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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 essential 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 alternative 

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 
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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 output. 

 

1.2 Power Electronics 

 

Power electronics is a field which has grown rapidly in recent years. This is due to 

the advances in power semiconductor devices, advanced control techniques, new power 

converter circuit topologies, and improvements in packaging and manufacturing. The 

general 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 
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another level of electrical energy. Electrical energy conversion using power converters 

are of various types. They can be classified as 

•  DC to AC converters (Inverters) 

•  AC to DC converters (Rectifiers) 

•  DC to DC converters 

•  AC to 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 major 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 
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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 conventional 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 commercial, vehicular, military, utility, and residential 

applications. This is 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 electricity, 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 

ripple in the currents. 
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•  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 a resistive 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. 
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1.4 Organization of Thesis 

 

The organization of this thesis is as follows: 

•  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 analysis 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 VSI pulse width modulation 

(PWM) strategies (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 stress is laid on the 
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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 analysis 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 
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well as the output DC voltage. In this case, there are three control 

variables - odsqs DMM ,, . Simulation results show the concept of the 

controller used. 

•  Chapter 10 proposes an indirect vector control of an induction motor. The 

procedure is illustrated 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. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Introduction 

 

This chapter presents a review on the various research and works previously done 

on Z-Source Converters. The review also 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 conventional 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 



 10

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 this thesis is 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 also 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 VSI has a simple structure as shown in Figure 2.1. 

From various studies on PWM over the past several decades, the following 

characteristics could be stated as the most desirable in the PWM scheme :  

•  Minimum switching loss 

•  Minimum total harmonic distortion (THD) in the switching function 

spectrum 
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•  Minimum voltage and current harmonics 

•  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]. 
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Figure 2.1: Structure of the conventional Voltage Source Inverter 
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The absence of the neutral 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, as well 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 a low-frequency circulating current. 

•  Synchronized control: In this approach, parallel 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 simulation results along with experimental results for the open-loop 

control using a laboratory 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 

is as shown in Figure 2.3. 



 16

5S

6S

1S 3S

4S 2S

asI

csI

asV

bsV

csV

sr

sL
bsI

x

y

z

oR

CC2

CC2

dcL
2

1
dcR

2

1

dcL
2

1
dcR

2

1

7S
dcC

 

Figure 2.3 Structure of a Boost-Buck ac-dc Converter 

 
The modeling of the boost-buck ac-dc converter is realized using the Ćuk- Ćuk 

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. Generally, 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 
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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 7D  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 simple 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. The illustration of a buck-boost ac-dc converter is as shown in Figure 2.4. 

It utilizes a simple 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 unidirectional 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 Ćuk 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 a rectifier 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 cL  is released to dc load side via 7S  and 

7D . Whichever the interval is an active current space vector period or a zero current 

space vector period, 7S  always has a positive gate signal as long as rectification is under 

operation and 7D  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 device is not necessary [T.4]. 

 

2.2.5 Z-Source Inverter 

 

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 all dc-to-ac, ac-to-dc, ac-to-ac, and dc-to-dc power 

conversion [I.1]. The structure is 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 

[I.1, I.2, and I.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 [I.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. 

•  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. 

•  An output LC filter is required to provide a sinusoidal voltage compared with 

the current-source inverter that causes additional power loss and control 

complexity [I.1]. 

The current source converter circuit, a three-phase bridge is fed by a DC current 

source that can be a relatively large dc inductor which is fed by a voltage source such as a 

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 major 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) [I.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 



 24

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 [I.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. 

Simultaneously, 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 [I.11]. 
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2.2.6 Z-Source 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 the filter simple [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 

(ZVS) 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 has to be 

set in a low 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-

cost, 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 [I.1], a simple 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 is in 

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 ZVS 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 Methods 

 

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  

•  Z source converter is operating 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 a fixed 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 is analyzed using a resistive load, and inductive load [T.4]. 

In the case of P. C. Loh et al in [I.7, I.8, I.13, I.15, I.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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•  Signal-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 

•  Gradual 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 analysis 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 [I.7]. 

 

2.5 Control Scheme 

 

Fang Z. Peng et al in [I.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 rejection 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 [I.3, I.4]. Fang 

Z. Peng et al in [I.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 ZSI can 

boost voltage to desired ac output voltage that is greater than the available dc link 

voltage. The capacitor voltage is equivalent 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 [I.6]. 

Miaosen Shen et al in [I.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 al 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 ZVS Z-source rectifier due to the unique Z-network.  The ZVS Z-Source 

rectifier model is proposed by combining the traditional 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 ZVS 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. 
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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 all 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 all 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 Source Inverter 

 

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. 
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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 

dV  INPUT DC VOLTAGE 

csbsas VVV  THREE-PHASE OUTPUT VOLTAGES 

csbsas III  THREE-PHASE OUTPUT CURRENTS 

noV  NEUTRAL VOLTAGE 

cpbpap TTT  TOP DEVICES 

cnbnan TTT  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, 
2
dV

 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 a train 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, ijT  is given as ijS  
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where  

 i = a, b, c. 

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

 j = p, n. 

 j represents the top (p) or the bottom (n) device of a leg.  

Here, the existence functions of the phase ‘a’ top device, apT  is apS  and that of the 

bottom device, anT  is anS  and so on and so forth. The following expressions are obtained 

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

1=+ anap SS  

 1=+ bnbp SS         (3.1) 

 1=+ cncp SS  
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Figure 3.2: Illustration of Sinusoidal Pulse Width Modulation 
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The output phase voltages of the VSI from Figure 3.1 can be expressed as  

 ( ) noananap
d VVSS

V +=−
2

 

 ( ) nobnbnbp
d VVSS

V
+=−

2
      (3.2) 

 ( ) nocncncp
d VVSS

V
+=−

2
 

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 

( ) noanap
d VVS

V
+=−12

2
 

 ( ) nobnbp
d VVS

V
+=−12

2
      (3.3) 

 ( ) nocncp
d VVS

V
+=−12

2
 

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. 

 ( )apap MS += 1
2

1
 

 ( )bpbp MS += 1
2

1
       (3.4) 
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 ( )cpcp MS += 1
2

1
 

where  

 ipM  = three-phase carrier-based modulation signal 

To obtain the modulation signal, (3.4) is substituted into (3.3) to get 

( )
d

noin
ip V

VV
M

+
=

2
        (3.5) 

where 

 inV  = three phase voltages 

 i     = cba ,,  

The neutral voltage noV  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 pulses is 

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. 

2

*

d

m

V
V

M =          (3.6) 

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

eliminated or determined. The neutral voltage noV  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 

( )
23
d

cpbpap
d

no

V
SSS

V
V −++=       (3.7) 

Hence the phase voltages can be obtained as 

 ( )cpbpap
d

an SSS
V

V −−= 2
3

 

 ( )cpbpap
d

bn SSS
V

V −+−= 2
3

      (3.8) 

 ( )cpbpap
d

cn SSS
V

V 2
3

+−−=  

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 as the 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 ‘c’ 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 
2
dV

 

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 

MODE apS  bpS  cpS  anS  bnS  cnS  
SWITCHES 

TURNED 

ON 

NULL, 

0U  0 0 0 1 1 1 cnbnan SSS

ACTIVE, 

5U  0 0 1 1 1 0 cpbnan SSS  

ACTIVE, 

3U  0 1 0 1 0 1 cnbpan SSS  

ACTIVE, 

4U  0 1 1 1 0 0 cpbpan SSS

ACTIVE, 

1U  1 0 0 0 1 1 cnbnap SSS  

ACTIVE, 

6U  1 0 1 0 1 0 cpbnap SSS

ACTIVE, 

2U  1 1 0 0 0 1 cnbpap SSS
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NULL, 

7U  1 1 1 0 0 0 cpbpap SSS

 

The neutral voltage noV  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 

( )
23
d

cpbpap
d

no

V
SSS

V
V −++=       (3.9) 

 

 

Hence the phase voltages can be obtained as 

 ( )cpbpap
d

an SSS
V

V −−= 2
3

 

 ( )cpbpap
d

bn SSS
V

V −+−= 2
3

      (3.10) 

 ( )cpbpap
d

cn SSS
V

V 2
3

+−−=  

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

transformation between the abc reference frame to the q-d reference frame and the q-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 is as shown in (3.11). 
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Figure 3.7: Transformation between reference frames 
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where  ( )



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 θ  is the angle between the reference frames 
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The general transformation for any given three-phase voltage set in the stationary 

reference frame is given in (3.9). 







 −−= cnbnanqs VVVV

2

1

2

1

3

2*  

 







−−= cnbnds VVV

2

3

2

3

3

2*       (3.9) 

 





 ++= cnbnanos VVVV

2

1

2

1

2

1

3

2*  

The q-d voltages are calculated using (3.8) to get (3.10), (3.11), and (3.12) 

 anqp VV =  

       ( )cpbpap
d SSS

V −−= 2
3

      (3.10) 

 ( )cnbndp VVV +−=
3

1
 

       ( )cpbp SS +−=
3

1
       (3.11) 

 





 −++=

2

3

3 cpbpap
d

op SSS
V

V      (3.12) 

The q-d voltages can be calculated for the eight operating modes assuming 

balanced load conditions. Table 3.3 illustrates the switching modes of the conventional 

VSI and the corresponding stationary reference frame q-d-o voltages. 
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Table 3.3: Switching modes of the conventional VSI and the corresponding stationary 

reference frame q-d-o voltages 

MODE apS  bpS  cpS  qpV  dpV  opV  

NULL, 

0U  0 0 0 0 0 
2
dV

−  

ACTIVE, 

5U  0 0 1 
3
dV

−  
3
dV

 
6
dV

−  

ACTIVE, 

3U  0 1 0 
3
dV

−  
3
dV

−  
6
dV

−  

ACTIVE, 

4U  0 1 1 
3

2 dV
−  0 

6
dV

 

ACTIVE, 

1U  1 0 0 
3

2 dV
 0 

6
dV

−  

ACTIVE, 

6U  1 0 1 
3
dV

 
3
dV

 
6
dV

 

ACTIVE, 

2U  1 1 0 
3
dV

 
3
dV

−  
6
dV

 

NULL, 

7U  1 1 1 0 0 
2
dV

 

 

 

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 VSI  

 

The q-d reference voltage, *
qdV  is calculated in each of the eight sectors to 

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

stationary reference frame, *** , dnqnqd VVV ⇒ , situated in the appropriate sector, are 

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

sT ) of the two adjacent active voltage inverter vectors and the two zero states 0U  and 

7U . 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 
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the remaining time is occupied by using the two null vectors 0U  and 7U . If the four 

voltage vectors qdpaV , qdpbV , , 0qdpV  and 7qdpV  are called into play for times at , bt , 0t , 7t  

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

respectively, then the qp and dp components of the reference voltage *
qdV  are 

approximated as 

*
*

*
dpqpqd jVVV +=  

       7700 tVtVtVtV qdpqdpbqdpbaqdpa +++=     (3.12) 

bac ttttt −−=+= 170       (3.13) 

where  

 ctt α=0  

 ( ) ctt α−= 17  

 ct  is the null state time. ct  constitutes of 0t  and 7t  where they are divided 

with a ratio of α . 

Equation (3.12) is separated into its real and imaginary parts and the zero 

sequence voltage is approximated as 

 7700
* tVtVtVtVV qpqpbqpbaqpaqs +++=      (3.14) 

 7700
* tVtVtVtVV dpdpbdpbadpads +++=      (3.15) 

In general the zero sequence voltage,  

 noosop VVV += *         (3.16) 

 7700
* tVtVtVtVVV opopbopbaopanoos +++=+     (3.17) 
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However, it is noticed that 0qdV  and 7qdV  do not play a role in obtaining the times, 

at  and bt . Equations (3.14) and (3.15) can be represented in matrix form as 

 















=









b

a

dpbdpa

qpbqpa

ds

qs

t

t

VV

VV

V

V
*

*

      (3.18) 

Hence the times, at  and bt  can be calculated from (3.18) as 

 















=








−

*

*1

ds

qs

dpbdpa

qpbqpa

b

a

V

V

VV

VV

t

t
      (3.19) 

 
dpaqpbdpbqpa

dsqpbqsdpb
a VVVV

VVVV
t

−
−

=
**

      (3.20) 

 
dpaqpbdpbqpa

dsqpaqsdpa
b VVVV

VVVV
t

−
+−

=
**

      (3.21) 

The sum of the normalized times cba ttt ,,  are equal to 1. 

Hence the expression for the normalized time ct  is given in (3.13). In the linear 

modulation region, the sum of the times, at  and bt  is less than 1. The remaining time is 

utilized by the two null states. Here, α  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 5.0=α  [T.7]. The results shown below have been performed 

for .5.0=α  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 at  bt  

1 
d

ab

V

V

d

bc

V

V
 

2 
d

ac

V

V

d

ba

V

V
 

3 
d

bc

V

V

d

ca

V

V
 

4 
d

ba

V

V

d

cb

V

V
 

5 
d

ca

V

V

d

ab

V

V
 

6 
d

cb

V

V

d

ac

V

V
 

 

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 0 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 devices in 

each of the sectors respectively. 
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Figure 3.9: Existence function of the top devices in Sector 1 
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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 devices in Sector 3 
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Figure 3.12: Existence function of the top devices in Sector 4 
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Figure 3.13: Existence function of the top devices in Sector 5 
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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 5.0=α  
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Figure 3.16: Three-phase output voltages when 5.0=α  (a) phase ‘a’ voltage, (b) phase 

‘b’ voltage, (c) phase ‘c’ voltage 
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Figure 3.17: Output line voltages when 5.0=α  (a) Line ‘a’-‘b’, (b) Line ‘b’-‘c’, (c) Line 

‘c’-‘a’ 
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Figure 3.18: Three-phase output currents when 5.0=α  (a) phase ‘a’ current, (b) phase 

‘b’ current (c) phase ‘c’ current 
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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 devices instead 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 

csbsas VVV  THREE-PHASE INPUT VOLTAGES 

csbsas III  THREE-PHASE INPUT CURRENTS 

sr  INPUT PER PHASE RESISTANCE 

sL  INPUT PER PHASE INDUCTANCE 

oC  OUTPUT FILTER CAPACITANCE 

oR  LOAD RESISTANCE 

oV  OUTPUT DC VOLTAGE 

cpbpap TTT  TOP DEVICES 
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cnbnan TTT  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 

mnanknapa VSVSV +=       (3.21) 

mnbnknbpb VSVSV +=       (3.22) 

mncnkncpc VSVSV +=       (3.23) 

The supply voltages are given as 

aassassas VpILIrV ++=       (3.24) 

bbssbssbs VpILIrV ++=        (3.25) 

ccsscsscs VpILIrV ++=        (3.26) 

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

⇒ inip SS −=1         (3.27) 

where, i = cba ,,  

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 

( ) mnmnknapassassas VVVSpILIrV +−++=       (3.28) 

( ) mnmnknbpbssbssbs VVVSpILIrV +−++=       (3.29) 

( ) mnmnkncpcsscsscs VVVSpILIrV +−++=       (3.30) 

Here, the voltage difference is given as 

omnkn VVV =−  
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Hence, the voltage equations become 

mnoapassassas VVSpILIrV +++=       (3.31) 

mnobpbssbssbs VVSpILIrV +++=       (3.32) 

mnocpcsscsscs VVSpILIrV +++=       (3.33) 

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

source is balanced, 

( )cpbpap
o

mn SSS
V

V ++−=
3

       (3.34) 

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

(3.37) are obtained. 

( )cpbpap
o

assassas SSS
V

pILIrV −−++= 2
3

     (3.35) 

( )cpbpap
o

bssbssbs SSS
V

pILIrV −+−++= 2
3

     (3.36) 

( )cpbpap
o

csscsscs SSS
V

pILIrV 2
3

+−−++=      (3.37) 

The current exiting the rectifier is given as 

cscpbsbpasapn ISISISI ++=  

Hence the current through the capacitor is given in (3.38) when the load is a 

resistive load. 

( )
o

o
cscpbsbpasapoo R

V
ISISISpVC −++=      (3.38) 
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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 Ω  and 

an input ac voltage of 220 V while the modulation index used is m = 0.8. 
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Figure 3.20: Three-phase modulation signal 

0.175 0.18 0.185 0.19 0.195 0.2
-20

-15

-10

-5

0

5

10

15

20

Time

In
pu

t 
C

ur
re

nt
 (

A
)

 

 

Ias

Ibs

Ics

 

Figure 3.21: Three-phase input current 
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Figure 3.22: Output Load Voltage 
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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 conventional 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 always 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 this thesis. 
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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 

a few 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 others in 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 
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requiring both buck and boost power conversions, Z-source inverters have recently been 

proposed as a possible solution with many performance benefits [I.1]. The Z-source 

circuit uses split inductors, 1L  and 2L , and capacitors 1C  and 2C  connected in an X-

shape. The inductors may also be coupled. This unique impedance network allows 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 [I.10]. An additional converter 

is not necessary to boost the output voltage. In turn, the impedance network elements 

(inductors and capacitors) are all 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-cost, 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 all the top devices are gated together or all 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 [I.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 also be 

turned ON together such that either the switches in two legs/phases are turned ON at once 

or even all the three legs’ switches are turned ON together. In the case of realization 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. 
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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, TPM  and TNM  are introduced to determine the shoot-through duty 

ratio. 

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

 STATE 
apS  bpS  cpS  anS  bnS  cnS  

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 

0U  Null 1 1 1 0 0 0 

7U  Null 0 0 0 1 1 1 

1U  Active 1 0 0 0 1 1 

2U  Active 1 0 1 0 1 0 

3U  Active 0 0 1 1 1 0 

4U  Active 0 1 1 1 0 0 

5U  Active 0 1 0 1 0 1 

6U  Active 1 1 0 0 0 1 



 70

4.3 Determination 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. 

*
asM *

bsM *
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TPM

TNM

apS

bpS

cpS

anS
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cnS
 

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, 

*** ,, csbsas MMM  and two shoot-through envelope signals, TNTP MM , . 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, TPM  and 

when the carrier triangle wave is lower than the lower shoot-through envelope, TNM , a 

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

the converter to the shoot-through state.  

The signals, TNTP MM ,  are determined as functions of the three-phase modulation 

reference signals. The shoot-through envelope TPM  is always greater than the maximum 

of the reference signals and the shoot-through envelope TNM  is always lesser than the 

minimum of the reference signals. The expressions can be expressed as 

( )σmaxmax 1 MMM TP −+=       (4.1) 

( )σminmin 1 MMM TN −−+=       (4.2) 
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σ  is a ratio between 0 and 1. This determines the value of the shoot-through duty 

ratio used in the modulation scheme. 

maxM and minM  can either 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 σ  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 σ  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 envelope 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 model turns out to be easier than 

the other, hence the same is used in this case. 
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Figure 4.4: Shoot-through envelopes with absolute maximum and minimum of 

modulation signals (a) maxM and minM  (b) Ratio of the shoot-through envelope σ  (c) 

TPM  and TNM  
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Figure 4.5: Shoot-through envelopes with instantaneous maximum and minimum value 

of modulation signals (a) maxM and minM  (b) Ratio of the shoot-through envelope σ  (c) 

TPM  and TNM  
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4.4 Determination of Shoot-Through Duty Ratio 

 

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

switching cycleT , oT  is the shoot-through time, 1T  is the active state time while 2T is the 

null state time. 

Hence the time period, oTTTT ++= 21      (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 

 ccc VVV == 21         (4.4) 

 LLL VVV == 21         (4.5) 

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

 cL VV =         (4.6) 

 cdd VV 2=         (4.7) 

 0=oV          (4.8) 

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

 cdcL VVV −=         (4.9) 

odd VV =         (4.10) 

Lco VVV −=  

     dcc VV −= 2         (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 

 
( )( )

T

VVTTT
V dcco

o

−++
=

20 21  

      
( )( )

T

VVTT dcc −+
=

221       (4.12) 

 
( )( )

021 =
−++

=
T

VVTTVT
V cdcco

L      (4.13) 

 
odc

c

TTT

TT

V

V

−+
+

=
21

21        (4.14) 

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 

dcco VVV −= 2
^

 

     dc
o

V
TTT

T

−+
=

21

 

     dcBV=         (4.15) 

where  

 B is the Boost factor 

oTTT

T
B

−+
=

21

 

     
oTT

T

2−
=  

     

T

To21

1

−
=  
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oD21

1

−
=         (4.16) 

  
T

T
D o

o =         (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. 

 

Figure 4.6: Unsymmetrical shoot-through envelopes

D 

A

E B C

G

F 

H

J



 77

θ

TPM

4
sT

2
1ρ

TRPV

 

Figure 4.7: Method to determine the top shoot-through duty ratio with unsymmetrical 

envelopes 

 From triangle ABC, 

2

tan
1ρθ TPM

=  

   ⇒
θ

ρ
tan

2
1

TPM=      (4.18) 

 From triangle DEC, 

4

tan
s

TRP

T
V

=θ  

   ⇒
θtan

4 TRP
s

V
T =       (4.19) 

When considering TPM  and using (4.18) (4.19), 1oD  
sT
1

2

1 ρ−=   (4.20) 

    
TRP

TP

V

M

22

1 −=      (4.21) 
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Figure 4.8: Method to determine the bottom shoot-through duty ratio with unsymmetrical 

envelopes 

 

From triangle CGH, 
TNM

2tan

2ρ

θ =  

   ⇒ θρ tan22 TPM=      (4.22) 

 From triangle CFJ, 
TRN

s

V

T

4tan =θ  

   ⇒ θtan4 TRPs VT =      (4.23) 

When considering TNM  and using (4.22) and (4.23), 2oD  
sT
2

2

1 ρ
−=  (4.24) 

    
TRN

TN

V

M

22

1 −=      (4.25) 
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Hence the shoot-through duty ratio is given as 

 21 ooo DDD +=  

       
TRN

TN

TRP

TP

V

M

V

M

22
1 −−=  

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. 

 

Figure 4.9: Symmetrical shoot-through envelopes 
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Figure 4.10: Method to determine the shoot-through duty ratio with symmetrical 

envelopes 

 

 From triangle ABC, 

2

tan τθ TTRI MV +
=  

    ⇒
( )

θ
τ

tan

2 TTRI MV +=      (4.26) 

 From triangle DEC,  

2

2
tan

s

TRI

T
V=θ  

    ⇒
θtan

4 TRI
s

V
T =       (4.27) 

 The shoot through duty ratio is given as 







−=

s
o T

D
τ

12    (4.28) 
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  From (4.26) and (4.27) 
TRI

TTRI

s V

MV

T 2

+
=τ

    (4.29) 

  ⇒ oD  







−−=

TRI

T

V

M

22

1
12  

   
TRI

T

V

M
−=1        (4.30) 

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

about the X-axis. Now to prove the above concept of symmetry, TPM  and TNM  are 

considered of equal magnitude but of opposite signs in order to be symmetric. 

Now if TNTP MM −=  

 TRNTRP VV −=  

oD 21 oo DD +=  

       
TRI

TP

V

M
−=1          (4.31) 

In this case, the reference signal is symmetric 

 TNTP MM −=  

The reference signal, TPM  can be defined in terms of the instantaneous maximum 

or the absolute maximum of the three-phase modulation signal and a ratio, σ . The 

expression is as expressed in (4.32). The peak of the triangle is the absolute value of 1. 

 ( )σmaxmax 1 MMM TP −+=       (4.32) 

 1=TRIV         (4.33) 

The above equations can be used to determine the shoot-through duty ratio, oD  

which is used in the simulation. 
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 ( )σmaxmax 11 MMDo −−−=  

       ( )( )max11 M−−= σ       (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 

determined to be m
2

3
 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 is a 

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

linearly. 

 mDo 2

3
10 max −≤≤        (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. 

eeas

m
mM θθ 3cos

6
cos −=        (4.46) 

( ) eebs

m
mM θβθ 3cos

6
cos −−=       (4.47) 

( ) eecs

m
mM θβθ 3cos

6
cos −+=       (4.48) 

ee
e

as m
m

d

dM θθ
θ

3sin
2

sin +−=        (4.49) 

To find maximum or minimum:  
e

as

d

dM

θ
=0 

0))2(sin(
2

1
sin =+− eee θθθ        (4.50) 

2

3
cos ±=eθ ;   °°= 150,30eθ       (4.51) 

62

3
30

mm
e −=°=θ         (4.52) 

2

3m
M as =      maxM          (4.53) 
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62

3
150

mm
e −−=°=θ        (4.54) 

2

3m
M as −=      minM         (4.55) 

σ =0:  
2

3
1

m
d −=    at point 2M  

To find the point of intersection, 

eeas

m
mM θθ 3cos

6
cos −=        (4.56) 

( ) eebs

m
mM θβθ 3cos

6
cos −−=       (4.57) 

bsas MM =          (4.58) 

2

sin3

2

cos
cos ee

e

θθθ +
−

=        (4.59) 

°== 603tan eθ  

3

2

32

mmm
M as =+=         (4.60) 

csM at °= 60eθ  

Minimum: 

eecs

m
mM θπθ 3cos

6
)

3

2
cos( −+=       (4.61) 

6

5

6

mm
mM cs −=+−=        (4.62) 

4

3
1

m
d −=  At point 1M        (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, 1M  and 

minimum point, 2M . 

(a) 

(b) 

(c) 
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Figure 4.13: Shoot-through duty Ratio using third harmonic injection modulation scheme 

for 1 cycle operation  

 

Now the generalized equation for the shoot-through duty ratio is given as 







 −−=

6
cos

2

3
1

πθm
d       (4.64) 

  where 
3

0
πθ ≤≤  

Now assuming ( ) 





 −=

6
cos

2
3 πθθ m

f      (4.65) 
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The Fourier theorem states that a periodic function ( )θf  can be described by a 

constant term plus and infinite series of sine and cosine terms of frequency ωn , where n 

is an integer [B.5]. Therefore, ( )θf  can be expressed as 

 ( ) ∑∑
∞

=

∞

=

++=
11

sincos
2 n

n
n

n
o nbna

a
f θθθ      (4.66) 

where  

2
oa

 is the average value of the output. The constants, 
2

oa
, na  and nb  can 

be determined from the following expressions 

 ( )∫
−

=
2

2

1
2

T

T

o df
T

a θθ         (4.67) 

 ( ) ( )∫
−

=
2

2

cos
2

T

T
n dnf

T
a θθθ  ∞≤≤ n1      (4.68) 

( ) ( )∫
−

=
2

2

sin
2

T

T
n dnf

T
b θθθ  ∞≤≤ n1      (4.69) 

Hence the fourier series of ( )θf  is obtained by using the above equations 

 
2
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3
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π2
33 m=          (4.70) 
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−
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Substituting the constants, 
2
oa

, na , and nb  from (4.70), (4.71), and (4.72) in the fourier 

series which is represented in (4.66). 
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The above equations solves to become (4.74) 
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Now from (4.64), the fourier series of the shoot-through duty ratio is given as 
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4.6 Space Vector Modulation Scheme used in the Z-Source Inverter 

 

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

(3.2) 

( )anap
dd

noan SS
V

VV −=+
2

      (4.76) 

( )bnbp
dd

nobn SS
V

VV −=+
2

      (4.77) 
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( )cncp
dd

nocn SS
V

VV −=+
2

      (4.78) 

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

( ) ( )





 ++−−−−++= cnbnancnbnancpbpap

dd
no VVVSSSSSS

V
V

23

1
 (4.79) 

In a case where the load is balanced; 0=++ cnbnan VVV  

Therefore, 

( )cnbnancpbpap
dd

no SSSSSS
V

V −−−++=
6

    (4.80) 

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

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

( )cnbnancpbpap
dd

an SSSSSS
V

V ++−−−= 22
6

   (4.81) 

( )cnbnancpbpap
dd

bn SSSSSS
V

V +−+−+−= 22
6

   (4.82) 

( )cnbnancpbpap
dd

cn SSSSSS
V

V 22
6

−+++−−=    (4.83) 

The qdo equations in the stationary reference frame are given as 

( )cnbnanq VVVV −−=
3
1

 

( )cnbnancpbpap
dd

q SSSSSS
V

V ++−−−= 22
6

    (4.84) 

( )cnbnd VVV +−=
3

1
 

( )cncpbnbp
dd

d SSSS
V

V −++−=
32

     (4.85) 
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( )cnbnancpbpap
dd

o SSSSSS
V

V −−−++=
6

    (4.86) 

 

Table 4.2 illustrates the phase voltages in both the abc reference frame as well as 

the qdo reference frame in all 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 q-d reference frame given the  

possible switching states  

 STATE 
ANV  BNV  CNV  qV  dV  oV  

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 

0U  NULL 0 0 0 0 0 

2
ddV

 

7U  NULL 0 0 0 0 0 
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ddV

−  

1U  ACTIVE 

3

2 ddV
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2 ddV
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ddV
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2 ddV
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3
ddV
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3

2 ddV
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ddV
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ddV
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2 ddV
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2 ddV
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ddV

 

5U  ACTIVE 

3
ddV

−  
3

2 ddV
 

3
ddV

−  
3
ddV

−  
3

ddV
−  

6
ddV

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

 Here,  

Null state c
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o t
V

U 12
,0,0 α=








      (4.87) 

Null State c
dd t

V
U 27 2

,0,0 α=





 −       (4.88) 

Shoot-through state = ctγ        (4.89) 

where 

 at  and bt  are the normalized active state times, ct  is the normalized non-active 

state time 

 bac ttt −−=1         (4.90) 
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 121 =++ γαα         (4.91) 

 The stationary reference frame qdo voltage is expressed as 

 7700
*** tVtVtVtVjVVV qdqdbqdbaqdadqqd +++=+=    (4.92) 

 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 
at  bt  MAXIMUM 

VOLTAGE 

MINIMUM 

VOLTAGE 

I 

dd
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V
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V
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VI 
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The average neutral voltage is obtained in each section as follows. 
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maxVVcn =  

minVVan =  

( )minmax VVVbn +−=  

dddddd

ba
a V

VV

V

VVV

V

V
t minmaxminminmax 2−−

=
−−−

==  

dddddd

cb
b V

VV

V

VVV

V

V
t minmaxminmaxmax 2 +

=
++

==  

 
( )

dd
bac V

VV
ttt minmax11

−
−=−−=  

 ( ) c
dd

c
dd

ba
dd

no t
V

t
V

tt
V

V 21 226
αα −+−=  

 ( ) ( ) ( )21
min

21
max

21 1
2

1
22

αααααα −+−++−−+−= VVV
V dd

no  

( ) ( )βββ −−+−= 1
2

1
22

minmax VVV
V dd

no  

 

Sector V 

maxVVcn =  

minVVbn =  
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( )minmax VVVan +−=  

dddddd

ca
a V

VV

V

VVV

V

V
t minmaxminmaxmax 2 +

=
++

==  

dddddd

ab
b V

VV

V

VVV

V

V
t minmaxminminmax 2−−

=
−−−

==  

 
( )

dd
bac V

VV
ttt minmax11

−
−=−−=  

 ( ) c
dd

c
dd

ba
dd

no t
V

t
V

tt
V

V 21 226
αα −+−−=  

 ( ) ( ) ( )21
min

21
max

21 1
2

1
22

αααααα −+−++−−+−= VVV
V dd

no  

( ) ( )βββ −−+−= 1
2

1
22

minmax VVV
V dd

no  

 

Sector VI 

maxVVan =  

minVVbn =  

( )minmax VVVcn +−=  

dddddd

cb
a V

VV

V

VVV

V

V
t minmaxminminmax 2−−

=
−−−

==  

dddddd

ac
b V

VV

V

VVV

V

V
t minmaxminmaxmax 2 +

=
++

==  

 
( )

dd
bac V

VV
ttt minmax11

−
−=−−=  

 ( ) c
dd

c
dd

ba
dd

no t
V

t
V

tt
V

V 21 226
αα −+−=  
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 ( ) ( ) ( )21
min

21
max

21 1
2

1
22

αααααα −+−++−−+−= VVV
V dd

no  

( ) ( )βββ −−+−= 1
2

1
22

minmax VVV
V dd

no  

Hence, the generalized equation for the neutral voltage is, 

( ) ( )βββ −−+−= 1
2

1
22

minmax VVV
V dd

no      (4.93) 

where 

 21 ααβ −=          (4.94) 

 Also, the generalized equation for the active state duty ratio in terms of the 

maximum and minimum voltages can be expressed as 

 
dd

ba

V

VV

T

tt minmax −
=

+
        (4.95) 

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 devices in Sector 1 operation 
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Figure 4.16: Existence function of all the devices in Sector 2 operation 
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Figure 4.17: Existence function of all the devices in Sector 3 operation 
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Figure 4.18: Existence function of all the devices in Sector 4 operation 



 103

apS
bpS
cpS

2
at

2
bt

2
sT

2
sT

anS
bnS
cnS

2
1 ctα

2
2 ctα

2
1 ctα

2
2 ctα4

ctγ
4

ctγ
4

ctγ
4

ctγ
2
at

2
bt

 

Figure 4.19: Existence function of all the devices in Sector 5 operation 
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Figure 4.20: Existence function of all the devices in 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 previously 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 VSI and CSI, the author named it Z-source inverter 

(ZSI). The structure of a VSI based Z-source inverter is shown in Figure 5.1. 
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Figure 5.1: Structure of a VSI 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 VSI 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 

[I.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 system is optimized [I.1, I.2, I.26].  
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Figure 5.2: Equivalent circuit of voltage source based Z-Source Inverter 

Analysis shows that various conventional carrier-based pulse-width modulation 

strategies could be modified for ZSI [I.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 [I.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 analysis is performed for two cases of loads 

•  RL Load 

•  Induction Motor 
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Section 5.4 illustrates the accurate small signal model and analysis and also gives 

a detailed view of the system’s stability. The Space vector pulse width modulation 

(SVPWM) is widely 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, a modified SVPWM 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 Analysis of ZSI 

 

A detailed analysis of the different modes of operation including the resistances in 

the circuit is studied and explained. There are basically three modes of operation 

•  Active State AS  

•  Shoot-through State BS  

•  Null State CS  

Another detail to be considered is the switch dS which will be turned ON and 

OFF in each of the three states. When the switch, dS  is turned ON, it is considered to be 

high and while it is turned OFF, it is considered to be low. 
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5.2.1 Active State; AS  

 
Figure 5.3 represents the active state when dS =1 
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1CI 2CI
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1L

2L

ddV oV

LI
1r

2r

dcV

apS
bpS cpS

anS bnS
cnS

asI

bsI

csI

dS

LR LL

 

Figure 5.3: Active State of ZSI when dS =1 

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

following 

21111 cdd VpILIrV ++=        (5.1) 

12222 cdd VpILIrV ++=        (5.2) 

Lc IIpVC −= 211         (5.3) 

Lc IIpVC −= 122         (5.4) 

abcsLabcsLabcs pILIRV +=        (5.5) 

dcdd VV =          (5.6) 

Ld IIII −+= 21         (5.7) 
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cscpbsbpasapL ISISISI ++=        (5.8) 

ddcco VVVV −+= 21         (5.9) 

Figure 5.4 represents the active state when dS =0 

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

following 

21111 cdd VpILIrV ++=        (5.10) 

12222 cdd VpILIrV ++=        (5.11) 

Lc IIpVC −= 211         (5.12) 

Lc IIpVC −= 122         (5.13) 
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Figure 5.4: Active State of ZSI when dS =0 
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( ) ( )111
21

2
222

21

1
ccdd VIr

LL

L
VIr

LL

L
V +

+
++

+
=     (5.14) 

0=dI           (5.15) 

21 III L +=          (5.16) 

ddcco VVVV −+= 21         (5.17) 

 

5.2.2 Shoot through State; BS  

 
Figure 5.5 represents the Shoot-through state when either one of the legs or two or 

all the legs are shorted together when dS =1. 

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

given as the following 

21111 cdd VpILIrV ++=        (5.18) 

12222 cdd VpILIrV ++=        (5.19) 

Lc IIpVC −= 211         (5.20) 

Lc IIpVC −= 122         (5.21) 

dcdd VV =          (5.22) 

Ld IIII −+= 21         (5.23) 
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Figure 5.5: Shoot-through State of ZSI when dS =1 

21

2211

CC

CICI
I L +

+
=         (5.24) 

0=oV           (5.25) 

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

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

following 

21111 cdd VpILIrV ++=        (5.26) 

12222 cdd VpILIrV ++=        (5.27) 

Lc IIpVC −= 211         (5.28) 

Lc IIpVC −= 122         (5.29) 

21 ccdd VVV +=          (5.30) 

0=dI           (5.31) 
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Figure 5.6: Shoot-through State of ZSI when dS =0 

21 III L +=          (5.32) 

0=oV           (5.33) 

 

5.2.3 Null State; CS  

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

dS =1. 

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

the following 

21111 cdd VpILIrV ++=        (5.34) 

12222 cdd VpILIrV ++=        (5.35) 

Lc IIpVC −= 211         (5.36) 
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Figure 5.7: Null State of ZSI when dS =1 

Lc IIpVC −= 122         (5.37) 

dcdd VV =          (5.38) 

21 III d +=          (5.39) 

0=LI           (5.40) 

ddcco VVVV −+= 21         (5.41) 

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

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

following 

21111 cdd VpILIrV ++=        (5.42) 

12222 cdd VpILIrV ++=        (5.43) 

Lc IIpVC −= 211         (5.44) 
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Figure 5.8: Null State of ZSI when dS =0 

Lc IIpVC −= 122         (5.45) 

( ) ( )111
21

2
222

21

1
ccdd VIr

LL

L
VIr

LL

L
V +

+
++

+
=     (5.46) 

0=dI           (5.47) 

0=LI           (5.48) 

ddcco VVVV −+= 21         (5.49) 

 

5.3 Averaging Technique 

 
The averaging technique is performed to generalize the equations in all 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 all the six operating modes can be generalized by utilizing the 

averaging technique and the equations can be written as the following 

( ) ( )( )( )21121111 1 cdddcdddA VIrVSVIrVSSpIL −−−+−−=     

  ( ) ( )( )( )211211 1 cdddcdddB VIrVSVIrVSS −−−+−−+    

  ( ) ( )( )( )211211 1 cdddcdddC VIrVSVIrVSS −−−+−−+   (5.50) 

( ) ( )( )( )12212222 1 cdddcdddA VIrVSVIrVSSpIL −−−+−−=    

  ( ) ( )( )( )122122 1 cdddcdddB VIrVSVIrVSS −−−+−−+    

  ( ) ( )( )( )122122 1 cdddcdddC VIrVSVIrVSS −−−+−−+   (5.51) 

( ) ( )( )( ) ( ) ( )( )( )LdLdBLdLdAc IISIISSIISIISSpVC −−+−+−−+−= 222211 11  

   ( ) ( )( )( )LdLdC IISIISS −−+−+ 22 1   (5.52) 

( ) ( )( )( ) ( ) ( )( )( )LdLdBLdLdAc IISIISSIISIISSpVC −−+−+−−+−= 111122 11  

    ( ) ( )( )( )LdLdC IISIISS −−+−+ 11 1    (5.53) 

( ) ( ) ( ) 



























+

+
++

+
−+= 111

21

2
222

21

11 ccddcdAdd VIr
LL

L
VIr

LL

L
SVSSV   

  ( )( )( )211 ccddcdB VVSVSS +−++       

  ( ) ( ) ( ) 



























+

+
++

+
−++ 111

21

2
222

21

11 ccddcdC VIr
LL

L
VIr

LL

L
SVSS (5.54) 

( ) ( )( )( )abcsLabcsLdabcsLabcsLdAabcs pILIRSpILIRSSV +−++= 1   (5.55) 

( ) ( ) ( )212121 IISSIIISSIIISSI dCLdBLdAd ++−++−+=   (5.56) 
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( ) ( )( )( )211 IISISISISSSI dcscpbsbpasapdAL +−+++=     

  ( )( )







+−+








+
++ 21

21

2211 1 IIS
CC

CICI
SS ddB     (5.57) 

( ) ( )( )( )ddccdddccdAo VVVSVVVSSV −+−+−+= 2121 1     

  ( ) ( )( )( )ddccdddccdB VVVSVVVSS −+−+−++ 2121 1     

  ( ) ( )( )( )ddccdddccdc VVVSVVVSS −+−+−++ 2121 1    (5.58) 

Equations (5.50)-(5.57) are simplified by grouping the common terms and are 

expressed as shown in (5.59)-(5.67) 

( ) ( )( ) ( ) ( )( )( )21121111 1 cdddCBAcdddCBA VIrVSSSSVIrVSSSSpIL −−−+++−−++=
           (5.59) 

( ) ( )( ) ( ) ( )( )( )12212222 1 cdddCBAcdddCBA VIrVSSSSVIrVSSSSpIL −−−+++−−++=
           (5.60) 

( ) ( ) ( )( )( )LdLdCBAc IISIISSSSpVC −−+−++= 1111 1    (5.61) 

( ) ( ) ( )( )( )LdLdCBAc IISIISSSSpVC −−+−++= 2222 1    (5.62) 

( )( )dcdCBAdd VSSSSV ++=         

  ( ) ( ) ( ) ( ) 



























+

+
++

+
−++ 111

21

2
222

21

11 ccdCA VIr
LL

L
VIr

LL

L
SSS  (5.63) 

( ) ( )( )( )abcsLabcsLdabcsLabcsLdAabcs pILIRSpILIRSSV +−++= 1   (5.64) 

( ) ( ) ( )2121 IISSIIISSSI dCLdBAd ++−++=     (5.65) 

( )( ) ( )( )( )211 IISSSISISISSSI dBAcscpbsbpasapdAL +−++++=    

  ( )( )







+−+








+
++ 21

21

2211 1 IIS
CC

CICI
SS ddB     (5.66) 

( ) ( )( ) ( ) ( )( )( )ddccdCAddccdCAo VVVSSSVVVSSSV −+−++−++= 2121 1  (5.67) 
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The combined equations (5.59)-(5.67) can be further simplified using the 

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

1=++ CBA SSS         (5.68) 

21111 cdd VIrVpIL −−=        (5.69) 

12222 cdd VIrVpIL −−=        (5.70) 

Lc IIpVC −= 211         (5.71) 

Lc IIpVC −= 122         (5.72) 

( )( ) ( ) ( ) ( ) ( )21111
21

2
222

21

1 11 ccBdccCAddcddd VVSSVIr
LL

L
VIr

LL

L
SSSVSV +−+








+

+
++

+
+−+=

           (5.73) 

( )abcsLabcsLAabcs pILIRSV +=        (5.74) 

( )( ) ( )2121 IISSIIISSSI CdLBAdd ++−++=     (5.75) 

( ) ( )( )( ) 







+
+

+++−+++=
21

2211
211

CC

CICI
SSIISSSISISISSSI BdBAdcscpbsbpasapAdL

           (5.76) 

( )( )ddccBAo VVVSSV −++= 21       (5.77) 

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

assumed. 

 rrr == 21  

 LLL == 21          (5.78) 

 CCC == 21  

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

( )211

1
cdd VrIV

L
pI −−=        (5.79) 
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( )122

1
cdd VrIV

L
pI −−=        (5.80) 

( )Lc II
C

pV −= 21

1
        (5.81) 

( )Lc II
C

pV −= 12

1
        (5.82) 

( )( ) ( ) ( ) ( )211122 1
2

1
1 ccBdccCAddcddd VVSSVrIVrISSSVSV +−+






 ++++−+=  

           (5.83) 

( )( ) ( )2121 IISSIIISSSI CdLBAdd ++−++=     (5.84) 

( ) ( )( )( ) 





 +

+++−+++=
2

1 21
21

II
SSIISSSISISISSSI BdBAdcscpbsbpasapAdL  

           (5.85) 

( )( )ddccBAo VVVSSV −++= 21       (5.86) 

The load current equations for an RL load are given as 

( ) 





 −−−= asscpbpap

o

s
as IrSSS

V

L
pI 2

3

1
     (5.87) 

( ) 





 −−+−= bsscpbpap

o

s
bs IrSSS

V

L
pI 2

3

1
     (5.88) 

( ) 





 −+−−= csscpbpap

o

s
cs IrSSS

V

L
pI 2

3

1
     (5.89) 
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5.3.2 Dynamic Analysis Results 

 
The simulation 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, oV  
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Figure 5.12: Input voltage to the Z-network, ddV  
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Figure 5.13: Input current to the Z-Network, dI  
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Figure 5.14: Output current of the Z-Network, LI  
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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 
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5.3.2 Steady State Analysis Results 

 
The steady state results for an RL load. The voltages are normalized with respect 

to the input DC voltage. 
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Figure 5.15: Normalized peak output voltage, mV  for varying modulation index 
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Figure 5.16: Normalized capacitor voltage, cV  of the Z-network, for varying modulation 

index 
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Figure 5.17: Normalized input voltage to the Z-network, ddV  for varying modulation 

index 
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Figure 5.18: Normalized DC output voltage of the Z-network, oV  for varying modulation 

index 
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Figure 5.19: Output voltage of the inverter, mV  for varying modulation index 

 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
150

200

250

300

350

400

450

500

550

600

650

D
o

V
c

m=0.6

m=0.7

m=0.8

m=0.9

 
Figure 5.20: Capacitor voltage of the Z-network, cV  for varying modulation index 
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Figure 5.21: Input DC current to the Z-network, dI  for varying modulation index 
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Figure 5.22: Input voltage to the Z-network, ddV  for varying modulation index 
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Figure 5.23: Output current of the Z-network, LI  for varying modulation index 
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Figure 5.24: Output voltage of the Z-network, oV  for varying modulation index 
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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 

 

Let the state equations be of the form 

( )xfx =&          (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. 

)()()()( seDsuBsxAsx ∆+∆+∆=∆&       (5.78) 

Where x  - equilibrium (dc) state vector 

 u  - equilibrium (dc) control vector 

 e  - equilibrium (dc) input vector 

 DBA ,,  - co-efficient matrices 

The dynamic equations of the system are used to perform the small signal 

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

very small change  
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Here the characteristic matrix is 
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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 all the eigen values. The real 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, oD  

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 

ANALYSIS OF 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 

[I.26]. The structure of a VSI 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 analysis is 

put forth. The simulation results hence prove the theory stated. 



 140

1I

2I

2CI

1C
2C

1L

2L

1r

2r

dcV ddV oV

1CI
apS bpS

cpS

anS bnS
cnS

dS
LI

 

Figure 6.1: Structure of a VSI based Z-Source Inverter 

 

6.2 Dynamic Analysis of the Z-source Inverter Feeding an Induction 

Motor Load 

 

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

real time characteristics of the model. 

 

6.2.1 Derivation of Transient Analysis on the Model 

 

The simplified equations in all 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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pI −−=        (6.2) 
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( )Lc II
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( )( ) ( ) ( ) ( )211122 1
2

1
1 ccBdccCAddcddd VVSSVrIVrISSSVSV +−+






 ++++−+=  

           (6.5) 

( )( ) ( )2121 IISSIIISSSI CdLBAdd ++−++=     (6.6) 

( ) ( )( )( ) 
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



 +

+++−+++=
2

1 21
21

II
SSIISSSISISISSSI BdBAdcscpbsbpasapAdL  

           (6.7) 

( )( )ddccBAo VVVSSV −++= 21       (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 load. 

The qd equations of the squirrel-cage induction machine load in terms of the stator and 

rotor flux linkages are given as 

dseqsqssqs pIrV λωλ ++=        (6.9) 

qsedsdssds pIrV λωλ −+=        (6.10) 

( ) 0' '''' =−++= drreqrqrrqr pIrV λωωλ       (6.11) 

( ) 0' '''' =−−+= qrredrdrrdr pIrV λωωλ       (6.12) 
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( )Ler TT
J

P
p −=

2
ω         (6.13) 

( )qsdsdsqse II
P

T λλ −=
4

3
       (6.14) 

where the stator and rotor flux linkages are given as 

 '
qrmqssqs ILIL +=λ        (6.15) 

 '
drmdssds ILIL +=λ        (6.16) 

 qsmqrrqr ILIL += '''λ        (6.17) 

 dsmdrrdr ILIL += '''λ        (6.18) 

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). 

dseqssqsqs IrVp λωλ −−=        (6.19) 

qsedssdsds IrVp λωλ +−=        (6.20) 

( ) ''''
drreqrrqr Irp λωωλ −−−=        (6.21) 

( ) ''''
qrredrrdr Irp λωωλ −+−=        (6.22) 

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

( )''1
qrmqsrqs LLI λλ −

∆
=        (6.23) 

( )''1
drmdsrds LLI λλ −

∆
=        (6.24) 

( )qsmqrsqr LLI λλ −
∆

= '' 1
       (6.25) 
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( )dsmdrsdr LLI λλ −
∆

= '' 1
       (6.26) 

 

where 

 2'
mrs LLL −=∆         (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. 
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Figure 6.2: Transient characteristics of induction motor (a) rotor speed rω  (b) torque eT  
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Figure 6.3: Transient characteristics (a) ‘a’ phase stator current asI  (b) Phase ‘a’ voltage 

asV  (c) Line voltage abV  
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Figure 6.4: Transient characteristics of the Z-source network - DC input current to the Z-

network dI  
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Figure 6.5: Transient characteristics of the Z-source network - DC output current of the 

Z-network LI  
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Figure 6.6: Transient characteristics of the Z-source network - (a-b) inductor currents,   

(c-d) capacitor voltages 
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Figure 6.7: Transient characteristics of the Z-source network - DC input voltage to the Z-

network ddV  
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Figure 6.8: Transient characteristics of the Z-source network - DC output voltage of the 

Z-network oV  
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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. 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
-100

0

100

200

300

400

ω r (
ra

d/
s)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
-5

0

5

10

15

20

Time (s)

T e (
N

m
)

 

Figure 6.9: Squirrel cage induction motor characteristics (a) Change in rotor speed rω  (b) 

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

when a load of 4 Nm is applied at 0.75 seconds 
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Figure 6.11: Change in the DC input current to the Z-network when a load of 4 Nm is 

applied at 0.75 seconds 
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Figure 6.12: Change in the DC output current of the Z-network when a load of 4 Nm is 

applied at 0.75 seconds 
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Figure 6.13: Change in the (a-b) Inductor currents, (c-d) Capacitor Voltages of the Z-

network when a load of 4 Nm is applied at 0.75 seconds 
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Figure 6.14: Change in the DC input voltage to the Z-network when a load of 4 Nm is 

applied at 0.75 seconds 

(a) 

(b) 

(c) 

(d) 



 150

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
-50

0

50

100

150

200

250

300

350

400

Time

V
o

 

Figure 6.15: Change in the DC output voltage of the Z-network when a load of 4 Nm is 

applied at 0.75 seconds 

 

6.3 Steady State Analysis of Z-Source Inverter 

 

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. 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.  
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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 
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The currents are obtained from (6.28) 

Here, LI  is the stator current which is determined from (6.29) 
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6.3.2 Results 

For an induction machine load the simulation results are as shown below. 
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Figure 6.16: Torque of the induction machine for varying shoot-through duty ratio oD  
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Figure 6.17: Rotor current of the induction machine for varying shoot-through duty ratio 

oD  
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Figure 6.18: Stator current of the induction machine for varying shoot-through duty ratio 

oD  
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Figure 6.19: Induction currents of the Z-Network for varying shoot-through duty ratio 

oD  
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Figure 6.20: Peak output voltage of the inverter for varying shoot-through duty ratio oD  
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Figure 6.21: Capacitor voltage of the Z-Network for varying shoot-through duty ratio oD  
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Figure 6.22: Input voltage to the Z-Network for varying shoot-through duty ratio oD  
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Figure 6.23: Output current of the Z-Network for varying shoot-through duty ratio oD  

 



 156

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
180

190

200

210

220

230

240

Slip

V
o (

V
)

 

 
D

o
=0.15

D
o
=0.1

Do=0.05

D
o
=0

 
Figure 6.24: Output voltage of the Z-Network for varying shoot-through duty ratio oD  
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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. This is 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. 
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Figure 7.1: Structure of a Z-Source Rectifier 
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7.2 Dynamic Analysis for 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 also 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 is increased 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, AS  

•  Shoot-through State, BS  

•  Null State, CS  

The switch SS  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 SS  is kept 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 ; AS  

 

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 SS  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 

xassassas VpILIrV ++=        (7.1) 

ybssbssbs VpILIrV ++=        (7.2) 

zcsscsscs VpILIrV ++=        (7.3) 

cpS

cnS

apS bpS

anS bnS

asI

csI

1CI 2CI

1C
2C

2L

ddV
oV
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bsV
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sr

sL
bsI

1r 1L

2r

nI
1I

LI

x

y

z

k

m

SS

oC oR

oI

2I
 

Figure 7.2: Active state of ZSR, AS  
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where mnanknapx VSVSV +=       (7.4) 

mnbnknbpy VSVSV +=       (7.5) 

mncnkncpz VSVSV +=       (7.6) 

The output DC voltage of the rectifier is mnknkmdd VVVV −==  

⇒  mnddkn VVV +=        (7.7) 

Substituting for knV  in (7.4)-(7.7) and hence substituting for xV , yV , and zV  in 

(7.1)-(7.3) gives 

( )anapmnddapassassas SSVVSpILIrV ++++=     (7.8) 

( )bnbpmnddbpbssbssbs SSVVSpILIrV ++++=     (7.9) 

( )cncpmnddcpcsscsscs SSVVSpILIrV ++++=      (7.10) 

By adding the three phase voltage equations (7.8)-(7.10) and eliminating mnV  and 

also using the above equations in a balanced case makes the expressions for the three-

phase input voltages as  

( )cpbpap
dd

assassas SSS
V

pILIrV −−++= 2
3

     (7.11) 

( )cpbpap
dd

bssbssbs SSS
V

pILIrV −+−++= 2
3

     (7.12) 

( )cpbpap
dd

csscsscs SSS
V

pILIrV 2
3

+−−++=      (7.13) 

21111 cdd VIrVpIL −−=         (7.14) 

12222 cdd VIrVpIL −−=        (7.15) 

Lc IIpVC −= 211         (7.16) 
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Lc IIpVC −= 122         (7.17) 

occdd VVVV −+= 21         (7.18) 

cscpbsbpasapn ISISISI ++=        (7.19) 

nL IIII −+= 21         (7.20) 

o

o
LoLoo R

V
IIIpVC −=−=        (7.21) 

o

o
o R

V
I =          (7.22) 

 

7.2.2 Shoot-through State; BS  

 

The shoot-through state of the Z-Source Rectifier is as shown in Figure 7.3. Both 

the devices on one or all the legs are turned ON together. Here the switch SS  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. 



 164

1CI 2CI

1C
2C

2L

oV

asV

bsV

csV

sr sL
1r 1L

2r

nI
1I

LI SS

oC

oR

oI

2I
 

Figure 7.3: Shoot-through State of ZSR, BS  

 

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

( )cpbpap
dd

assassas SSS
V

pILIrV −−++= 2
3

     (7.23) 

( )cpbpap
dd

bssbssbs SSS
V

pILIrV −+−++= 2
3

     (7.24) 

( )cpbpap
dd

csscsscs SSS
V

pILIrV 2
3

+−−++=      (7.25) 

21111 cVIrpIL −−=         (7.26) 

12222 cVIrpIL −−=         (7.27) 

Lc IIpVC −= 211         (7.28) 

Lc IIpVC −= 122         (7.29) 

0=ddV          (7.30) 
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11 cn III +=  

    LIII −+= 21  

0=LI           (7.31) 

⇒ 21 IIIn +=          (7.32) 

o

o
oo R

V
pVC −=          (7.33) 

 

7.2.3 Null State; CS  

 

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

SS  is turned ON.  
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ddV

asV

bsV

csV

sr sL

 

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

( )cpbpap
dd

assassas SSS
V

pILIrV −−++= 2
3

     (7.34) 

( )cpbpap
dd

bssbssbs SSS
V

pILIrV −+−++= 2
3

     (7.35) 

( )cpbpap
dd

csscsscs SSS
V

pILIrV 2
3

+−−++=      (7.36) 

21111 cdd VIrVpIL −−=         (7.37) 

12222 cdd VIrVpIL −−=        (7.38) 

22221111 pILIrVpILIrV odd ++++=       (7.39) 

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

occdd VVVV −+= 21         (7.40) 

Lc IIpVC −= 211         (7.41) 

Lc IIpVC −= 122         (7.42) 

0=nI           (7.43) 

o

o
Loo R

V
IpVC −=         (7.44) 

21 IIIL +=          (7.45) 
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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 

( ) ( )





 −−+++






 −−++= cpbpap

dd
assassBcpbpap

dd
assassAas SSS

V
pILIrSSSS

V
pILIrSV 2

3
2

3

 ( )





 −−+++ cpbpap

dd
assassC SSS

V
pILIrS 2

3
     (7.46) 

( ) ( )





 −+−+++






 −+−++= cpbpap

dd
bssbssBcpbpap

dd
bssbssAbs SSS

V
pILIrSSSS

V
pILIrSV 2

3
2

3

 ( )





 −+−+++ cpbpap

dd
bssbssC SSS

V
pILIrS 2

3
    (7.47) 

( ) ( )





 +−−+++






 +−−++= cpbpap

dd
csscssBcpbpap

dd
csscssAcs SSS

V
pILIrSSSS

V
pILIrSV 2

3
2

3

 ( )





 +−−+++ cpbpap

dd
csscssC SSS

V
pILIrS 2

3
    (7.48) 

( ) ( ) ( )21121121111 cddCcBcddA VIrVSVIrSVIrVSpIL −−+−−+−−=    (7.49) 

( ) ( ) ( )12212212222 cddCcBcddA VIrVSVIrSVIrVSpIL −−−−+−−=    (7.50) 

( ) ( ) ( )LCLBLAc IISIISIISpVC −+−+−= 22211      (7.51) 

( ) ( ) ( )LCLBLAc IISIISIISpVC −+−+−= 11122      (7.52) 









−+








−+








−=

o

o
LC

o

o
B

o

o
LAoo R

V
IS

R

V
S

R

V
ISpVC      (7.53) 

( )( ) ( )2121 IISISISISIISI CcscpbsbpasapAL ++++−+=     (7.54) 

( ) ( )occBoccAdd VVVSVVVSV −++−+= 2121       (7.55) 

( ) ( )21 IISISISISSI BcscpbsbpasapAn ++++=      (7.56) 
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







+







+







=

o

o
C

o

o
B

o

o
Ao R

V
S

R

V
S

R

V
SI        (7.57) 

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

expressed as 

( ) ( )





 −−++++= cpbpap

dd
assassCBAas SSS

V
pILIrSSSV 2

3
  (7.58) 

( ) ( )





 −+−++++= cpbpap

dd
bssbssCBAbs SSS

V
pILIrSSSV 2

3
  (7.59) 

( ) ( )





 +−−++++= cpbpap

dd
csscssCBAcs SSS

V
pILIrSSSV 2

3
  (7.60) 

( ) ( )( )21111 cCBAddCA VIrSSSVSSpIL −−++++=     (7.61) 

( ) ( )( )12222 cCBAddCA VIrSSSVSSpIL −−++++=     (7.62) 

( )( )LCBAc IISSSpVC −++= 211       (7.63) 

( )( )LCBAc IISSSpVC −++= 122       (7.64) 

( ) ( ) 







−++++=

o

o
CBALCAoo R

V
SSSISSpVC     (7.65) 

The switching functions cpbpap SSS ,,  constitute to the active state AS . That is 

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

the term AS  can be neglected and (7.54) and (7.56) can be re-written as 

( )( ) ( )cscpbsbpasapCAL ISISISIISSI ++−++= 21     (7.66) 

( ) ( )21 IISISISISI Bcscpbsbpasapn ++++=      (7.67) 

( )( )occCAdd VVVSSV −++= 21        (7.68) 
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( ) 







++=

o

o
CBAo R

V
SSSI        (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) 

1=++ CBA SSS         (7.70) 

( )cpbpap
dd

assassas SSS
V

pILIrV −−++= 2
3

     (7.71) 

( )cpbpap
dd

bssbssbs SSS
V

pILIrV −+−++= 2
3

     (7.72) 

( )cpbpap
dd

csscsscs SSS
V

pILIrV 2
3

+−−++=      (7.73) 

( )( ) 2112111 coccCA VIrVVVSSpIL −−−++=      (7.74) 

( )( ) 1222122 coccCA VIrVVVSSpIL −−−++=      (7.75) 

( )( ) ( )cscpbsbpasapCAc ISISISIISSIpVC +++++−= 21211    (7.76) 

( )( ) ( )cscpbsbpasapCAc ISISISIISSIpVC +++++−= 21122    (7.77) 

( )( ) ( )
o

o
cscpbsbpasapCAoo R

V
ISISISIISSpVC −++−++= 21    (7.78) 

( )( ) ( )cscpbsbpasapCAL ISISISIISSI ++−++= 21     (7.79) 

( )( )occCAdd VVVSSV −++= 21        (7.80) 

( ) ( )21 IISISISISI Bcscpbsbpasapn ++++=      (7.81) 

o

o
o R

V
I =          (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 AS , shoot-through state BS  and the null state CS  are shown in Figure 7.5. 

When AS =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 BS =1, it refers to the 

converter operating in shoot-through state and when CS =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 pulses.  
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Figure 7.5: Switching function (a) Active State, (b) Shoot-through State, (c) Null state 
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Figure 7.6: Switching function for the individual devices (a) phase ‘a’ – top device, (b) 

phase ‘b’ – top device, (c) phase ‘c’ – top device, (d) phase ‘a’ – bottom device, (e) phase 

‘b’ – bottom device, (f) phase ‘c’ – bottom device 

 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 



 172

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 state is given as 

dSS CA −=+ 1         (7.83) 

where 

 d  is the average of oD  

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. 

2
qsdd

dsesqssqssqs

MV
ILpILIrV +++= ω      (7.84) 

2
dsdd

qsesdssdssds

MV
ILpILIrV +−+= ω      (7.85) 

21111 cdd VIrVpIL −−=        (7.86) 

12222 cdd VIrVpIL −−=        (7.87) 

Lc IIpVC −= 211         (7.88) 

Lc IIpVC −= 122         (7.89) 

( )( ) ( )
o

o
dsdsqsqsoo R

V
IMIMIIdpVC −+−+−=

2

3
1 21     (7.90) 

( )( ) ( )dsdsqsqsL IMIMIIdI +−+−=
2

3
1 21      (7.91) 
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( )( )occdd VVVdV −+−= 211        (7.92) 

( ) ( )212

3
IIdIMIMI dsdsqsqsn +++=       (7.93) 

o

o
o R

V
I =          (7.94) 

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 

( ) 0
2

3 =−= dsqsqsds IVIVQ        (7.95) 

Now,  ( )oeomqs VV θθ −= cos        (7.96) 

 ( )oeomds VV θθ −−= sin       (7.97) 

Where eoθ  - initial angle of the supply voltage 

 oθ  - 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 

⇒ oeo θθ =          (7.98) 

This results in the qd input voltages to be 

mqs VV =          (7.99) 

0=dsV          (7.100) 

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

0=dsI          (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 

ANALYSIS 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 analysis is 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 balance technique for a linear 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 oD  is averaged to become d . 

( )( ) scosc VIrVVdLpI −−−−= 1212       (8.1) 

( ) ( )dsdsqsqssc IMIMdICpV +++−= 321      (8.2) 

( ) ( )
o

o
dsdsqsqsoo R

V
IMIMIdpVC −+−−=

2

3
1     (8.3) 

where 

 21 III +=  

 21 ccsc VVV +=  

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

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

( )ej
qsqsoqs eIII θ

1Re +=        (8.4) 
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( )ej
dsdsods eIII θ

1Re +=        (8.5) 

( )ej
ddddodd eVVV θ

1Re +=        (8.6) 

( )eee jjj
o eIeIeIII θθθ 6

6
5

51Re +++=       (8.7) 

( )ej
o eddd θ6

6Re +=         (8.8) 

( )ej
qsqsoqs eMMM θ6

6Re +=        (8.9) 

( )ej
dsdsods eMMM θ6

6Re +=        (8.10) 

( )ej
scscosc eVVV θ

1Re +=        (8.11) 

( )ej
oooo eVVV θ
1Re +=         (8.12) 

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

obtain (8.13)-(8.17) 

( ) ( ) ( )eee j
dsdsoes

j
qsqsos

j
qsqsosqs eIILeIIpLeIIrV θθθ ω 111 ReReRe +++++=   

  ( ) ( )ee j
qsqso

j
ddddo eMMeVV θθ 6

61 ReRe
2

1 +++     (8.13) 

( ) ( ) ( )eee j
qsqsoes

j
dsdsos

j
dsdsosds eIILeIIpLeIIrV θθθ ω 111 ReReRe +++++=   

  ( ) ( )ee j
dsdso

j
ddddo eMMeVV θθ 6

61 ReRe
2

1 +++     (8.14) 

( ) ( )( ) ( )
( )











+−

+
+−=+++

e

e

eeee

j
ooo

j
scscoj

o
jjj

o
eVV

eVV
eddeIeIeIILp

θ

θ
θθθθ

1

16
6

6
6

5
51

Re

Re
Re12Re  

   ( ) ( )eeee j
scsco

jjj
o eVVeIeIeIIr θθθθ

1
6

6
5

5112 ReRe +−+++−  (8.15) 

( ) ( ) ( )( )eeeee j
o

jjj
o

j
scsco eddeIeIeIIeVVCp θθθθθ 6

6
6

6
5

511 Re21ReRe ++−+++=+
( ) ( ) ( ) ( )( )eeee j

dsdso
j

dsdso
j

qsqso
j

qsqso eIIeMMeIIeMM θθθθ
1

6
61

6
6 ReReReRe3 ++++++  

           (8.16) 
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( ) ( )( ) ( )eeeee jjj
o

j
o

j
oooo eIeIeIIeddeVVpC θθθθθ 6

6
5

51
6

61 ReRe1Re ++++−=+

( ) ( ) ( ) ( )( )eeee j
dsdso

j
dsdso

j
qsqso

j
qsqso eIIeMMeIIeMM θθθθ

1
6

61
6

6 ReReReRe
2

3 +++++−

 ( )ej
ooo

o

eVV
R

θ
1Re

1 +−         (8.17) 

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

(8.19)-(8.23). 

( ) ( ) ( ) ( )
2

Re

2

Re
ReRe

*ABAB
BA +=       (8.18) 

ee j
qss

j
qss

qsoddo
dsoesqsosqsosqs epILeIr

MV
ILpILIrV θθω 11 ReRe

2
+++++=  

  ( ) eeee j
qsddo

j
qsodd

j
dses

j
qses eMVeMVeILeIjL θθθθ ωω 6

6111 Re
2

Re
ReRe ++++

   ( ) ( )ee j
qsdd

j
qsdd eMVeMV θθ 5

61
7

61 2

Re

2

Re −++    (8.19) 

ee j
dss

j
dss

dsoddo
qsoesdsosdsosds epILeIr

MV
ILpILIrV θθω 11 ReRe

2
+++−+=  

  ( ) eeee j
dsddo

j
dsodd

j
qses

j
dses eMVeMVeILeIjL θθθθ ωω 6

6111 Re
2

Re
ReRe ++−+

   ( ) ( )ee j
dsdd

j
dsdd eMVeMV θθ 5

61
7

61 2

Re

2

Re −++    (8.20) 
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By separating the average terms from the above equations, the average equations 

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

2
qsoddo

dsoesqsosqsosqs

MV
ILpILIrV +++= ω      (8.24) 

2
dsoddo

qsoesdsosdsosds

MV
ILpILIrV +−+= ω      (8.25) 

( )( )( ) scooooscooo VIrVVdLpI −−−−= 1212      (8.26) 

( ) ( )dsodsoqsoqsooosco IMIMdIdICpV ++++−= 321 66    (8.27) 

( ) ( )
o

oo
dsodsoqsoqsoooooo R

V
IMIM

Id
dIpVC −+−+−=

2

3

2
1 66    (8.28) 
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8.3 Steady State Analysis of 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 q-axis input voltage 

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

2
ddqs

qssqs

VM
IrV +=         (8.29) 

se

ddqs
qs L

VM
I

ω2
=          (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. 

LIII == 21          (8.31) 

From (7.86) and (7.87), the following expressions are obtained 

221 IrVV ddc −=         (8.32) 

112 IrVV ddc −=         (8.33) 

Also from (7.90),  

o

o
L R

V
I =          (8.34) 
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By substituting (8.30) and (8.31) in (7.91), the dc output current of the Z-network 

is given as shown in (8.35) 

( )ose

dddsqs
L DL

VMM
I

214

3

−
=

ω
        (8.35) 

Substituting (8.35) in (8.34), 

( ) o

o

ose

dddsqs

R

V

DL

VMM
=

− 214

3

ω
        (8.36) 

By substituting (8.32) and (8.33) in (7.92), the output voltage of the rectifier can 

be expressed as shown in (8.37) 









−
−

+−=
o

o
ddLo D

D
VrIV

1

21
       (8.37) 

 where rrr =+ 21  

Substituting (8.37) in (8.36) 

( ) 




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
−
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− o
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o
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R

V

R

rI
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VMM

1

21

214

3

ω
     (8.38) 

Eliminating LI  from the above expression, the product of the q-axis and d-axis 

modulation signals is given as shown in (8.39) 

( )
( )( )oo

ose
dsqs DRr

DL
MM

−−
−

=
13

214 2ω
       (8.39) 

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

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

( )
( )( )oo

ose

DRr

DL
Y

−−
−

=
13

214 2ω
 



 182

Now, 
qs

ds M

Y
M =         (8.40) 

Also the modulation index M  is defined as 222
dsqs MMM +=   (8.41) 

Hence by substituting (8.40) in (8.41), the q-axis modulation signal can be solved 

for. 

02224 =+− YMMM qsqs  

The other steady state parameters of the system can be solved for using the above 

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

qsses

qsqsse
qs MLYr

MVL
V

ω
ω

+
=

2
        (8.42) 

Hence the other parameters are obtained as follows 

qssedss

qsse
dd MLMr

VL
V

ω
ω
+

=
2

       (8.43) 

( ) 21212

3
II

D

IM
I

o

qsqs
L ==

−
=        (8.44) 

oLo RIV =          (8.45) 

Lddc rIVV −=          (8.46) 

( ) Loqsqsn IDIMI 2
2

3 +=        (8.47) 

Lo II =          (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 q-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 q-axis 

modulation signal is large compared to that of the q-axis modulation signal while the 

shoot-through duty ratio oD  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 

qsV  180 V 

sr  0.5 Ω  

sL  2 mH 

f  60 Hz 

R  50 Ω  

r  0.24 Ω  

L  3.615 mH 
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Figure 8.1: Relationship between qsM  and dsM  for m = 0.6 for varying oD  
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Figure 8.2: Relationship between qsM  and dsM  for m = 0.7 for varying oD  
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Figure 8.3: Relationship between qsM  and dsM  for m = 0.8 for varying oD  
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Figure 8.4: Relationship between qsM  and dsM  for m = 0.9 for varying oD  
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Figure 8.5 shows the input supply power inP  for the four different values of the 

modulation index. Figure 8.6 shows the input current to the Z-source network nI  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 oP . The load used here is a 

resistive load. Hence the relationship between the power and voltage is given as 

ooo IVP = . Figure 8.9 shows the Z-source network capacitor voltages. 21 , cc VV . 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 21, II .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 q-

axis input current qsI . Figure 8.12 shows the plots of the dc current coming out of the Z-

source network LI . Figure 8.13 illustrates the behavior of the load voltage oV . Figure 

8.14 shows the behavior of the dc input voltage to the Z-source network ddV . 
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Figure 8.5: Input power, inP  for various values of m while varying oD  at 50 Ω  load 

resistance 
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Figure 8.6: Input current to the Z-network, nI  for various values of m while varying oD  

at 50 Ω  load resistance 
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Figure 8.7: Input power factor for various values of m while varying oD  at 50 Ω  load 

resistance 
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Figure 8.8: Output load power, oP  for various values of m while varying oD  at 50 Ω  

load resistance 
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Figure 8.9: Capacitor voltages 21 , cc VV  of the Z-network for various values of m while 

varying oD  at 50 Ω  load resistance 
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Figure 8.10: Inductor currents 21, II  of the Z-network for various values of m while 

varying oD  at 50 Ω  load resistance 
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Figure 8.11: Input q-axis current qsI  for various values of m while varying oD  at 50 Ω  

load resistance 
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Figure 8.12: Output current of the Z-network, LI  for various values of m while varying 

oD  at 50 Ω  load resistance 
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Figure 8.13: Output load voltage, oV  for various values of m while varying oD  at 50 Ω  

load resistance 
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Figure 8.14: Output dc voltage, ddV  of the Z-network for various values of m while 

varying oD  at 50 Ω  load resistance 
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8.4 Simplified Model Equations 

 

The simplified model equations of the Z-source network in the qd synchronous 

reference frame can be written as 

( )( )
2

1 21 qsocco
dsesqssqssqs

MVVVD
ILpILIrV

−+−
+++= ω    (8.49) 

( )( )
2

1 21 dsocco
qsesdssdssds

MVVVD
ILpILIrV

−+−
+−+= ω    (8.50) 

( )( ) 2112111 1 cocco VIrVVVDpIL −−−+−=      (8.51) 

( )( ) 1222122 1 cocco VIrVVVDpIL −−−+−=      (8.52) 

( )( ) ( )dsdsqsqsoc IMIMIIDIpVC +++−−=
2

3
1 21211    (8.53) 

( )( ) ( )dsdsqsqsoc IMIMIIDIpVC +++−−=
2

3
1 21122    (8.54) 

( )( ) ( )
o

o
dsdsqsqsooo R

V
IMIMIIDpVC −+−+−=

2

3
1 21    (8.55) 

( )( ) ( )dsdsqsqsoL IMIMIIDI +−+−=
2

3
1 21      (8.56) 

( )( )occodd VVVDV −+−= 211        (8.57) 

( ) ( )212
3

IIDIMIMI odsdsqsqsn +++=       (8.58) 

o

o
o R

V
I =          (8.59) 

where oCA DSS −=+ 1        (8.60) 

 since 1=++ CBA SSS  
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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 Ω  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 q-axis and d-axis modulation 

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

 

8.4.1 Simulation Results 

 

The simulation of the system model is performed in MATLAB/SIMULINK and 

the results are as shown below. Figure 8.15 shows the three-phase input currents 

csbsas III ,, . 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 Ω  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 8.15: Three phase input currents asI , bsI , csI  
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Figure 8.16: Superimposition of input phase voltage asV and ten times the input phase 

current asI  to show unity power factor 
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Figure 8.17: Load output voltage oV  of the Z-Source Rectifier 
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Figure 8.18: Input voltage to the Z-source network ddV  
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Figure 8.19: Load current for a resistive load oI  
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Figure 8.20: Input dc current to the Z-source network nI  
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8.5 Small Signal Analysis 

 

The small signal 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. 

Let the state equations be of the form 

( )uxfx ,=&  

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. 

)()()()( seDsuBsxAsx ∆+∆+∆=∆&        (8.61) 

where x  - equilibrium (dc) state vector 

 e  - equilibrium (dc) control vector 

 u  - equilibrium (dc) input vector 

 DBA ,,  - co-efficient matrices 

The assumptions used in this section are 
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 oD−=1δ         (8.62) 

 CCC == 21  

 1221 rrr ==  

 LLL == 21  

 III =+ 21  

 sccc VVV =+ 21  

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

( )( )







 −+−
−−−=

2

11 21 qsocco
dsesqssqs

s
qs

MVVVD
ILIrV

L
pI ω  (8.63) 

( )( )






 −+−

−+−=
2

11 21 dsocco
qsesdssds

s
ds

MVVVD
ILIrV

L
pI ω  (8.64) 

( )( )( )21121
1

1 1
1

cocco VIrVVVD
L

pI −−−+−=    (8.65) 

( )( )( )12221
2

2 1
1

cocco VIrVVVD
L

pI −−−+−=    (8.66) 

( )( ) ( )





 +++−−= dsdsqsqsoc IMIMIIDI

C
pV

2

3
1

1
212

1
1   (8.67) 

( )( ) ( )





 +++−−= dsdsqsqsoc IMIMIIDI

C
pV

2

3
1

1
211

2
2   (8.68) 

( )( ) ( ) 







−+−+−=

o

o
dsdsqsqso

o
o R

V
IMIMIID

C
pV

2

3
1

1
21   (8.69) 
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By using the assumptions mentioned in the above state equations 

( )







 −
−−−=

2

1 qsosc

dsesqssqs
s

qs

MVV
ILIrV

L
pI δω   (8.70) 

( )







 −
−+−=

2

1 dsosc
qsesdssds

s
ds

MVV
ILIrV

L
pI δω   (8.71) 

( )( )211
1

1

1
cosc VIrVV

L
pI −−−= δ      (8.72) 

( )( )122
2

2

1
cosc VIrVV

L
pI −−−= δ      (8.73) 

( )





 ++−= dsdsqsqsc IMIMII

C
pV

2

31
2

1
1 δ     (8.74) 

( )





 ++−= dsdsqsqsc IMIMII

C
pV

2

31
1

2
2 δ     (8.75) 

( ) 







−+−=

o

o
dsdsqsqs

o
o R

V
IMIMI

C
pV

2

31 δ     (8.76) 

Adding (8.72) and (8.73) 

( ) pIIIp =+ 21  

( )( )scosc VIrVV
L

pI −−−= 122
1 δ      (8.78) 

Adding (8.74) and (8.75), 

( ) sccc pVVVp =+ 21  

( ) ( )( )dsdsqsqssc IMIMI
C

pV ++−= 321
1 δ     (8.79) 

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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oooo VVV ∆+=  

scscosc VVV ∆+=  

III o ∆+=  

qsqsoqs III ∆+=  

dsdsods III ∆+=  

qsqsoqs VVV ∆+=  

dsdsods VVV ∆+=  

qsqsoqs MMM ∆+=  

dsdsods MMM ∆+=  

δδδ ∆+= o  

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 

( )

( ) 

















∆−−∆+

∆−∆−−∆−∆−∆
=∆

δδ

δδδω

qsoooqsoscooqsoo

scqsooqsoooscoodsseqssqs

s
qs

MVMVVM

VMMVVILIrV

L
Ip

2

1

2

1
2

1

2

1
1

 

           (8.80) 

( )

( ) 

















∆−−∆+

∆−∆−−∆+∆−∆
=∆

δδ

δδδω

dsooodsoscoodsoo

scdsoodsoooscooqssedssds

s
ds

MVMVVM

VMMVVILIrV

L
Ip

2

1

2

1
2

1

2

1
1

 

           (8.81) 

( ) ( )( )δδδ ∆−+∆−∆−+∆−=∆ ooscooosco VVVVIr
L

Ip 2212
1

12   (8.82) 
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( ) ( )( )dsdsoqsqsodsdsoqsqsooosc MIMIIMIMII
C

Vp ∆+∆+∆+∆+∆−∆−=∆ 3221
1 δδ  

           (8.83) 

( ) 






 ∆
−∆+∆+∆+∆−∆+∆=∆

o

o
dsdsoqsqsodsdsoqsqsooo

o
o R

V
MIMIIMIMII

C
Vp

2

31 δδ

           (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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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 

( )

( )









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s
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L
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L
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   (8.86) 
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           (8.87) 
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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 real 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 real part of all the eigen values of all 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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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 oD  from zero to its 

corresponding maximum. It was noticed that as the shoot-through duty ratio, oD  

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. 
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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 simplicity, 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, is it obvious that 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 algebraically approximate a 

nonlinear system dynamics into that of a linear system and decouple the coupled terms. 

The simplest 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-Source 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 

oD−=1δ          (9.1) 

21 III +=          (9.2) 

occcc VVVV −+= 21         (9.3) 

21 ccsc VVV +=          (9.4) 

^

2

^

1

^

12 rrr ==          (9.5) 

^

2

^

1

^

LLL ==          (9.6) 

^

2

^

1

^

CCC ==          (9.7) 

If the parameters are assumed to be measured values, then they become 

^

ss rr =  

^

ss LL =  
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^

1212 rr =  

^

LL =  

^

CC =  

^

oo CC =  

^

oo RR =  

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. 

2
qsdd

dsesqssqssqs

MV
ILpILIrV +++= ω      (9.8) 

2
dsdd

qsesdssdssds

MV
ILpILIrV +−+= ω      (9.9) 

( ) 2121211221 2 cccc VVIrIrVLpIIILp −−−−==+ δ  

sccc VIrVLpI −−= 122δ        (9.10) 

( ) ( ) ( )dsdsqsqscc IMIMIIIIVVCp +++−+=+ 32 212121 δ  

( )dsdsqsqssc IMIMIICpV ++−= 32δ  

( ) ( )dsdsqsqssc IMIMICpV ++−= 321 δ      (9.11) 

( )
o

o
dsdsqsqso R

V
IMIMICpV −+−=

2

3δ      (9.12) 

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 given in (9.13)-(9.17).  
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Hence, by using the measured values, the state equations can be represented as the 

following. 

qs
qscc

dsesqsqssqss

MV
ILVpILIr σ

δ
ω =−−=+

2

^^^

    (9.13) 

ds
dscc

qsesdsdssdss

MV
ILVpILIr σδω =−+=+

2

^^^

    (9.14) 

Isccc VVIrpIL σδ =−=+ 2
^

12

^

       (9.15) 

( ) ( ) cdsdsqsqssc IMIMIpVC σδ =++−= 321
^

     (9.16) 

( ) odsdsqsqs

o

o
oo IMIMI

R

V
pVC σδ =+−=+

2
3

^

^

     (9.17) 

The dc output load voltage oV  and the sum of the capacitor voltages cV  in the Z-

network scV  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 oV  and the sum of the capacitor voltages are 

specified by the user.  

The PI controllers are defined as 

( )qsqsqqs IIk −= *σ          (9.18) 

( )dsdsdds IIk −= *σ          (9.19) 

( )IIkII −= *σ          (9.20) 

( )scsccc VVk −= *σ          (9.21) 

( )oooo VVk −= *σ          (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 oσ  and cσ  are known. Also, when unity 

input power factor is required, 0=dsI . 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. 

ocI σσ 2* +=          (9.23) 

When the reference value of the sum of the Z-network inductor currents is 

obtained, the controller Iσ  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 osccc VVV −=  is assumed. 

( )osc

scI

VV

V

−
+

=
2

* σδ         (9.24) 

Therefore, the shoot-through duty ratio is obtained from (9.1) and (9.24). The q-

axis input current reference value can be obtained from the (9.17) and is given by the 

expression (9.25) 

( )( )
qs

ooc
qs M

I
3

22* σσσδ −+
=        (9.25) 

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

the controllers qsσ  and dsσ  can be determined from (9.18) and (9.19). The derivation of 

the controller gains is given in the following section. The reference values of the q-axis 

and d-axis modulation signals can be obtained from (9.13) and (9.14) as 







 −−= qsdsesqs

cc
qs ILV

V
M σω

δ
^2

      (9.26) 
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





 −+= dsqsesds

cc
ds ILV

V
M σω

δ
^2

      (9.27) 

Now that *δ  is known, the value of σ  can also be determined.  

** 1 oD−=δ  

⇒ *δ ( ) 

















−−−=

2

3
111

mσ  

         
2

3

2

3 mm σσ −+=  

Also, 
( )









−

−−=

2

3
1

1
1

*

m

δσ        (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 (PI) 

•  Integration-Proportional controller (IP) 

•  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 a circle of radius oω , with its center at the origin [B.8]. The 

second order Butterworth polynomial can be expressed as 

22 2 oo pp ωω ++         (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 oω . In a control system 

with multiple controllers, the values of oω  for different controllers must be properly 

selected and designed. Generally, the inner loop controller should have a value of oω  10 

times greater than that of the outer control loop. The poles are evenly distributed around 

the circle whose radius is oω . The diagram of pole placement for a second order system 

is shown 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 polynomial which is given in (9.29). When the value of oω  is specified, the 

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

term of oω . 

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 oω  has to 

be zero, which yields unreasonable controller parameters.  
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oω

*

*

o45

Pole 1

Pole 2

 

Figure 9.1: Diagram of pole placement using Butterworth method 

On the other hand, zero value for oω  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 a transfer 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 also defined as 

cscpVC σ=
^

         (9.30) 

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

( )scsccsc VVkpVC −= *
^
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where  

 
p

k
kk ic

pcc +=  is defined as the PI capacitor voltage controller gain 

The transfer function of the sum of the capacitor voltages is obtained as 

icpc

icpc

sc

sc

kpkCp

kpk

V

V

++
+

=
2*

       (9.31) 

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 

Ck opc ω2=          (9.32) 

Ck oic
2ω=          (9.33) 

 

Similarly the output voltage controller gain constant can be determined 

From (9.17), the controller is also defined as 

o

o

o
oo

R

V
pVC σ=+

^

^

        (9.34) 

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

( )ooo

o

o
oo VVk

R

V
pVC −=+ *

^

^

 

where  

 
p

k
kk io

poo +=  is defined as the PI output voltage controller gain 

The transfer function of the output load voltages is obtained as 
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o

io

o

po

oo

iopo

o

o

C

k

C

k

CR
pp

kpk

V

V

+







++

+
=

12
*

      (9.35) 

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 

o
oopo R

Ck
1

2 −= ω         (9.36) 

ooio Ck 2ω=          (9.37) 

 

From (9.14), the controller is also defined as 

dsdssdss pILIr σ=+
^^

        (9.38) 

By equating (9.19) and (9.38), we get 

( )dsdsddssdss IIkpILIr −=+ *
^^

 

where  

 
p

k
kk id

pdd +=  is defined as the PI d-axis input current controller gain 

The transfer function of the output load voltages is obtained as 

s

id

s

pd

s

s

idpd

ds

ds

L

k

L

k

L

r
pp

kpk

I

I

+







++

+
=

2
*

      (9.39) 

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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ssopd rLk −= ω2         (9.40) 

soid Lk 2ω=          (9.41) 

 

From (9.15), the controller is also defined as 

IIrpIL σ=+
^

12

^

        (9.42) 

By equating (9.20) and (9.42), we get 

( )IIkIrpIL I −=+ *
^

12

^

 

where  

 
p

k
kk iI

pII +=  is defined as the PI sum of the Z-network inductor currents 

controller gain 

The transfer function of the output load voltages is obtained as 

L

k

L

k

L

r
pp

kpk

I

I

iIpI

iIpI

+







++

+
=

122
*

      (9.43) 

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 

122 rLk opI −= ω         (9.44) 

Lk oid
2ω=          (9.45) 
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From (9.13), the controller is also defined as 

qsqssqss pILIr σ=+
^^

        (9.46) 

By equating (9.18) and (9.46), we get 

( )qsqsqqssqss IIkpILIr −=+ *
^^

 

where  

 
p

k
kk iq

pqq +=  is defined as the PI q-axis input current controller gain 

The transfer function of the output load voltages is obtained as 

s

iq

s

pq

s

s

idpd

qs

qs

L

k

L

k

L

r
pp

kpk

I

I

+







++

+
=

2
*

      (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 

ssopq rLk −= ω2         (9.48) 

soiq Lk 2ω=          (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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Figure 9.2: Block Diagram of the Z-source rectifier control scheme 

 

9.3.3 Relationship Between Load 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 

( )( )occodd VVVDV −+−= 211  

The same equation is re-arranged to obtain the load voltage equation 

o

dd
cco D

V
VVV

−
−+=

121  
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o

dd
c D

V
V

−
−=

1
2         (9.29) 

Also, Lcdd IrVV 12+=         (9.30) 

By substituting (9.30) in (9.29), we get 

o

Lc
co D

IrV
VV

−
+

−=
1

2 12  

    
( )

o

Lcco

D

IrVVD

−
+−−

=
1

21 12        (9.31) 

Re-arranging the above equation leads to 

( )
o

Loo
c D

IrVD
V

21

1 12

−
−−

=        (9.32) 

If the resistance is negligible, then the ratio between the load voltage and the 

capacitor voltage is given as 

o

o

c

o

D

D

V

V

−
−

=
1

21
         (9.33) 

To get an idea of the relationship between the load voltage and the capacitor 

voltage, (9.33) is useful. It is considered while calculating the reference values of the load 

voltage and the sum of the capacitor voltages. 

 

9.3.4 Z-Source 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 



 221

sum of the Z-network capacitor voltages and obtaining the unity input power factor. The 

reference output voltage *
oV  is 250 V and the reference sum of the capacitor voltages *

scV  

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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Figure 9.4: Controlled sum of the capacitor voltages 
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Figure 9.5: Controlled input current is in phase with the input voltage proving unity 

power factor 
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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 is referred 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 usually 

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 torque 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 slip frequency can be changing according to the particular 

requirement. Assuming the rotor speed is measured, the slip frequency is derived from 

the rotor voltage equations. The rotor voltage equations in the synchronous reference 

frame are 

( ) ''''0 drreqrqrr pIr λωωλ −++=       (10.1) 

( ) ''''0 qrredrdrr pIr λωωλ −−+=       (10.2) 

where 

 The slip frequency is given by the difference between the supply speed  

and the rotor speed. 

 ⇒ res ωωω −=        (10.3) 

 The q-axis and d-axis rotor flux linkages are defined as 

 qsmqrrqr ILIL += '''λ        (10.4) 

 dsmdrrdr ILIL += '''λ        (10.5) 

In the rotor flux control, 

 0' =qrλ         (10.6) 

By substituting (10.6) in (10.1)-(10.2) and (10.4) yields 

( ) '''0 drreqrr Ir λωω −+=        (10.7) 

'''0 drdrr pIr λ+=         (10.8) 
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qsmqrr ILIL += ''0         (10.9) 

From (10.9) and (10.5), the q-axis and d-axis input currents to the induction 

machine are obtained as 

'
'

r

qsm
qr L

IL
I

−
=          (10.10) 

'

'
'

r

dsmdr
dr L

IL
I

−
=

λ
        (10.11) 

By substituting (10.10) and (10.11) in (10.7) and (10.8), we get the slip frequency 

and the derivative of the d-axis rotor flux linkage 

''

'

drr

qsmr
res L

ILr

λ
ωωω =−=        (10.12) 








 −
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'

'
''

r

dsmdr
rdr L

IL
rp

λλ        (10.13) 

The stator flux is eliminated by the following procedure. It is assumed that  

'

2

r

m
s L

L
LL −=σ          (10.14) 

2'

2

r

mr
s L

Lr
rr +=          (10.15) 

The voltage equations of the induction machine can be rewritten as 

'
'

'
2'

'

dr
r

mr
qr

r

mr
dseqsqsqs L

L

L

Lr
ILpILrIV λωλω σσ +−++=    (10.16) 

'
'

'
2'

'

qr
r

mr
dr

r

mr
qsedsdsds L

L

L

Lr
ILpILrIV λωλω σσ −−−+=    (10.17) 

( ) '
'

'
''

'

'

0 drreqs
r

mr
qrqr

r

r I
L

Lr
p

L

r λωωλλ −+−+=      (10.18) 
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( ) '
'

'
''

'

'

0 qrreds
r

mr
drdr

r

r I
L

Lr
p

L

r λωωλλ −−−+=      (10.19) 

( )''
'4

3
qrdsdrqs

r

m
e II

L

PL
T λλ −=        (10.20) 

By using (10.6), Equations (10.16)-(10.20) yield  

'
' dr
r

mr
dseqsqsqs L

L
ILVpILrI λωω σσ −−=+      (10.21) 

'
2'

'

dr
r

mr
qsedsdsds L

Lr
ILVpILrI λω σσ ++=+      (10.22) 

ds
r

mr
drdr

r

r I
L

Lr
p

L

r
'

'
''

'

'

=+ λλ        (10.23) 

( )'
'4

3
drqs

r

m
e I

L

PL
T λ=  

     ( )'
drqse IK λ=         (10.24) 

where 
'4

3

r

m
e L

PL
K =  

The rotor speed equation is given as 

( )Ldrqser TIK
J

P
p −= '

2
λω        (10.25) 

The control scheme is derived from the above equations.  

( )qsqsqsqsqsqs IIkpILrI −=+= *
σσ       (10.26) 

( )dsdsdsdsdsds IIkpILrI −=+= *
σσ       (10.27) 

Now, the reference q-axis and d-axis currents are defined as 

( )''**
drdrdrds kI λλ −=         (10.28) 
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( )rrqs kI ωωω −= **         (10.29) 

qsk , dsk , drk  and ωk  can be any type of controller.  

The desired q-axis and d-axis stator voltages are calculated based on the input-

output linearization technique which is given by 

'
'

*
dr

r

mr
dseqsqs L

L
ILV λωωσ σ ++=       (10.30) 

'
2'

'
*

dr
r

mr
qsedsds L

Lr
ILV λωσ σ −−=       (10.31) 

When the reference q-axis and d-axis stator voltages are known, the Z-source 

inverter equations can be brought in 

( )( )
2

**22* qs
ddscodsqsqs

M
VVDMMV −++=      (10.32) 

( )( )
2

**22* ds
ddscodsqsds

M
VVDMMV −++=      (10.33) 

The desired sum of the capacitor voltage is specified and hence cσ  is known 

since it is defined as 

( )scsccc VVk −= *σ         (10.34) 

This yields the reference Z-network inductor currents to be 

Lc II 2* += σ          (10.35) 

Hence the controller Iσ  is determined through the expression 

( )IIkII −= *σ         (10.36) 

Therefore the reference dc voltage supplied to the Z-network circuit is given by 

the expression 
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( )scIdd VV −= σ
2

1*         (10.37) 

When *
ddV  is known, the shoot-through duty ratio of the Z-source inverter is 

obtained from the expression (10.38) 





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
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D sc

dcdd
sc

o      (10.38) 

By substituting (10.38) in (10.32) and (10.33), the desired stator voltages can be 

obtained as 
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Hence the three control parameters are obtained and the block diagram of the 

control scheme is as 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 algorithms 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 several steps involved in implementing the hardware. 

•  Inverter design. 

•  DSP coding using the code composer studio. 

•  Designing the logic circuit to inject the shoot-through pulses. 

•  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 TMS320LF2407A 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 also 

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 external 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 – 50MT060WH. It is a product of IRF rectifier and the schematic of the same 

is shown in Figure 11.1. 

         

 

Figure 11.1: (a) Schematic of IGBT module, (b) Warp speed IGBT – 50MT060WH 

 

(a) (b) 
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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. 

 

 

 

Figure 11.2: Case style and dimensions of the power diode-IRD3913R 



 236

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 is around 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 nominal 5 V input into 

two isolated output voltages. The dual semi-regulated output voltages are designed to 

allow analog circuits and three terminal 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 has a 

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. 

 

 

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.  

(a) (b) 
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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 outputs is 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 (LM7432) 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 all 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 is illustrated 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. 

 

In this case, 1ST  and 2ST  are the 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 signal ijS  which is supplied to the gate 

drive. 

 where  i  - cba ,,  

  j  - np,  
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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 

[I.6]. 
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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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Using the above equation and for oD =0.15 and a reasonable value of output 

voltage and the required current (~10 A), the limits of the inductor values are shown in 

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 Ω  dc 

resistance. It is noted that the dc resistance should be minimum in order to make sure that 

the current still exits in 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 

PWMSYNC 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 

is discussed in detail. A simple logic 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 alternate topologies, 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 (a) 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 normal 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 all 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 analysis of the Z-source inverter is also performed. The 

simulations are performed using MATLAB/SIMULINK. The induction machine used in 

this case is a 3 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 analysis is 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 PI 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 – q-

axis and d-axis modulation signals, qsM , dsM  and the shoot through duty ratio, oD . 

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 PI controller is proposed and 

designed. 

Chapter eleven provides the hardware description used in the practical 

experiment. The design of the inverter, base drives, external 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 a wide 

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 done in 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 developed 

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 this thesis. 

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 PI 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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