)
Lpl, = 2((L-d Ve Voo )) =izl o =V (8.26)
CPVo = 1o (~1+2d, ) + 140 +3(M ool o0 + M i ) (8.27)

C.pv,, =1,0-d,)+ %l ~Sm i +m 1 )- (8.28)
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8.3 Steady State Analysisof ZSR

The steady state analysis is performed when all the derivative terms of the

dynamic equations are zero.

8.3.1 Steady State Analysis Derivation

By substituting (7.100) and (7.101) in (7.84) and (7.85), the g-axis input voltage

and current can be obtained as shown in (8.29) and (8.30).

MV

Voo =Tl g +“Tdd (8.29)
MV

| =%« 8.30

&~ 0L (8.30)

From (7.88) and (7.89), it is known that the Z-network inductor currents are equal
to the output of the Z-network.
I (8.31)
From (7.86) and (7.87), the following expressions are obtained
V, =V, -1, (8.32)
V., =V, -1l (8.33)

Also from (7.90),

(8.34)

I, =

Vo
Ro
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By substituting (8.30) and (8.31) in (7.91), the dc output current of the Z-network

isgiven as shown in (8.35)

_ 3M qu dsVdd
|, = (8.35)
4w,L (1-2D,)
Substituting (8.35) in (8.34),
3M qu dsVdd — V_O (836)

4wl (1-2D,) R,
By substituting (8.32) and (8.33) in (7.92), the output voltage of the rectifier can

be expressed as shown in (8.37)

1-2D
V,=-rl, +V £ 8.37
o L dd(l_D ) ( )

o]
wherer, +r, =r

Substituting (8.37) in (8.36)

(8.39)

3quMdsVdd _ -rl, +Vﬂ 1- 2D0
4wl (1-2D,) R, R |1-D,

Eliminating 1, from the above expression, the product of the g-axis and d-axis
modulation signalsis given as shown in (8.39)

MM _ 4wl (1-2D,)
*® 3r-R)1-D,)

(8.39)

The product of the g-axis and d-axis modulation signals is a constant for a given

value of shoot-through duty ratio as seen in (8.39). Henceisit defined asY .

_4wL,(1-2D, )
3(-R)1-D,)
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Now, M, =ML (8.40)

as
Also the modulation index M isdefinedas M? =M + M § (8.41)
Hence by substituting (8.40) in (8.41), the g-axis modulation signal can be solved
for.
M -M2MZ +Y2=0
The other steady state parameters of the system can be solved for using the above

equations. By substituting (7.77) in (7.76), the g-axis input voltage can be obtained as

26, LV M
o = (8.42)
Y + WL M
Hence the other parameters are obtained as follows
20 LV
Vig = (8:43)
rSIVI ds + weLsM gs
= Ml s =1, =1 (8.44)
- 2@t-2p,) ' 7 '
V., =1 R, (8.45)
V.=V, -rl, (8.46)
3
| ZE(MQSIQS)+2DOIL (8.47)
I, =1, (8.48)
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8.3.2 Steady State Results

The steady state results shown are obtained by using the parameters shown in
Table 8.1. To illustrate the relationship between the g-axis and d-axis modulation signals,
four different values of modulation index, m = 0.6, 0.7, 0.8, 0.9 has been used. It is seen
from Figure 8.1 - Figure 8.4 that for a reasonable output, the values of the g-axis
modulation signal is large compared to that of the g-axis modulation signal while the

shoot-through duty ratio D, is varied from its minimum to its maximum. All the other

parameters are plotted for four different values of the modulation index, namely m = 0.6,

0.7,0.8,and 0.9.

Table 8.1: Parameters used in the steady state analysis and their values

Parameter Value
V,, 180V
r, 05Q
L, 2 mH
f 60 Hz
R 50 Q
r 0.24 Q
L 3.615 mH
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Figure 8.1: Relationship between M , and M, for m = 0.6 for varying D,
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Figure 8.2: Relationship between M, and M, for m = 0.7 for varying D,
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Figure 8.5 shows the input supply power P, for the four different values of the
modulation index. Figure 8.6 shows the input current to the Z-source network |, which
is also the output dc current of the rectifier. Figure 8.7 illustrates the input power factor
for the Z-source rectifier. It is seen that the input power factor is always one for all the
operating conditions. Figure 8.8 shows the output load power P,. Theload used hereis a
resistive load. Hence the relationship between the power and voltage is given as
P, =V,I,. Figure 8.9 shows the Z-source network capacitor voltages. V, V,,. It is seen
that for lower values of the modulation index, the capacitor voltages are higher. Figure
8.10 explains the behavior of the inductor currents in the Z-source network 1, I,.A
similar trend compared to that of the capacitor voltages is seen in this case also where as

the modulation index increases, the inductor current decreases. Figure 8.11 shows the g-

axisinput current | .. Figure 8.12 shows the plots of the dc current coming out of the Z-
source network |, . Figure 8.13 illustrates the behavior of the load voltage V,. Figure

8.14 shows the behavior of the dc input voltage to the Z-source network V,, .
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Figure 8.6: Input current to the Z-network, |, for various values of m while varying D,

at 50 Q load resistance

187



1.8+ b

161 b

1.4+ B

1.2+ B

R LA s i SIS 4

Power factor
=

0.8F J

0.4+ B

O L L L L L L L L L
0 005 01 015 02 025 03 03 04 045 05

D
o

Figure 8.7: Input power factor for various values of m whilevarying D, at 50 Q load

resistance

2000,

1800 .
1600 .
1400F © % ,
1200.- N ,

0 1000} * ¥ .

800
600/
400} o 1

200 - * B

O 1 1 L 1 1
0 005 01 015 02 025 03 035 04 045 05

D
o

Figure 8.8: Output load power, P, for various values of m whilevarying D, at 50 Q

|oad resistance

188



650

600 - .
< m=0.6
550 - - 1
S * *
*
> 500} e xEEET 1
B . m=0.7
> . * ¥ * * -+ < I .
450 - . .
F % *
***********i** m=0.8
400 1
%******************ﬁ* m=0.9
350 | | | |

L L L L L
0 005 01 015 02 025 03 03 04 045 05

D
o

Figure 8.9: Capacitor voltages V_,, V., of the Z-network for various values of m while

varying D, at 50 Q load resistance

12
10 - B
%
*
* * oy < m=0.6
*
* % *
gL Fr4 * < m=0.7 7
* % *
e R m=0.8
* % * *
-~ 5l **** i*¥ * m=0.9 i
= *%}K g 7&*
+ * .
4l + i
*
2, -
L L L L

O L L L L L
0 005 01 015 02 025 03 03 04 045 05

D
o

Figure 8.10: Inductor currents 1, |, of the Z-network for various values of m while

varying D, at 50 Q load resistance
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8.4 Simplified Model Equations

The simplified model equations of the Z-source network in the gd synchronous
reference frame can be written as

(1_ D, )(Vcl +V,, -V, )M as

Vqs = rsl gs + Ls pl gs + Lsa)eI ds + 2 (849)

Vds = rsl ds + Ls pl ds stel gs + (1_ DO )(VCl +2V62 _VO)M & (850)

L,pl, = (1_ D, )(Vcl +Ve, _Vo)_ Ll —Ve (8.51)

L2 pl 2 = (1_ Do)(vcl +Vc2 _Vo)_ Il 2 _Vcl (852)

Cl chl = |2 - (1_ Do)(ll + |2)+2(M qSI gs + '\/IdsI ds) (853)

3
C2 pvcz = Il _(l_ Do)(ll +1 2)+§(M qsl gs + MdsI ds) (854)
3 \
c:0 pVo = (1_ Do)(ll + l 2)_E(M qsl as + Mdslds)_ﬁi (855)
3

IL :(1_ Do)(|1+IZ)_E(MqSIqs-l_Mdslds) (856)

Vg = (L= D )V +V,, -V,) (8:57)

In :g(qulqs+Mds|ds)+Do(ll+IZ) (858)
\Y

| === (8.59)
R,

where S, +S. =1-D, (8.60)

snce S, +S; +S. =1

192



Equations (8.49)-(8.60) are used for the simulation of the Z-source rectifier. The
results for the system when a resistive load of 50 Q and a shoot-through duty ratio of
0.15 are used are as illustrated in Section 8.3.2. The system simulation is performed
under unity power factor operation. Here, the results of the g-axis and d-axis modulation

signals are obtained from the steady state results and are used in the ssimulation.

8.4.1 Simulation Results

The simulation of the system mode is performed in MATLAB/SIMULINK and
the results are as shown below. Figure 8.15 shows the three-phase input currents

| o loss |- Figure 8.16 illustrates the concept of unity power factor. Here the input

phase voltage and the input phase current is shown on the same plot. It is seen that the
zeroes of both the curves are the same. Hence unity power factor is achieved through the
proposed method. Figure 8.17 shows the load output voltage of the Z-source rectifier
when a resistive load of 50 Q is used. Figure 8.18 shows the behavior of the input dc
voltage to the Z-source network. Figure 8.19 shows the load dc current for the resistive

load. Figure 8.20 shows the input dc current to the Z-source network which is also the

output current of the rectifier.
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Figure 8.17: Load output voltage V, of the Z-Source Rectifier
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Figure 8.18: Input voltage to the Z-source network V,,
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196



8.5 Small Signal Analysis

The smal signa analysis is performed by state space averaging which is

performed as follows.

8.5.1 Derivation of Characteristic Matrix

The characteristic matrix is represented as A and it is used to study the stability
of the system.
L et the state equations be of the form
x = f(xu)
where
X = state variable
u =input variable
A small change is introduced in all the state variables and they are simplified in
order to get the expression as shown below.
AX(s) = AAX(s) + BAu(s) + DAg(s) (8.61)
where x - equilibrium (dc) state vector
e - equilibrium (dc) control vector
u - equilibrium (dc) input vector
A, B,D - co-€fficient matrices

The assumptions used in this section are
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5=1-D, (8.62)

VCl +V02 :VS’J

The state equations are given from (8.49)-(8.59) as

1-D_)V, +V_, -V M
Pl =Li(vqs ol Ll - S +2 oM gy
pl ds = Li(vds - rsl ds + stel gs - (1_ DO )(VC1 +2VC2 _VO)M = (864)
1
pl, = L_((l_ Do)(vcl +Ve, _Vo) -l _ch) (8.65)
1
1
pl 2 = L_((l_ Do)(vcl +Vc2 _Vo)_ r2| 2 _Vcl) (866)
2
1 3
pvcl :E(I 2 _(1_ Do)(ll + |2)+§(M qsl gs + I\/IdsI ds)j (867)
1
1 3
chz = C_(ll _(1_ Do)(ll +1 2)+§(M qsl gs + Mdsl ds)j (868)
2
1 Vo
pVo :_((1_ Do)(ll + |2)__(M qsl gs + Mdsl dS)_KJ (869)
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By using the assumptions mentioned in the above state equations

V.-V M
pl g = Li(vqs —Tgl g — Loyl g —5% (8.70)
— 1 (Vsc _VO)M ds
pl ds — Vds - rsl ds + stel o 0—>——= (871)
L. 2
1
pl 1 :L_(J(Vsc _Vo) - rll 1 _ch) (872)
1
1
p|2 :L_(d(vsc _Vo)_r2|2 _Vcl) (873)
2
1 3
chl:C_(lz_d+E(qu|qs+Mds|ds)j (874)
1
1 3
pvcz :C_(Il_d +E(qu|qs+Mds|ds)J (875)
2
1 3 V
pVo:C_(d _E(qulqs_i_Mdslds)_Ei] (876)
Adding (8.72) and (8.73)
p(l, +1,)=pl
pl = %(Z(Vsc _Vo )5_ r12I _Vsc) (878)
Adding (8.74) and (8.75),
p(Vcl +Vc2) = pvsc
V.. = < (1200 + A1+ ML) ©79)

By perturbing the above equations using the following expressions to bring in a

very small change, (8.80)-(8.84) is obtained.
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V, =V, +AV,

V, =V, +AV,

I =1,+Al

o~ oo o

I = lye T Al
Vi =V T AV
V, =V, +AV,
M =M +AM
M, =M, +AM 4
0=0,+Ad
By substituting the above equations in the state equation and ignoring the dc

terms as well as the second order terms gives the following set of equations

1 1
1 AVqs - rsAl o a)eLsAl ds E(a—ovsco - a—0\/00 )AM o EO—OM qsoAVsc

pAI g
L., 1 5 1 ( )A 5
+ E OM qsoAVO - E VSCOM gso _VOOM gso
(8.80)
1 1
1 A\/ds - rsAI ds + W, LsAl s A (Jovsco - 50\/00 )AM ds A a—0 M dsoAVsc
2 2
pAl ds — L_ 1 1
|t E 50 M dsoAvo - E (Vsco M dso _Voo M dso )AJ
(8.81)
1
pAl = I(— r,Al +(20, ~1)AV, -25.AV, +2(V_, -V, )AJ) (8.82)

200



pAV, == ((1-25,)A1 =21 A5 +3(M LAl +M Al +1 A +1,AM )

sC

O|r

(8.83)

1 3 AV,
pA 0o — C_(JOAI +1 OAJ_E(M QSOAl as +M dsoAI ot I QSOAM as +1 dsoAM ds)_ﬁj

(8.84)
Equations (8.80)-(8.84) can be written in the form of a matrix. The simplified

matrix equation of the Z-source rectifier model is as shown in the next page.
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PAI
PAl 4

pAl
pAV,
pAV,

_Ts -, 0 _5°quo 50Mq90
L, 2L, 2L
w, _Is 0 OMay  OMas [ Al as
L, 2L, 2L | Al
0 0 B |r1T2 (250L -1) 250 Al
My, M, (1-27,) 0 0 AVe
C C C LAV, |
_ 3M gso 3M 4 ﬂ 0 - i
C, C, C, R.C, |
— 1 1 n
- = (8V_, -6V 0 - VoM o =V, M
2'—3 0V sco o oo) 2Ls ( sco” " gso 00 qso)
0 _i(dvsco_JOVOO) _i(vsco'vldso VOOMdSO)
2L, 2L,
L
3l o 3l _ 2,
C C C
3l 3l 1y
2C 2C, G, ]
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Here the A matrix is known as the characteristic matrix. The characteristics and

the eigen values of the system model can be obtained from this matrix. In the system

described, the characteristic matrix is given as

T W _OMy M,
L, ° 2L, 2L,
a)e _r_s 0 _50Mdso Jonso
L, 2L, 2L,
0 0 e (26,71 29, (8.86)
L L L
3M gso 3M dso (1_ 250) 0 0
C C C
My M, G, 0 1
C, C, C, R.C, |
1 1 |
-—\(0 V., —-9oV 0 -—WV. M _-V M
2'—5( 0V sco o oo) 2'—3( sco' V' gso 00 qso)
1 1
0 -—\0 V., -0V -—\WV M-V M
2'—5( 0" sco o] oo) 2'—5( SCo dso 00 dso)
0 0 2(Vsco _Voo)
L
3l gso 3l dso _ 2| 0
C C C
_ 3' gso 3| dso I_o
2C, 2C, C, |
(8.87)
LR
Ls
0 L
L, (8.88)
0O O
0O O
0 0]
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8.5.2 Stability Analysis

The state equations are represented in the form of a matrix equation after the
small signal analysis has been performed as shown in (8.85). The characteristic matrix is
used to study the stability analysis of the Z-source rectifier. The characteristic matrix is
shown in (8.86) and is utilized to determine the eigen values of the system. The rea part
of the eigen values are plotted against the imaginary values of the eigen values for each
of the state variables as one of the control parameters are varied. In this case, the shoot-
through duty ratio is varied from 0 to 0.2. The rea part of al the eigen values of al the
state parameters should be less than zero in order for the system to be stable. Figure 8.21
shows the plot of the eigen values of the Z-source rectifier for varying shoot-through duty

ratio.
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©
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Figure 8.21: Eigen values of the state variables of the Z-source rectifier
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It is seen that the real part of the eigen values of the state parameters are negative
in this case. Hence for the given operating conditions, it can be concluded that the Z-

source rectifier is stable.

8.6 Conclusion

The steady state results under the condition of unity input power factor was
shown for a resistive load. The system parameters were plotted for various values of

modulation index while varying shoot-through duty ratio D, from zero to its
corresponding maximum. It was noticed that as the shoot-through duty ratio, D,

increased, the ripple in the circuit increased. The simulation results showed the system’s
behavior under transient conditions as well as loaded operating conditions. The small
signal analysis was performed and the characteristic matrix was obtained in order to
perform the stability analysis of the system. The eigen values were obtained and plotted

to show that the system was stable.

205



CHAPTER 9

DESIGN OF CONTROLLER FOR Z-SOURCE RECTIFIER

9.1 Introduction

This chapter explores the control scheme for the Z-source Rectifier using a
feedback linearized method with decoupling. Here the strategy is to obtain linear
approximation of the relationship between input and output control variables with each
output-input pair decoupled from each other

Converters designed using reduced active semiconductor devices can be of
interest to the industry because of their lower cost and enhanced reliability linked to their
less complex gating and control circuitries. Despite their ssimplicity, most of the reduced
component count inverters reported to date can only either perform voltage-buck or boost
operation with buck-boost operation usually attained by adding additional actively
controlled dc-dc converters. Although effective, the adding of dc-dc converters
introduces additional active switches, which somehow dilute advantages associated with
a reduced component count topology. There are three control variables in the case of the
Z-source rectifier. Hence three variables can be controlled. It is advantageous to control
the variables of the system using the given control variables itself. This further reduces

the size and the component count of the system model.
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9.2 Input-Output Linearization

The control scheme for the dc voltage is set forth with the help of the input-output
linearization technique which enables the linearization and decoupling of the model
equations in the synchronous reference frame. It can be observed from the system model
equations that the Z-source rectifier is a non-linear model where the parameters are
coupled with each other. Therefore, isit obviousthat it is not easy to design the controller
and study the behavior of the outputs by using the input signals. This problem can be
overcome if a direct and simple relationship between system inputs and outputs can be
found.

Input-output linearization and decoupling technique algebraicaly approximate a
nonlinear system dynamics into that of a linear system and decouple the coupled terms.
The smplest form of feedback linearization in order to obtain the closed-loop dynamics
in linear form is to cancel the nonlinearities in a nonlinear system so that the. The input-
output linearization method of controlling a system is one of the methods for nonlinear
control design. The fundamental idea is to transform a nonlinear system into a fully or
partly linear system. After that is done, any of the traditional linear control techniques can
be applied for the design of the controller. The input-output linearization method with
decoupling is used to remove the non-linearity and coupled terms which permits the
classic linear system control methodology to be used to determine the parameters of the
controllers. This method is possible since the input-output linearization and decoupling
strategy ensure the linear relationship between the input control variables and the output

controlled variables with each output-input pair decoupled from each other.
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9.3 Control of the Z-Sour ce Rectifier

The scheme of using a cascaded controller is divided into two sections: the

derivation of the algorithm of the system and derivation of the controllers.

9.3.1 Algorithm of the Cascaded Control Scheme

The Z-Source rectifier controller equations are derived and are illustrated as
follows.

The following are the assumptions made for easier understanding

5=1-D. ©.1)
=1, +1, 9.2)
V,.=V.+V_, -V (9.3
cc cl c2 (o]
Vsc :Vcl +V02 (94)
=0 =", (9.5)
Lol=t 96)
c=c, =C, ©.7)

If the parameters are assumed to be measured values, then they become
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c=C
C, =C,
R =R

The state equations are given in Chapter 7 in (7.58)-(7.64). By using the

assumptions (9.1)-(9.7), the following expressions are obtained.

_ Vdd M gs
Vqs - rsl gs + Ls pl gs + stel ds + 2 (98)
Vds = rsl ds + Ls pl ds stel as +Vdd—2/|ds (99)

Lp(ll + |2) =Lpl = Zd‘/cc _r12|1 - r12| 2 _Vcl _ch
Lpl = 25\/CC - I’12| —VSC (9.10)

Cp(vcl +Vc2): Il + I2 _25(|1 + |2)+3(qu|qs + Mdslds)

CpV, =1 -2d +3M |, +Myly)

CpV, =(1-20) +3M | o + Ml ) (9.12)
3 V,
vao =d _E(qulqs-l_MdsIds)_E (912)

The seven state equations are simplified to five state equations in (9.8)-(9.12).
The like terms are combined in order to eliminate the coupling in the equations and the

controllers are defined for each state equation and is givenin (9.13)-(9.17).
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Hence, by using the measured values, the state equations can be represented as the

following.
. " " a\/cclvlqs
rs Iqs + Ls pl gs :Vqs - Ls a)el ds 2 = aqs (913)
rslds+ Ls plds :Vds+ Lsa)elqs_%:ads (914)
Lpl +r,l =20, -V, =0, (9.15)
CpV, =(1-20) +3M I +Myly)=0, (9.16)
C,pV, + =4 —S(qulqs+MdsldS):ao (9.17)
R,

The dc output load voltage V, and the sum of the capacitor voltages V. in the Z-
network V. are controlled in this scheme. In addition to these a unity input power factor
is also achieved which means that the d-axis input current is forced to be zero. The
reference values of the output load voltage V, and the sum of the capacitor voltages are

specified by the user.

The Pl controllers are defined as

aqS = kq (I ;s - Iqs) (918)
T4 =Ky (I o Ids) (9.19)
o, = |(I*_|) (9.20)
o, =k -v,) (9.21)
7, =k,(V; -V,) (9.22)
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Hence when the output load voltage and the sum of the capacitor voltages
reference values are known, the controllers o, and o, are known. Also, when unity
input power factor is required, |, =0. Equations (9.16) and (9.17) are solved assuming
that the d-axis input current is zero for the reference value of the sum of the Z-network
inductor currents.

" =0, +20, (9.23)

When the reference value of the sum of the Z-network inductor currents is
obtained, the controller o, is obtained from (9.20). When the inductor current controller
is in action, the reference value of the shoot-through duty ratio is obtained from (9.15)
when V, =V_ -V, isassumed.

_ T tVe (9.24)
2V - V,)
Therefore, the shoot-through duty ratio is obtained from (9.1) and (9.24). The -
axis input current reference value can be obtained from the (9.17) and is given by the

expression (9.25)

| ;S = 2(6(0-0 ;_'\ja()) B 00) (925)

gs

Now that the reference values of the g-axis and d-axis input currents are known,

the controllers o, and o, can be determined from (9.18) and (9.19). The derivation of

the controller gains is given in the following section. The reference vaues of the g-axis
and d-axis modulation signals can be obtained from (9.13) and (9.14) as

2 N
M gs = W(Vqs - Ls a)el ds O'qu (926)
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2 N
Md = W(Vds + Ls a)el s a-dsj (927)

S
cc

Now that &~ isknown, the value of g can also be determined.

0 =1-D,

o]

=0 ﬂ—((l—a)(l—@ﬁ

Also, o=1--t_9 1 (9.28)

9.3.2 Derivation of the Controllers

The controllers are defined in Equations (9.18)-(9.22). The design of the
controller parameters is a vital part of control system determination. There are different
types of controller structures. Namely

» Proportional controller (P)

* Proportion-Integral controller (Pl)

» Integration-Proportiona controller (1P)

* Proportional- Integral-Derivative controller (PID)

» Proportion-Derivative controller (PD)
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The stability constraint has to be considered for the design of the controller. The
parameters design is brought about by the Butterworth method, in which the gain
parameters are selected to locate the eigen-values of the transfer functions uniformly in
the left half of the s-plane, on acircle of radius w, , with its center at the origin [B.8]. The
second order Butterworth polynomial can be expressed as

p? ++/20, p + & (9.29)
The pole placement method used in this design is called the Butterworth method. The
dynamic response of the controller is determined by the value of w, . In a control system
with multiple controllers, the values of «, for different controllers must be properly
selected and designed. Generally, the inner loop controller should have avalue of «, 10
times greater than that of the outer control loop. The poles are evenly distributed around
the circle whose radius is ), . The diagram of pole placement for a second order system

isshown in Figure 9.1.
Among the steps to design the controller firstly the transfer function of the
controller is obtained, then the denominator of the transfer function is compared with the

Butterworth polynomia which is given in (9.29). When the value of w), is specified, the

controller parameters are obtained since the Butterworth polynomial is expressed only in

term of w, .

The design methodology of the Butterworth method requires that none of the
terms in the denominator are zero. This leads to a limitation for the controller

determination. The absence of any term in (9.29) leads to the conclusion that w, has to

be zero, which yields unreasonable controller parameters.
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Pole 1

45°

Figure 9.1: Diagram of pole placement using Butterworth method

On the other hand, zero value for «w, means that the poles of the controllers

overlap the original point, which makes the system unstable for practical purposes. The
zeros of the transfer functions also greatly influence the system performance. When any
zero of atransfer function of a system has positive real part (the system is non-minimum
phase), the closed-loop performance is compromised as the right half-plane zero induces
additional phase shift of -180. The determination of controller parameters should ensure
the minimum phase system requirement [T.6].

The transfer functions of the controller parameters are obtained as follows

From (9.16), the controller is aso defined as

CpV, =0, (9.30)

By equating (9.21) and (9.30), we get
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where

K. =Kpe + k—g is defined as the PI capacitor voltage controller gain

The transfer function of the sum of the capacitor voltagesis obtained as

V pkpc + kic

= 9.31
Vsc p2C + pkpc + kic ( )

By comparing the denominator of the transfer function which is known as the

characteristic equation with the Butterworth’s second order polynomial, the controller

gains can be obtained as

k. =72w,C (9.32)
k. = w’C (9.33)

Similarly the output voltage controller gain constant can be determined

From (9.17), the controller is also defined as

" V
C,pV,+—=>=0, (9.34)
R,

By equating (9.22) and (9.34), we get

CAo pVo + \{\0 = ko(vo* _Vo)
Ro

where

Ko =Kpo + Ko is defined as the PI output voltage controller gain
p

The transfer function of the output |oad voltages is obtained as
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— pkpo + kio

k A
° p2+p71 +-2 +&
RC, C,) G,

(9.35)

VO
V*

By comparing the denominator of the transfer function which is known as the
characteristic equation with the Butterworth’s second order polynomial, the controller
gains can be obtained as

K =+2wC, -+ 9.36
po = V200, R (9.36)

kio = wgco (937)

From (9.14), the controller is also defined as

A

r Ids + Ls pl ds = Uds (938)

S

By equating (9.19) and (9.38), we get

n

rslds+Ls plds:kd(lds_lds)

where

Ky =Ky +ki is defined as the PI d-axis input current controller gain
Y

The transfer function of the output load voltages is obtained as

k_ +k
P T K (9.39)

lds:
*
I

Kk k.
ds 2 4 ri+ﬂ + d
P D(L L j L

S S S

By comparing the denominator of the transfer function which is known as the
characteristic equation with the Butterworth’s second order polynomial, the controller

gains can be obtained as
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Ky = \/fa)OLS — I

(9.40)
ka = @i L, (941)
From (9.15), the controller is also defined as
Lpl+r,l =0, (9.42)

By equating (9.20) and (9.42), we get

Lpl+r,1 =k (1" -1)

where

ki =k, + L% is defined as the Pl sum of the Z-network inductor currents
p

controller gain

The transfer function of the output load voltages is obtained as

1 Pk +K; (9.43)
I* p2+pr172+k7pI +ki |
L L L

By comparing the denominator of the transfer function which is known as the

characteristic equation with the Butterworth’s second order polynomial, the controller

gains can be obtained as
ky =v2aw,L-r,, (9.44)

; (9.45)
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From (9.13), the controller is aso defined as

n

Folg L Pl =0 (9.46)

g

By equating (9.18) and (9.46), we get
ol +Lople =k (1 -1.)
where

k.
K, =Ky +— s defined asthe Pl g-axis input current controller gain
p

The transfer function of the output load voltages is obtained as

(9.47)

By comparing the denominator of the transfer function which is known as the
characteristic equation with the Butterworth’s second order polynomial, the controller

gains can be obtained as

Kog =v2w,L, — 1, (9.48)
kq = &L (9.49)

When the system is put together, the block diagram of the controller system is

formed. It is shown in Figure 9.2.
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Z-Source
Rectifier

Figure 9.2: Block Diagram of the Z-source rectifier control scheme

9.3.3 Relationship Between L oad Voltage and Capacitor Voltage

The output load voltage can be written in terms of the capacitor voltage and the
expression is derived as follows.

From (6.65), the input dc voltage to the Z-network is given as

Vg = (L= D )V +Ve, -V,)

The same equation is re-arranged to obtain the load voltage equation

Vo :Vcl +V02 - 1VddD

[o]
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Vag (9.29)

= 2\/C -4
1-D,
Also, V, =V, +r1,1, (9.30)
By substituting (9.30) in (9.29), we get
V :2\/ _Vc+r12|L
[0} [ 1_ D0
- -V +
- (1 DO )ZVC Vc r.12| L (931)
1-D,
Re-arranging the above equation leads to
1-D =l
Vc - ( 0)\/0 r12 L (932)
1-2D,

If the resistance is negligible, then the ratio between the load voltage and the

capacitor voltageis given as

1-2D
0 (9.33)

<|<

To get an idea of the relationship between the load voltage and the capacitor

voltage, (9.33) isuseful. It is considered while cal culating the reference val ues of the load

voltage and the sum of the capacitor voltages.

9.3.4 Z-Sour ce Rectifier Controller Results

The controller system for the Z-source rectifier was tested using

MATLAB/SIMULINK software. The controller is introduced at 0.06 seconds of the

simulation. The three parameters for control in this case are the output DC voltage, the
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sum of the Z-network capacitor voltages and obtaining the unity input power factor. The
reference output voltage V. is 250 V and the reference sum of the capacitor voltages V_,

is 500 V. The input three-phase voltage is 180 V peak. Figure 9.3 shows the reference
output voltage as well as the controlled output voltage when the controller is introduced
in the simulation at 0.06 seconds. Figure 9.4 shows the reference sum of the Z-network
capacitor voltages and the controlled sum of the Z-network capacitor voltages. Figure 9.5
shows the input phase ‘a voltage and ten times the input phase ‘a current. They are in

phase with each other and hence it shows that unity input power factor has been achieved.
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Figure 9.3: Controlled output voltage
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9.4 Conclusion

This chapter dealt with the control schemes of the Z-source rectifier. The
cascaded control scheme was demonstrated in the case of the Z-source rectifier. The
proposed block diagram of the controller controlling the output DC voltage, the Z-
network capacitor voltages and the unity input power factor was shown. It was validated
with simulation results performed in MATLAB/SIMULINK. Hence it was shown that the
cascaded control scheme proposed for the Z-source rectifier can be implemented

practically.
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CHAPTER 10

DESIGN OF CONTROLLER FOR INDUCTION MOTOR

DRIVEN BY A Z-SOURCE INVERTER

10.1 Introduction

Induction motors have been widely used in the industrial drive system as a means
of converting electric power to mechanical power. With the development of the vector
control technology, the induction machine drive systems offer high performance as well
as independent control on torque and flux linkages. Furthermore, it is possible to drive
the induction machines above their rated speed through flux weakening, which also finds
a lot of industrial applications. The major applications include pumps, fans, electric
vehicles, machine tools, robotics, and many kinds of electric propulsions. The vector
control isreferred for controlling both amplitude and phase of the AC excitation. And the
vector control of voltages and currents results in the control of spatial orientation of the
electromagnetic fields in the machine, which leads to the field orientation. It is usualy
desired to have the 90° orientation between the MMF due to the armature current and the

field.
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10.2 Vector Control of Induction Machine

There are different types of control schemes available for the induction motor

drives. Namely
« scalar control
« direct torgque control
« adaptive control
 vector or field-oriented control.

In this section, the vector control is discussed. In the case of induction machines,
the rotor flux oriented control is usually employed in the case of induction machines,
although it is possible to implement stator flux oriented and also magnetizing flux
oriented control. The stator and rotor flux linkages of the induction machine are
necessary to implement the vector control method. Then again, there are different
methods to obtain the flux linkages. The field oriented induction machine drive systems
are classified into two categories

« direct field-oriented system with flux sensors
« indirect field-oriented system.

The vector control of voltages and currents result in the control of spatial

orientation of the electromagnetic fields in the machine, which leads to the field

orientation. As the name suggests, it controls both amplitude and phase of the AC

excitation.
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10.2.1 Derivation of Indirect Vector Control of Induction Machine

In the indirect vector control of induction machine, the Z-source inverter has to
drive the machine so that the dlip frequency can be changing according to the particular
requirement. Assuming the rotor speed is measured, the dlip frequency is derived from

the rotor voltage equations. The rotor voltage equations in the synchronous reference

frame are
0=r,1, +pA, +(w, - @ ), (10.2)
0=r1, +ply — (@ -w ), (10.2)
where

The dlip frequency is given by the difference between the supply speed

and the rotor speed.
S W =W W (10.3)
The g-axis and d-axis rotor flux linkages are defined as
/Tqr =L1I ,']r +Lol g (10.49)
Ay =L, +L (10.5)
In the rotor flux control,
Ay =0 (10.6)
By substituting (10.6) in (10.1)-(10.2) and (10.4) yields
O=rl,+ (w, - )N, (10.7)

0=r1, +pl, (10.8)
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0=L,1, +Lylg (10.9)

r-q

From (10.9) and (10.5), the g-axis and d-axis input currents to the induction

machine are obtained as
A e

a = L

r

| (10.10)

/]Idr - I-ml ds

r

= (10.11)

Idr

By substituting (10.10) and (10.11) in (10.7) and (10.8), we get the slip frequency

and the derivative of the d-axisrotor flux linkage

rrleI S
@, =@, =0 == 3 (10.12)
r’tdr
pA, = ﬂ'(%} (10.13)

L2
L,=L —-— (10.14)
LI’
rlm
r=ry+-—r (10.15)

r

The voltage equations of the induction machine can be rewritten as

Voo = M L Pl + @yl — 20 1, + “’L.L”‘ A, (10.26)

Vo =l + L, pl —@ Lyl - rfL',‘zm A, - wlf_!‘m A, (10.17)
ro S A :

0= A + Py =g+ (@~ Wy (10.18)

r r
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ro. .oorL .
OZL_r'rAdr+pAdr_rL—'rm|ds_(we_a)r)Aqr
T, = 3n

4L

r

LAy =iy )

qgs’ 'dr

By using (10.6), Equations (10.16)-(10.20) yield

w L

— r—m 3
rIq:s-l_l-aplqs _Vqs_wel-alds_ L /]dr
r
— rr'Lm '
rIds-l_l-aplds _Vds+we|-a|qs+ 2 /]dr

r

ro. . rL
T+ Pl =
L PAy L

r r

lds

_3PL,
= e

The rotor speed equation is given as

o = Dk, )

e'gs
The control scheme is derived from the above equations.
O =t + L ply =k (I - 1)

st = rl ds + LU’ pl ds = kds(l ;s - Ids)
Now, the reference g-axis and d-axis currents are defined as

l ;s = kdr (/];r - Adr )
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(10.21)

(10.22)

(10.23)

(10.24)

(10.25)

(10.26)

(10.27)

(10.28)



1=k, (0 —w) (10.29)

K s Kas» Kg @nd k,, can be any type of controller.

The desired g-axis and d-axis stator voltages are calculated based on the input-

output linearization technique which is given by

* a) L .

Vg =0 @l + S A, (10.30)
) rL. .

Vds =04~ weLUI gs _%Adr (1031)

r
When the reference g-axis and d-axis stator voltages are known, the Z-source

inverter equations can be brought in

. . \M

Ves = (\/ M ;s +Mg +D, Xvsc ~Va )Tq (10.32)
. 5 3 . < \M 4

VdS = ( M §s +M dzs + Do Xvsc _Vdd) 2d (1033)

The desired sum of the capacitor voltage is specified and hence o, is known

sinceit isdefined as
o, =k[V. -V..) (10.34)
Thisyields the reference Z-network inductor currents to be
" =0, +2l, (10.35)
Hence the controller o, is determined through the expression
o =k -1) (10.36)

Therefore the reference dc voltage supplied to the Z-network circuit is given by

the expression
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V. =%(0, -V,) (10.37)

When V,, is known, the shoot-through duty ratio of the Z-source inverter is

obtained from the expression (10.38)

2 . (VAR
D= |V, -V, =T 10.38
° TV —1l (dd © 5 2] ( )

sC

By substituting (10.38) in (10.32) and (10.33), the desired stator voltages can be

obtained as
. 2 . Ve rl’ . \Mg
Vo =[ M2 +M2 + A s s J V2 —vdd)Tq (10.39)

* 2 * V;: rl* * * M S
Vds: \/M§s+M§s+ ViR Vdd _Vdc_7_7 ] (Vsc _Vdd) 2d (10-40)

Hence the three control parameters are obtained and the block diagram of the

control schemeisas shown in Figure 10.1.
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Figure 10.1: Proposed indirect vector control scheme for the induction machine fed by

the Z-Source Inverter

10.3 Conclusion

This chapter dealt with the control schemes of the induction motor fed by the Z-
source inverter. The indirect vector control scheme was proposed for the induction motor.

The block diagram of the control scheme was shown.
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CHAPTER 11

HARDWARE IMPLEMENTATION

11.1 Introduction

This section of the chapter presents the design details of the three-phase Z-Source
converters. In the laboratory a three-phase Z-Source Inverter is being built. The primary
purpose of the prototype is to verify the analytical and control agorithms that are
developed in this thesis. The prototype built is flexible and robust enough to conduct the
experiments. The prototype can be used both as an inverter and also as the rectifier. There
are severa steps involved in implementing the hardware.

* Inverter design.

» DSP coding using the code composer studio.

» Designing thelogic circuit to inject the shoot-through pul ses.
» Designing the inductors used in the Z-network.

The implementation has been carried out on a three phase, 1 hp, 60 Hz induction
machine, using the TM S320LF2407A floating point DSP with 40 MHz cycle frequency.
This chapter also explains how the simple gates are used to implement the logic circuit
developed in order to bring in the shoot-through pulses. This chapter also gives a

description of the types of switches and diodes used in constructing the converter.
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11.2 Inverter Design

This section deals with requirements of the inverter and the IGBT used in this
case. In the case of the Z-source Inverter, a diode is used which connects the dc power
supply to the Z-network. The type of diode used and the rating of the same is aso

mentioned.

11.2.1 Inverter Specifications

The requirements of the inverter are given as follows

Voltage rating of 200 V dc input
* Current rating of 10 A
» Switching frequency of less than 50 KHz. In this case, 10 KHz switching
frequency is used
» All the devices used in the construction of the inverter are isolated and
have separate gate driving circuits
The assumptions in the design of the inverter are that for this case, a separate
short circuit protection is not necessary since the Z-network acts as a protection circuit
automatically. The control signals for this inverter are through an externa source like
DSP or micro-controller. Power devices and clamping diode selection are among the

important selection criterions. The other important tasks in the implementation of the
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inverter are building the power circuit, building driving circuit board, and to build the

power supplies for the driver circuits.

11.2.2 IGBT Selection

The IGBT required for this operation requires the following specifications

Low conduction and switching losses

Low stray inductance design

High operating frequencies of 50 KHz

Low EMI

High voltage applications of greater than 800 V

High output power of greater than 5 kW

The IGBT used in this case which meets the specifications is the “Half-Bridge”

IGBT MTP —50MTO60WH. It is a product of IRF rectifier and the schematic of the same

isshown in Figure 11.1.

@ (b)

Figure 11.1: (a) Schematic of IGBT module, (b) Warp speed IGBT —50M TO60WH
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11.2.3 Diode Specifications

The diode used in the circuit is mainly used for clamping the dc bus voltage. The
specifications required in this case are as follow
* Wide current range of maximum of at least 50 A
» Short reverse recovery time
» Good surge capabilities
* Low stored charge
The power diode used in this case is the IRF product - IRD3913R fast recovery

diode. The case style and dimensions are as shown in Figure 11.2.

CASE STYLE AMD DIMEMSIONS
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Figure 11.2: Case style and dimensions of the power diode-IRD3913R
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11.3 Design of IGBT Gate Drive Circuit

The IGBT gate drive circuit involves using different components. The basic
layout of the schematic of the gate drive circuit is discussed in this section. Among the
different components, the power supply used is one of the important topics. The multiple

output power supply is discussed too in this section.

11.3.1 Gate Drive

The threshold gate voltage of the IGBT isaround 4 V, but to ensure switching ON
and OFF of the devices at higher frequencies, the gate voltage range is between +12 V
and —12 V. A DSP1 Series dual output is designed to convert a nomina 5 V input into
two isolated output voltages. The dual semi-regulated output voltages are designed to
allow analog circuits and three termina regulators to operate within their most efficient
input voltage range. The DSP1 Series block diagram is shown in Figure 11.3.

A positive three terminal voltage regulator is used as a part of the gate drive
circuit. It can deliver an output current up to 1.5 A. The internal current-limiting and
thermal-shutdown features of this regulator essentially make them immune to overload. It
is very high power-dissipation capability along with internal short-circuit current limiting
properties. The schematic of the positive-voltage regulator is shown in Figure 11.4. The

schematic of the gate drive circuit is shown in Figure 11.6.
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Figure 11.3: DSP1 Series— Dual output block diagram

The hybrid IC driver for the IGBT — EXB841 is a product of Fuji Electric. It hasa
wide range of operating conditions. It has a built-in photo coupler for high isolation
voltage of 2500 V Ac for one minute and also a built-in over current protection circuit. It
can be operated with a single supply. The functional block diagram of the IGBT-Driving

hybrid IC is shown in Figure 11.5.

’ INPUT
1

ST

L J a ﬂi
g J—K—IJ— OUTPUT

G

COMMON

Figure 11.4: Schematic of the three terminal positive voltage regulator
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Figure 11.5: IGBT-Driving hybrid IC (a) Functional block diagram, (b) Notations used in

the block diagram.

11.3.2 Power Supply

In implementing the inverter, the power supplies have to isolate from each other,
i.e.,, having separate grounds. By having separate isolated power supplies for the gate
drives, any dv/dt coupled noise generated by the power device switching stays within the
gate power supply circuits. Also since there is problem of shorting of shorting between
the devices, the driver boards connected to the power switches have to be supplied with

isolated power supplies to avoid the shoot through current to pass through the devices.
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Figure 11.6: Schematic of the gate drive circuit

The voltage sensors and current sensors are also supplied with different power supplies.

The power supply with multiple outputsis as shown in Figure 11.7.

Figure 11.7: Multiple output power supply of the gate drive circuit
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11.4 Design of External Logic Gate Circuit

An external logic circuit is introduced in this case to inject the shoot-through
pulses. Basically, the shoot-through pulses are added to the conventional PWM pulses.
The shoot-through pulses are generated separately in the DSP and it is brought out to the
logic circuit. Similarly, the PWM pulses are also generated separately in the DSP and
brought to the external logic circuit. A simple logic circuit is designed with the usage of
OR gates (LM 7432) to add the shoot-through pulses and the conventional PWM pulses.
An important point to be considered in this juncture is that the ground of al the ports
used in the DSP has to be grounded along with the ground of the logic circuit. The

schematic of the external logic circuit isillustrated in Figure 11.8.
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Figure 11.8: Logic circuit to combine the shoot-through pulses along with the

conventional PWM pulses.

Inthiscase, ST, and ST, arethe two individual shoot-through pulses generated in
the DSP. They are initially summed together and this sum is added with the other

conventional PWM signals in order to get the signd S,

which is supplied to the gate

drive.

where i - a, b, c
j- p, n
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11.5 Z-network Inductor Design

The inductors used in the Z-network are very sensitive. Both the inductors have to
be identical. Hand wound inductors are not very accurate. They are noisy even at very
low supply voltages. It has been decided to use manufactured reactors or chokes for this
purpose.

In a Z-source rectifier, the current through the capacitor in one switching cycle =0

[1.6].

" 1-D,

Since it is of lossless nature, the input power = output power
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Hence limits of the value of the inductor is given as,
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0.15 and a reasonable value of output

Using the above equation and for D,

the limits of the inductor values are shown in

voltage and the required current (~10 A)

Figure 11.9.
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Figure 11.9: Limits of the inductor used in the Z-network
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A nominal value of inductor which has been picked for the experiment is 10 mH.
A product of Stancor is used with the specifications of 12.5 A dc current and 0.11 Q dc
resistance. It is noted that the dc resistance should be minimum in order to make sure that

the current still exitsin the circuit.

11.6 PWM Generation

TMS320LF2407 DSP is being used in the laboratory to obtain the gating
signals. To obtain pulse width modulated waveforms, a triangular carrier at the switching
frequency needs to be generated. The cosine and sine routine programs of the DSP
generate the modulation signals and the zero sequence voltage expression is added to
obtain the discontinuous modulation signals. In the DSP, the -carrier-based
implementation, there is no actual triangle that is being compared with the modulation
signals to generate the gating signals. In each modulation cycle (triggered by the
PWMSY NC interrupt service routine) the DSP must compute the new on-time value to
write to the six duty cycle registers of the PWM generation unit. These on times are
loaded into the compare registers of the DSP and when the timer reaches the loaded value
in the compare register, a pulse of + 12 V is given out. Hence the carrier-based scheme

can be implemented using the above method.
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11.7 Conclusion

This chapter dealt with the design and implementation of the experimental setup
of the Z-source converter. The inverter design along with the type of IGBT and type of
power diode used in this particular case has been discussed. The IGBT gate drive circuit
isdiscussed in detail. A simplelogic circuit consisting of OR gates has been designed for
introducing the shoot-through pulses. Stancor manufactured inductors are used in the Z-
network in order to obtain a clean and smooth waveform. The dc resistance of the
inductor chosen is very small. The generation of the PWM signal in the DSP is explained

in detail.
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CHAPTER 12

CONCLUSION AND FUTURE WORK

12.1 Introduction

A summary of the major contributions of this work is presented in the following
sections. The significance of these contributions towards the advancement of
understanding the topologies of a Z-source converter is included in this chapter. The
previous work done in this area has been detailed in Chapter 2 to establish some
background on the work carried out in this thesis. Towards the end, future investigations
on aternate topol ogies, modulation strategies, and control schemes that can be carried out

are discussed.

12.2 Conclusions

A chapter wise conclusion is presented in this chapter. Chapter one gives the
detailed description of the introduction of the thesis and the work performed in each
chapter. Chapter two gives a detailed illustration of the previous work done in the same
field. The previous work on conventional converters, namely, voltage source inverters,

boost rectifiers, boost-buck ac-dc converters, and buck-boost ac-dc converters have been
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studied. In addendum, the work done on the Z-source inverters and Z-source rectifiers
have been studied. The modulation schemes, analysis methods, characteristics and
control scheme for the both the types of Z-source converters has been reviewed in the
past

Chapter three gives a description of the performances of continuous and
discontinuous PWM strategies, their limitations, and advantages. It was studied in
different conventional power converters () Three Phase VSI, (b) Three Phase Boost
Rectifier. The simulation of both the conventional converters was performed such that the
difference between the same and the Z-source converter can be shown.

Chapter four studies the PWM modulation scheme utilized in the Z-Source
Converters. The PWM modulation techniques are presented including both carrier-based
PWM and space vector PWM. The equivalence is set up between these two methods for
the norma operation. The space vector diagram is drawn using the generalized
transformation and then used to synthesize the reference voltages. The calculation of zero
sequence voltage expressions is done by choosing the appropriate active and null states
and then these expressions are generalized and added to the reference voltage to generate
the modulation signals. The switching signals are generated using carrier-based PWM
through the comparison between these modulation signals and the high frequency carrier
signals. This method is easy to implement compared with the direct space vector
approach and can be used for any system. The same scheme is adopted for the Z-source
converter also and corresponding results are presented. The modulation principles are
carefully formulated in order to achieve minimum number of device commutations in

each cycle of operation.
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Chapters five and six model the Z-source inverter feeding an impedance load and
an induction machine respectively. The Z-source inverter is analyzed in al its six
operating modes and a detailed dc and ac analysis to study its transient and steady state
behavior is laid out in detail. For dc analysis, the small-signal analysis method is used
with an intention of developing a comprehensive guide on Z-source impedance modeling.
It is also carefully analyzed to ensure that the current ripple and the voltage stress is
minimized. When the above factors are considered, the size of the system reduces to a
great extent. Dynamic anaysis of the Z-source inverter is aso performed. The
simulations are performed using MATLAB/SIMULINK. The induction machine used in
thiscaseis a3 phase, 1 hp, 60 Hz squirrel cage induction machine. The system is studied
in the transient state as well as when it reaches steady state. The induction machine is
loaded and its effects are shown in the results. The results prove that by controlling the
shoot-though duty ratio, the load voltage can either be boosted or bucked.

The section following the Z-source Inverters involves the description of the Z-
source Rectifier which is provided in chapters seven and eight. The Z-source rectifier can
buck and boost the input voltage by using the extra shoot-through state. Actually, the
three-phase rectifier without the Z-network connecting it to the load is the conventional
boost rectifier. In order to buck the voltage, the shoot-through state is introduced. It
prevents the usage of a dc-dc converter. It provides a low-cost, reliable, and highly
efficient single-stage structure for buck-boost power conversion. Similar to that of the Z-
source inverter, the Z-source rectifier is analyzed in all its operating modes and the steady
state and transient analysis is performed. A simple resistive load is used in this analysis.

The small signal analysisis performed in order to study the stability criterion of the of the
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system model. In the case of the rectifier, the operating condition which is achieved is
unity power factor. This effect is studied in both the cases of dynamic analysis and steady
state analysis.

A Pl controller is designed to develop the cascaded controller of the Z-source
rectifier in chapter nine. This is designed while is system is studied in the synchronous
reference frame. The Z-source rectifier basically has three control variables. Namely — g-

axis and d-axis modulation signals, M, M, and the shoot through duty ratio, D, .

as?
Hence the system can be controller for three parameters which is the output dc voltage,
the capacitor voltage and the unity power factor. The control is implemented and the
simulation results are provided.

The later section involves the development of the vector control scheme of the
Induction machine which is fed by the Z-source inverter. This constitutes chapter ten.
This adjustable speed drive is studied and a cascaded Pl controller is proposed and
designed.

Chapter eleven provides the hardware description used in the practica
experiment. The design of the inverter, base drives, externa logic circuit, and the design
of the Z-network inductor is presented in detail.

To conclude the continuous and discontinuous PWM strategies have been
developed and laid out in an analytical way in this thesis. The Z-source converter
employs a unique impedance network (or circuit) to couple the converter main circuit to
the power source, thus providing unique features that cannot be observed in the
traditional voltage-source and current-source converters where a capacitor and inductor

are used, respectively. The Z-source converter overcomes the conceptual and theoretical
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barriers and limitations of the traditional voltage-source converter and current-source
converter and provides a novel power conversion concept which can be utilized in awide
field of applications. The Z-source converter can boost—buck voltage, minimize

component count, increase efficiency, and reduce cost.

12.3 Future Work

The scope for future work is highlighted in this section. The suggestions made are
discussed with respect to the work donein this thesis.

Due to laboratory limitations, the ratings used in this study as well as the
experiments is not that which can be used for high rated machines. The design devel oped
can be used in order to make it compatible for other machines.

Photovoltaic systems and fuel cells can be used instead of the dc supply being
used in thisthesis.

The system can be extended to multi-phase/multi-leg converters and the effect of
the Z-source network can be studied in detail.

Mutually coupled inductors can be used instead of the two individual inductors
used in the Z-network and the effects of this can be studied and compared to that of the
conventional Z-source converters.

In this thesis, only unity power factor is aimed at and achieved. In the future,
other power factors can be aimed at achieving.

Other methods of designing the controller can be followed to determine other

control schemes. Say for example, instead of a Pl controller, a PID controller can be
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designed and the output can be studied. In this study, the Butterworth’s polynomial
method is used to study the system. In the future, other analytical tools like the
Chebyshev polynomial can also be used in order to compare the different tools which can

be used and the better method can be concluded.
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