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Abstract 

 

With increasing installation of clean and renewable energy sources, power 

electronics technology and converters play an important role in the energy transfer 

between the grid and each distributed sources. Stable, high-efficiency, fast-response 

and low-cost converters are desired and utilized everywhere. In a microgrid system, 

bidirectional DC-DC converters and DC-AC converters play a key role. 

Phase-shifted DC-DC converters are widely used and practically important to 

provide high conversion efficiencies through soft-switching techniques. However, 

the efficiency would undoubtedly drop with the output power level and is known to 

be poor at light load when fixed phase-shift control is adopted. Meanwhile, there is a 

minimum load constraint for those converters requiring the inductor current flowing 

through the active switch during the Zero Voltage Switching (ZVS) transition to be 

large enough in order to charge and discharge the energy stored in stray capacitances 

of the resonant rank. 

In this thesis, a new power electronics control technique to enable the dual 

features of bidirectional power flow is proposed. It provides an extended load range 

for soft switching in phase-shifted DC-DC converters. The proposed technique 

utilizes two identical full bridge converters and inverters in conjunction with a new 

control logic for gate-driving signals to facilitate both Zero Current Switching (ZCS) 

and ZVS in a single phase-shift-controlled DC-DC converter. The additional ZCS is 

designed for light load conditions at which the minimum load current cannot be 

attained. The proposed control method also has an advantage to give the converter a 

linear output voltage relationship with the phase shift. An experimental prototype of 

1.5kW DC-DC converter with the proposed control method was built to demonstrate 

its capability of bidirectional power flow and show the higher conversion efficiency 

especially at light load compared to conventional phase-shifted converters. 

For bidirectional DC-AC converters, Z-Source Inverters (ZSIs) are investigated 

because of their capability of voltage buck/boosting by a single-stage topology and 
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eliminating the need of dead time with the help of the added impedance network. 

Because of its unique feature and advantages, Z-source topology and corresponding 

converters have been widely investigated in areas of PV solar energy system, motor 

controller, EV charging and wireless transfer. However, the inserted shoot-through 

states unavoidably bring problems of output harmonics and the control methods are 

normally very complicated.  

In this thesis, a series of new control methods for single-phase Z-source 

inverters are proposed. A detailed description of the concept and principle of both 

methods is presented, and a comparison between each of them is conducted 

comprehensively. Based on this, an optimized closed loop control scheme with better 

harmonic elimination performance is derived. Simulations have demonstrated that 

the output voltage magnitude could catch the reference very well and accurately with 

a wide load range. The Total Harmonics Distortion (THD) of output voltage is 

suppressed to within 3% when the output voltage gain is lower than 2. A 1kW 

prototype was built and experiments were conducted to verify the theory. The 

proposed method keeps its simplicity to achieve a satisfying result without any 

additional circuitry or complicated algorithm. Compared to conventional 

simple/maximum boost control, it has better performance with lower harmonics and 

flexible voltage gain. To further extend its application, further investigation on 

bidirectional three-phase Z-source converters has been conducted. The proposed 

control scheme for Z-source inverter could be adopted in grid-connected mode and 

islanded mode. Bidirectional operation of both single-phase and three-phase 

Z-source converters was simulated and tested. Experiments conducted in OPAL-RT 

OP4570 simulator were used to validate the proposed control of bidirectional 

three-phase Z-source converters. 

Overall, the proposed control methods for bidirectional phase-shifted DC-DC 

converters and Z-source DC-AC converters have enriched the body of knowledge on 

converters’ application in microgrids, extended load range and improved the 

performance on soft-switching at light load and harmonics suppression. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background and Research Motivation 

 

There is undoubtedly tremendous growth in the electricity demand while the 

existing power grid infrastructure has already stretched close to its limit. Meanwhile, 

the public concern about environment protection is also increasing. All those factors 

are the main incentives on the development of distributed generation (DG) systems 

that support clean and renewable energy sources (RESs) such as hydro, solar 

photovoltaic (PV), wind power, fuel cell, and integration of electric vehicles (EVs). 

The increasing integration of such distributed energy sources (DESs) to the grid in the 

world is already an irreversible trend.  

Smart grid is regarded as the next generation of power system which would 

greatly change the living habit of people in the near future. The next-generation smart 

grid would be able to provide intelligent and environmentally friendly power delivery 

system between all kinds of DGs and energy storage systems. For example, users 

would pay for less electricity if they use their appliances at off-peak hours, and users 

may even gain the electricity rebate if they have an EV and allow the energy of EV 

battery returning to the grid. Meanwhile, the development of EV is very rapid as the 

world has realized the importance of green and renewable energy together with 

reducing air pollution, whereas the charging infrastructure in most countries is not 

sufficient to fulfill the need of battery charging for EVs. 

Microgrids are tiny power systems which embed various components such as 

controlled or uncontrolled loads, DGs, and storage devices operating together in a 

coordinated manner with controlled power electronic devices [1]. It is becoming 

popular as it is more flexible power transfer and integration of RESs, which have great 
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potential of application in rural places or islands. Microgrids are commonly comprised 

of DGs, power electronic interfaces, and electrically connected loads. DGs such as 

batteries, supercapacitors, and flywheels are crucial for renewable-energy-based 

microgrids since they can cope with the power fluctuations caused by the intermittent 

and stochastic character of RES. Furthermore, the application of DGs and DESs is also 

indispensable to improve the power quality and satisfy various demand-side 

management function such as valley filling, peak shaving, black start, and voltage 

support. 

Microgrid could be classified into DC microgrid, AC microgrid, and hybrid 

microgrid. The feature of AC microgrids is that all units are connected via an AC bus 

line. DC units could be connected to the AC bus line only by a DC-AC inverter or an 

AC-DC rectifier. The power level of an AC microgrid is usually high. There might be 

several AC sub-lines, for example, the grid is AC 38kV, and several 10kV AC lines 

are connected by transformers. Similarly, the feature of DC microgrids is a common 

DC bus line, which feeds DC units connected to it. The DC loads or generators are 

usually low-power rating devices [2]. The control of DC microgrids is relatively 

simple by regulating the DC bus voltage. When a DC bus line and AC bus line coexist 

in a microgrid system, it is called a hybrid microgrid. 

A typical topology of a hybrid microgrid is shown in Fig. 1.1. Power converters 

connect different elements and support bidirectional power flow between them. 

Although conventional converters are usually unidirectional ones with specific input 

side and output side, it is a trend that converters are capable of bidirectional operation 

in order to simplify the system configuration, reduces the number of required 

converters and the total cost. Some desired features like vehicle-to-grid (V2G) and 

flexible energy storage integration also rely on bidirectional power flow between the 

two sides of the converter [3]. 

Because of the rapid increase in the penetration of DGs and DESs connected to 

the local AC and DC buses through power converters, the controlling, improvement 

and optimization of microgrids is a challenge for the stable and efficient operation 
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because of the uncertainty of DGs and DESs [4][5]. Nevertheless, no matter how 

advanced the overall coordinated control scheme is, the stability, reliability and high-

efficiency of a microgrid system rely on the excellent performance of each 

bidirectional converters. In short, high-performance bidirectional DC-DC converters 

and DC-AC converters play quite a vital role in a hybrid microgrid system. 
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Figure 1.1 A Common Hybrid Microgrid Topology [4] [5]  

Power converters could be classified into various types, while two-level voltage-

source converters are the simplest and most common configuration. The converters 

may be further configured for high power and lower harmonics operation, for example, 

multi-level configurations. There are various multi-level converter circuit topologies, 

for example, the neutral-point clamped converter, flying capacitor converter, modular 
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multi-level converters, and cascaded H-bridge converter [6].  

Technology of the topology and control methods of traditional power converters 

is fairly mature. However, with the rapid development of microgrid and higher 

penetration of DGs, the requirements of power converters have changed. The new 

challenges of converters include bidirectional power flow and smooth direction 

shifting of operation [7], coordinated control and communication between each device, 

ambient temperature requirements and cooling system, higher power level, wider load 

range, higher efficiency especially at light load, and less harmonics injected to the grid. 

The above-listed items are also main research goals in recent decades. Researchers 

have conducted lots of work to improve the performance of converters by innovations 

of topology, control algorithm, and utilization of new material for power switches [8]. 

Nevertheless, there is still great potential to develop the technology further and 

improve the performance of power converters to meet the new requirements in 

microgrids [9]. This motivates the research in this thesis to provide innovative 

contributions to power converters with better performance including smooth 

bidirectional operation, less harmonics injection, wider load range, higher efficiency 

in various cases, higher power density, and fast response. 

Research of power converters in this thesis is divided to bidirectional DC-DC 

converters and bidirectional DC-AC inverters. The bidirectional DC-AC inverters are 

capable of working bidirectionally as an AC-DC rectifier. Voltage-Source Inverters 

(VSIs) are investigated as they are more widely utilized compared to Current-Source 

Inverters (CSIs). 

 

1.2 Research Scope and Contributions 

 

This research aims to improve the performance of DC-DC and AC-DC converters 

capable of bidirectional power flow with extended load range for high-efficiency 

applications. The technology developed could be applied to microgrid applications, 
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such as EV chargers, PV integration, wind energy, etc. Phase-shifted DC-DC 

converters are very popular and widely used. Z-source DC-AC converters have unique 

advantages of single-stage voltage boosting and have great potential in future 

applications. Therefore, research in this thesis mainly covers sophisticated control 

algorithm, modified circuit topology or advanced resonant switching technology in 

bidirectional phase-shifted DC-DC converters and bidirectional Z-source DC-AC 

converters. Chapter 2 first explains why phase-shifted converters and Z-source 

inverters are investigated in this thesis among various converter topologies, then a 

comprehensive literature review of the two converters is presented. 

The research scope of the DC-DC phase-shifted converters includes the cutting-

edge technology of phase-shifted converter, ZVS and ZCS technology and its 

limitation at light load, control methods of bidirectional operation, DC characteristics, 

load range analysis, design of converter parameters, and efficiency improvement. 

The research scope of the DC-AC Z-source converters includes the cutting-edge 

technology of Z-source converters, control algorithms of Z-source topology voltage 

boosting, open-loop and closed-loop PI control of both single-phase and three-phase 

Z-source voltage inverters, shoot-through states and duty ratio analysis, voltage gain 

analysis, THD of output voltage analysis, steady-state analysis, design of converter’s 

parameters, grid-connection of three-phase Z-source converter, and its operation in 

rectifier mode. 

For bidirectional phase-shifted DC-DC converters, the proposed new power 

electronics control technique provides an extended load range for soft switching in 

phase-shifted DC-DC converters and enables the dual features of bidirectional power 

flow. The proposed technique facilitates both ZCS and ZVS, and the additional ZCS 

is designed for light load conditions at which the minimum load current cannot be 

attained. The proposed control method could also give the converter a linear output 

voltage relationship with the phase shift. 

For bidirectional Z-source DC-AC converters, a series of new control methods 

for single-phase Z-source inverters are proposed. The output voltage magnitude could 
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catch the reference quickly and accurately with a wide load range. The output voltage 

harmonic is suppressed to a low level. Compared to conventional simple boost control 

and the adaptive tuning method, the proposed one has better performance in reducing 

harmonics and flexible voltage gain. The proposed methods are further extended to the 

design of three-phase Z-source converters in both grid-connected mode and islanded 

mode. 

In summary, this thesis provides a comprehensive overview of phase-shifted 

converters and Z-source converters, enriches the body of knowledge, proposes a series 

of control schemes, and improves their performance that could contribute to the 

stability, flexibility and efficiency of microgrids. 

 

1.3 Thesis Layout 

 

This thesis is divided into four parts: 

INTRODUCTION 

Chapter 1 first describes the background and incentives of this research, then presents 

the research scope, research contributions and publication list. 

Chapter 2 presents a comprehensive literature review on the major research trend, 

achievements, advantages, problems and limitations of cutting-edge technology of 

bidirectional phase-shifted DC-DC converters and bidirectional Z-source DC-AC 

converters. 

BIDIRECTIONAL DC-DC CONVERTER: 

Chapter 3 presents the research of bidirectional DC-DC converters, where the phase-

shifted converter is investigated. A new control method which achieves soft switching 

in light load is proposed. Firstly, circuit operation analysis is conducted and power 

flow in each of the six modes is described. Secondly, Principle and mathematical 
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analysis are presented, including DC characteristics, maximum load current for the left 

leg to achieve ZCS, minimum load current for the right leg to achieve ZVS. The 

principle of load range extension is then presented. Lastly, experimental results of a 

1.5kW bidirectional DC-DC converter model are given which verified the proposed 

theory. 

BIDIRECTIONAL DC-AC CONVERTER: 

The following chapters present the research of bidirectional DC-AC converters, where 

Z-source converter is investigated. 

Chapter 4 proposes a series of new control methods of single-phase Z-source inverters. 

The principle, mathematical analysis and open-loop simulation results of each control 

method are also presented. 

Chapter 5 presents an optimized closed-loop control method of single-phase Z-source 

inverters and the bidirectional operation principle. Experiments results of a 1kW 

single-phase Z-source inverter are described in detail. 

Chapter 6 presents the extension of the above theory to three-phase Z-source 

converters. Both grid-connected mode and islanded mode are discussed and verified 

with the OPAL-RT OP4570 simulator. 

CONCLUSIONS: 

Chapter 7 summaries the result and main contributions of this thesis, then gives future 

work. 
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CHAPTER 2 

LITERATURE REVIEW 

 

DC-DC converters are divided into linear mode converters and switched-mode 

converters. Compared to switched-mode converters, linear-mode converters have poor 

efficiency, higher requirements on thermal management, poor power density and only 

step-down operation. Thus they are almost eliminated in modern microgrid system. 

Switched-mode converters could be further classified into hard-switching converters 

and soft-switching converters. Hard-switching converters include traditional un-

isolated boost converter, buck converter, buck-boost converter, Cuk converter, and 

isolated forward converter, flyback converter, push-pull converter, etc. However, hard-

switching converters suffer from high switching loss, high EMI, limited frequency, 

high device stress and lower power density [10] compared to soft-switching ones. 

Therefore, soft-switching converters have been widely investigated. Lots of novel 

topologies as well as control methods are proposed. 

Soft-switching converters include resonant power converters, resonant transition 

converters, quasi-resonant converters and multi-resonant converters. Resonant power 

converters are further divided by series resonant converters, parallel resonant 

converters and series-parallel resonant converters. Among them, series resonant 

converters are most commonly used and investigated [10]. Control strategies of series 

resonant converters mainly include voltage and current control, frequency control, 

diode conduction control, and pulse density control [10]. 

Phase-shifted control is a fundamental scheme to regulate the output voltage or 

current. It is capable of achieving ZVS when the converter operates at a constant 

switching frequency [11]. Phase-shifted full-bridge (H-bridge) DC-DC converter is 

used frequently to step down high DC bus voltages and provide isolation in medium 

to high power applications. It is capable of using parasitic circuit elements to achieve 
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soft switching. Usually, the converter takes advantage of the leakage inductance of the 

transformer and the junction capacitance of the switches to realize ZVS without the 

need for additional active switches [12]. Meanwhile, the bidirectional operation is a 

key feature for the application of DC-DC converters in microgrids. Meanwhile, the 

symmetric Dual Active Bridge (DAB) is a fundamental topology which enables 

bidirectional power flow. In fact, the phase-shifted scheme has become the most 

popular control method for DAB DC-DC converters since it could realize ZVS for all 

switches without auxiliary switches [13] [14]. A lot of advanced and sophisticated 

algorithms to improve the converter’s performance are developed based on the phase-

shifted scheme. However, problems such as limited load range and duty cycle loss are 

still not resolved well and deserve further research. Therefore, bidirectional phase-

shifted DC-DC converters with DAB topology are studied and investigated in this 

thesis. 

With regard to bidirectional DC-AC inverters, traditional single-phase and three-

phase full-bridge inverters are fundamental topologies for energy transforming units 

widely used. They could also work bidirectionally with proper control methods as 

Pulse Width Modulation (PWM) rectifiers. However, in the control and operation of 

traditional full-bridge inverters, dead time between the upper and lower switches in 

one bridge is needed to avoid short-circuit, which may damage the switches. The 

existence of dead time unavoidably brings AC output waveform distortions [15]. 

On the other hand, an extra DC-DC boost converter is usually required when the 

DC source voltage is insufficient to supply the output voltage [16] [17]. A step-up DC-

DC converter is usually connected in front of the inverter to enable voltage boosting 

[18]. For example, the use of electric double-layer capacitor sets for boosting voltages 

of contact lines in different kinds of railway traction systems is investigated [19] to 

adopt the energy storage systems better to reduce voltage drops and improve the 

stability. To meet the requirement of high voltage conversion ratio with small ripples, 

an asymmetrical DC-DC converter is proposed [20] for fuel cell and solar energy 

applications and connected to the grid via a DC-AC inverter. A new three-phase to 
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single-phase cascade converter in a traction substation is developed for the power 

supply system, which is based on three-level neutral point clamping and could match 

the capacity of the converter for high voltage application [21]. All the above solutions 

result in a two-stage system with high cost and complicated control. Since there are 

various applications of step-up converters for milliwatt to megawatt levels [22], a 

single-stage DC-AC inverter that is capable of voltage boosting without the need of 

additional DC-DC converters is much preferred. 

In the last decade, an X-shape impedance network is proposed to be combined in 

a converter to offer an option for a single-stage converter with voltage buck/ boosting 

ability [23]. The Z-Source Inverter (ZSI) [24] and quasi-Z-Source Inverter (qZSI) [25] 

were thus proposed to overcome the barriers of traditional two-level VSIs and CSIs, 

respectively. ZSI and qZSI could achieve voltage buck or boost with a single-stage 

converter topology, thus overcome the output voltage range limitation. With the Z-

source impedance network, it is possible to turn on the two switches in one bridge at 

the same time since the input DC source cannot be short-circuited any more [24]. 

Moreover, the Z-source inverters ingeniously take advantage of the shoot-through 

states to realize the boost function of invention without adding extra semiconductor 

devices and control circuitry [26]. Since the additional DC-DC converter is replaced 

by the Z-source topology, the power density and efficiency could be improved. ZSI 

and qZSI could also be used as Z-source or quasi-Z-source DC-DC converters easily 

by adding a rectifier in the output side while the control method remained unchanged 

[27] [28]. 

Although ZSI provides a good solution to invert and boost voltage by a single-

stage topology, there is still great potential for technology improvement over the 

existing problems such as large output harmonics and complicated control algorithm. 

Therefore, bidirectional Z-source DC-AC converters are studied in this thesis. Both 

single-phase and three-phase Z-source converters are investigated considering the 

practical application in a microgrid system. 
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2.1 Phase-shifted DC-DC Converters 

 

2.1.1 Introduction, Advantages and Research Trends 

 

Fig. 2.1 shows the topology of a classical phase-shifted DC-DC converter. In this 

H-bridge topology, bridge A is composed of switches T1 and T2; bridge B is composed 

of switches T3 and T4. T1 and T2 are switched alternatively with a 50% duty ratio. T3 

and T4 are also switched alternatively with a 50% duty ratio. There is a phase angle 

between switching signals of bridge A and bridge B, as shown in Fig. 2.2 [29]. 
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Figure 2.1 A Common Topology of a Phase-shifted DC-DC Converter [29]  

To avoid short-circuit, dead time is essential between the two switches in one 

bridge. Therefore, switch T2 is turned off at t1, and switch T1 is turned on at t1d. This 

time slot between t1 and t1d represents dead time. The length of dead time has a great 

influence on the performance of the converter [30]. If the dead time is too long, then 

the transformer current would become negative, thus affect the ZVS. The loss of duty 

cycle would also be greater. On the other hand, if the dead time is too short, the voltage 

VDS of the upper or the lower switch would not be able to reduce to zero before it was 

turned on, thus ZVS could not be achieved. During switching, the current of inductor 

Lk must be large enough to charge/discharge the corresponding parallel capacitors to 

achieve soft switching. Therefore, if the energy stored in inductor Lk is too small at 

light load, soft switching could not be realized. 
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Figure 2.2 Main Waveforms of Phase-shifted Converter’s Operation 

The primary side voltage of the transformer Vpr and its current Ipr is shown in Fig. 

2.2 The slope of current Ipr is determined by the inductance of Lk and Lf respectively 

[29] as shown in equation (2.1) and (2.2), where iLf represents the current of filter 

inductor Lf. 

k

pr

in

di
L V

dt
   (2.1) 

f

Lf

o

di
L V

dt
   (2.2) 
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The phase angle between PWM signals driving the two bridges of the full-bridge 

determines the amount of energy transferred to the load. This phase angle is the 

controlled parameter. In general, the technology of phase-shifted DC-DC converters 

is very mature nowadays. The major advantages of phase-shifted control on full-bridge 

converters include: 

(a) It realizes soft switching thus achieves higher efficiency; 

(b) It is capable of operating at high switching frequency thus the inductors and 

transformer in the circuit could be smaller, then higher power density is 

achieved; 

(c) There is lower electromagnetic interference (EMI); 

(d) There is no need for additional snubber circuits [31]. 

Meanwhile, there are also some limitations. Soft switching is not available at light 

load. There is conduction loss by the circulating current during the freewheeling 

interval. The voltage overshoots across the full-bridge rectifier in the secondary side 

is relatively high [32]. 

Research trends on phase-shifted DC-DC converters in the last decade mainly 

include sophisticated control methods on the soft switching at wide load range, higher 

efficiency, higher power density and lower current or voltage stress of devices. For 

example, paper [33] integrated an LLC series resonant converter into the phase-shifted 

full-bridge converter that achieves wide soft-switching range without duty cycle loss. 

A control scheme with minimum current stress was introduced in [13] with a unified 

phase-shifted control. In [34], the PWM control scheme was modified to ensure equal 

switching and conduction losses for all devices, thus the stress is equally distributed 

among all the switching devices. A two-stage isolated bidirectional DC-DC converter 

was investigated [35] which could enlarge ZVS region by interleaving the converter 

with supercapacitors. Dead-time for the lagging-leg of inverter bridge was adjusted 

predictively to assist the switches to perform ZVS at light load [36]. In [37], variable 

switching frequency is adopted to realize ZVS within the entire operating range of the 

DC-DC converter. Paper [38] further investigated an isolated resonant gate driver for 
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realizing ZVS with lower power loss. Two additional switches were connected in 

parallel with the lagging leg of inverter bridge to reduce switching loss under light load 

[39] [40]. Most control schemes for directly minimizing power losses from power loss 

modeling analysis and optimization aspect of the adopted converter are too difficult 

and complicated to implement in real-time digital microcontrollers [13]. 

Besides this, the conduction loss of the primary side is reduced even at hold-up 

time condition in the application of server power system [41]. A new bidirectional 

single-stage full-bridge topology with high power factor and better dynamic 

characteristic was introduced which leads to small harmonics [42]. In [43], DC link 

voltage was adjusted dynamically by PFC in order to relieve stress on semiconductor 

switches and improved the converter efficiency. A cascaded two-stage converter was 

proposed with phase-shifted control, which reduced the number of inductors [44]. The 

popular wireless power transfer technology was also enhanced and utilized in high 

power applications especially electric railway systems [45], where the power capacity, 

fast response and reliability are all guaranteed. In summary, the efficiency of phase-

shifted DC-DC converters especially at light-load condition is the hottest research 

topic. Therefore, an in-depth literature review over the soft switching technology and 

the load range of phase-shifted DC-DC converters are conducted and presented in the 

next section. 

 

2.1.2 Latest Research on Soft Switching and Load Range 

 

Since soft switching could minimize the switching losses of power switches, there 

are many control methods applying ZVS for the operations of power switches of 

phase-shifted DC-DC converter [46] [47] [48] so as to increase the overall conversion 

efficiency. In [48], an adaptive phase-shifted control method was proposed with 

automatic detection of load conditions and higher efficiency at light load compared to 

fixed phase shift control. Some other researchers proposed different control methods 
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[49] [50] and accomplished ZCS for the lagging leg while retaining ZVS for the 

leading leg [50]. Improved ZVS techniques for the active switches of the forward 

converter are also adopted [51] to reduce switching and conduction losses to deal with 

PV power and wind energy. A new optimized control scheme of phase-shifted is 

proposed in [52] which predicts and adjusts the range of dead time to match the ZVS 

operation better. A converter containing two paralleled half-bridge inverters and an 

auxiliary inductor on the primary side was proposed [53] which allows the stored 

energy for ZVS operation to change adaptively with duty-cycle and thus reduces the 

output filter inductance. Phase-shifted control with LCL filter could also be utilized 

for ZVS to improve the performance [54]. A novel ZCS-ZVS power factor correction 

(PFC) converter was proposed [55] with an efficiency of higher than 97%. A DAB 

DC-DC converter with ZVS capacitors [56] was provided and tested in railway 

systems with a power level of 80 kW whose efficiency is quite high. 

The efficiency would undoubtedly drop with the output power level and is known 

to be poor at light load when fixed phase-shift control is adopted. Meanwhile, there is 

a minimum load constraint for those converters requiring the inductor current flowing 

through the active switch during ZVS transition to be large enough in order to charge 

and discharge the energy stored in stray capacitances of resonant rank. In the case that 

the output of the DC-DC converter changes greatly and widely like EV battery charger 

applications, the conventional converter cannot be optimized in terms of power 

conversion efficiency due to its unique drawbacks. The drawbacks include narrow 

ZVS range in the lagging leg, large circulating current flowing in the primary side of 

the transformer, and very high voltage stress in the rectifying diodes [33]. Therefore, 

efficiency at light load and this extension of load range have drawn lots of research 

interest [57] [58] [59] [60]. Several methods [61] [62] [63] [64] [65] have been 

proposed to extend ZVS range to improve the efficiency of the phase-shifted full-

bridge converters. In [66], the converter was operated in series resonant mode at rated 

load and in phase-shifted PWM mode at light load to extend the load range. 
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For the sake of minimizing the size of resonant inductor used to store sufficient 

energy for the lagging leg of inverter bridge to achieve ZVS under light load condition, 

many different improvement methods have been proposed. A combined phase-shift 

control algorithm and frequency modulation were proposed to achieve ZVS over the 

full load range in [67]. New control methods [68] [69] [70] [71] were used for the 

converters under light load condition to improve efficiency. Two additional low-

current diodes were added to the center-tap of the transformer secondary to improve 

ZVS at light load [72]. Although the performance of these converters has been 

significantly improved, they cannot be used for applications which require 

bidirectional power flow. 

Besides the above, an active clamping branch with PWM control algorithm was 

proposed to realize ZVS for all switches over a wide range of load [73] [74]. A 

proposed multi-resonant three-port bidirectional converter [75] could guarantee ZVS 

of all switches by adjusting the driving frequency under different load conditions. A 

small inductor was proposed to be connected at the secondary of the power transformer 

to extend the load range [76]. A new control method combining phase-shift and PWM 

scheme was proposed by adopting active clamping branch to realize ZVS for all 

switches in a wide range of load variation [77]. In [78], ZVS at light load could be 

achieved because of the magnetizing current in the proposed converter with integrated 

series-connected coupled inductors. Paper [34] investigated the efficiency 

improvement over a wide load range using a magnetorheological fluid-gap inductor. 

Nevertheless, these methods mentioned above require either additional circuitries or 

complicated control logic. 

In summary, soft switching at light load and the load range extension of phase-

shifted DC-DC converters is a hot topic in the last decade. Some proposed converters 

achieved high efficiency at light load but could not operate bidirectionally. Other 

proposed methods usually require auxiliary devices or complicated control scheme. 
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2.1.3 Application of Silicon Carbide Switches 

 

The efficiency improvement of a converter relies on not only soft switching but 

also many other factors such as the on-state resistance of switches. Traditional switches 

such as MOSFETs and IGBTs are mainly made of silicon. In recent years, Silicon 

Carbide (SiC) technology has improved a lot and switches made of SiC have great 

potential in future because of their features of fast switching, higher blocking voltage, 

higher temperature tolerance and lower conduction loss [79] [80]. Fast switching 

contributes to reducing the filtering passive component size and cost. High temperature 

tolerance improves the reliability of the converter and increases its application at a 

high-temperature environment. As shown in Fig. 2.3, SiC MOSFETs have advantages 

of both higher switching frequency as traditional Si MOSFETs and higher blocking 

voltage as traditional Si IGBTs [81]. 

~20kHz

~600V

BV

fsw

Si IGBT SiC MOSFET

Si MOSFET

 

Figure 2.3 A Brief Comparison of Different Switches 

In the last decade, a lot of literature has investigated the performance, 

characteristics, advantages and limitations of SiC switches. In paper [82], the 

characteristics of three SiC-MOSFETs with different voltage ratings were described. 

Paper [83] investigated the current sharing behavior in traditional Si IGBT and new 

SiC MOSFET and compared the performance. An accurate SiC MOSFET model was 

proposed to analyze the temperature impact and its physical behavior [84]. In [85], 

analysis and experiments were presented to study the features of a 1.2kV SiC 

MOSFET and compare its size with traditional switches. 
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However, the cost of SiC switches is generally high in the market. Meanwhile, 

the gate driver design for SiC switches becomes difficult especially in high- frequency 

operation [86]. In [87], a high-speed resonant gate driver with regulated peak gate 

voltage was proposed for SiC MOSFETs which reduced the switching loss. In [88], a 

high-temperature integrated gate driver was introduced, which was suitable for driving 

SiC MOSFETs. The integrated silicon-on-insulator gate drivers were proposed and 

analyzed for SiC-based power switches in both [88] and [89]. Compared to 

conventional gate drivers [90] [91], the proposed ones for SiC MOSFETs have features 

of high-temperature operation and high driving current. 

To testify the performance of SiC switches, a phase-shifted DC-DC converter was 

designed using conventional control method. Experiments were carried out to test and 

demonstrate the operation performance of the phase-shifted DC-DC converter. The 

topology of this experiment is shown in Fig. 2.4. The input DC voltage is 537V, which 

is rectified from a three-phase AC voltage source. There are two windings of the 

transformer’s secondary side which are connected in series. The turn ratio of the 

transformer is 1:3. The rated output voltage is 750V, and the rated output power is 

15kW. The inductance of resonant inductor Lk is 4µH, and the inductance of filter 

inductor Lf is 300µH. 
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Figure 2.4 Circuit Topology of a Conventional Phase-shifted DC-DC Converter 
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Figure 2.5 Waveforms of Critical Voltages and Currents Operating at Full Load 

 

(a) 

 

(b) 

Figure 2.6 Soft-switching Waveforms: (a) T1 is turned on (b) T1 is turned off 
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Fig. 2.5 shows the experimental waveforms at rated power. The yellow waveform 

represents the gate signal gate-to-source voltage VGS of switch T1; the green waveform 

represents the v gate-to-source voltage VDS of switch T1; the blue waveform represents 

the primary side voltage of the transformer, and the purple waveform represents the 

primary side current of the transformer. All the waveforms match the phase-shifted 

control theory. In Fig. 2.6, the yellow waveforms represent the VDS of switch T1, while 

the green waveforms represent the conduction current ID of switch T1. It is obvious 

that soft switching is achieved when switch T1 is turned on as shown in Fig. 2.6(a) and 

turned off as shown in Fig. 2.6(b). 

Table 2-1. Experimental Results of the SiC Phase-shifted DC-DC Converter 

Vin (V) Iin (A) Pin (kW) Vout (V) Iout (A) Pout (kW)  (%) 

19 1.3 0.0247 26 0.6 0.0156 63.16 

48 3.3 0.1584 63 1.7 0.1071 67.61 

90 5.1 0.4590 121 2.6 0.3146 68.54 

131 8.9 1.1659 178 5.3 0.9434 80.91 

203 12.0 2.4360 278 7.7 2.1406 87.87 

293 16.7 4.8931 403 11.4 4.5942 93.89 

405 22.5 9.1125 557 15.4 8.5778 94.13 

501 26.0 13.0260 675 18.9 12.7575 97.94 

554 27.7 15.3458 759 19.9 15.1041 98.42 

Experimental data are listed in Table 2-1 that shows the efficiency at different power 

levels with fixed load resistance when the input DC voltage varies. It is obvious that 

the efficiency increases as the power level increases. At 15kW full load, the efficiency 

is 98.42%, which is higher than normal converters that use Si MOSFETs. When the 

power level drops to 4.5kW, i.e. 30% full load, the efficiency reduces to 93.89%. 

However, the efficiency is low at light load. For example, when the power level is 

smaller than 1kW, i.e. 6.7% full load, the efficiency is smaller than 80%. Therefore, 
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for traditional phase-shifted control methods of DC-DC converters, soft switching 

could not be realized at light load. The implementation of SiC MOSFETs is also not 

able to improve the conversion efficiency at light load. Innovation on topology or 

control method is essential to overcome the problem of realizing soft switching at light 

load and improve the conversion efficiency. 

 

2.1.4 Summary and Motivation of this Research 

 

In summary, phase-shifted converters DC-DC are widely used and practically 

important to provide high conversion efficiencies through soft switching techniques. 

Phase-shifted ZVS technique has been used in bidirectional DC-DC converters since 

ZVS could be realized for all switches without auxiliary switches. However, when the 

amplitude of the input voltage does not match that of output voltage, the current 

stresses and r.m.s. currents of the converters become higher [31]. Besides, the 

converters could not achieve ZVS in light-load condition. Lots of literature have 

investigated the problem of low efficiency at light load, but the proposed 

methodologies were either too complicated with auxiliary devices, or unable to support 

the bidirectional operation. The implementation of SiC MOSFETs could improve the 

conversion efficiency and power density at rated load. However, the problem of low 

efficiency at light load is still unsolved. 

All the above motivate the research of this thesis to investigate the bidirectional 

operation of phase-shifted DC-DC converters and to propose a new control method 

that could extend the load range and improve the efficiency at light load, without any 

additional circuitry, devices or very complicated algorithm. 
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2.2 Z-source DC-AC Converters 

 

2.2.1 Introduction, Advantages and Research Trends 

 

A common topology of a Z-source converter is presented in Fig. 2.7. The X-shape 

impedance network is composed of inductors LZ1, LZ2 and capacitors CZ1, CZ2 as 

shown in the dotted rectangle. It is connected to a single-phase or three-phase 

conventional converter. If the connected conventional converter was capable of 

bidirectional operation, then the combined Z-source converter could also operate 

bidirectionally. To ensure the symmetrical characteristic, the inductance of two 

inductors are usually the same, i.e. LZ1=LZ2=LZ, while the capacitance of two 

capacitors are also the same, i.e. CZ1=CZ2=CZ. Asymmetric topology would lead to 

unbalanced operation and difference in voltage stress as well as the current stress of 

devices. The two ports of the X-shape network could be connected to various 

conventional converters to realize different characteristics easily, such as three-phase 

full-bridge inverter, multilevel inverter, etc. Fig. 2.8 shows a common topology of a 

quasi-Z-source converter, which has similar principle with Z-source converter but 

realizes continuous input current. 
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Figure 2.7 Topology of a Bidirectional Z-source Converter 
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Figure 2.8 Topology of a Bidirectional quasi-Z-source Converter 

Switch S1 in the Z-source or quasi-Z-source converters determines the direction 

of operation. It is turned on when the converters operate in rectifier mode, and it is 

turned off when the converters operate in inverter mode. The anti-parallel diode of 

switch S1 is essential in inverter mode for the impedance network to store energy and 

boost voltage. 

The fundamental topology of the conventional converter is single-phase or three-

phase full-bridge converters. For single-phase converters, there are two bridges with 

four switches. For three-phase converters, there are three bridges with six switches. As 

mentioned before, dead time between the upper and lower switches in the same bridge 

is needed to avoid short-circuit in traditional converters and control methods. However, 

with the X-shape impedance network connected as shown in Fig. 2.7 and Fig. 2.8, 

short-circuit no longer exists when the two switches are turned on simultaneously. It 

is also called shoot-through states. In steady state, the operation of Z-source inverter 

is divided into two periods: shoot-through state and non-shoot-through state. The Z-

source converters take advantage of shoot-through states to boost voltage. Detailed 

analysis of boosting voltage and corresponding mathematical equations are described 

in Chapter 4. 
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The insertion of shoot-through states based on traditional modulation schemes is 

the crucial part of different control methods. Theoretically, the more shoot-through 

states are inserted, the greater is the output voltage boost ratio. There are three primary 

control methods of Z-source and quasi-Z-source converters: simple boost control, 

maximum boost control, and constant boost control. The non-shoot-through states of 

the Z-source converters’ operation are divided by zero states and non-zero states, 

which is the same as conventional converters. When part of the zero states is converted 

into shoot-through states, it is called simple boost control. When all of the zero states 

are converted into shoot-through states, it is called maximum boost control. When 

most but not all of the zero states are converted into shoot-through states, it is called 

constant boost control. Fig. 2.9 represents the difference between the three control 

methods in three-phase case, where AST represents the area of shoot-through states [92]. 

It is also able to show the single-phase case of the three control methods if only one 

sine modulation wave was observed while the other two were ignored. 

Simple Boost Control Maximum Boost Control Constant Boost Control

Figure 2.9 Diagram of Three Primary Control Methods 

The major advantages of Z-source converters and quasi-Z-source converters 

include: 

(1) Invert and boost output voltage with a single-stage topology, thus there is no 

need to connect an additional DC-DC converter to boost voltage; 

(2) Eliminate the need for dead time between the two switches in one bridge and 

improve the stability of the converter; 

(3) Wide output voltage range. The output voltage could be smaller, equal or 

boosted greater than the input DC side voltage; 

(4) Flexible design, easy to adopt on a variety of converters, capable of 
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bidirectional operation or modified into a DC-DC converter. Lots of 

conventional topologies could be connected to the X-shape impedance 

network, and the control methods of Z-source or quasi-Z-source converters 

could be easily obtained by modifying the corresponding conventional 

control methods of each converter. The merits of each conventional 

converters are maintained in the new composed Z-source or quasi-Z-source 

converters; 

Z-source or quasi-Z-source converters provide a solution of voltage buck and 

boosting by a single-stage topology thus draw a lot of attention and research interest 

in the field of PV system where voltage inverting with boosting is usually required. 

Quite a lot of research on Z-source or quasi-Z-source converters is conducted and 

presented in the literature in the last decade besides because of the unique merits. They 

have been widely investigated in the following area: 

(1) PV solar energy system [93] [94] [95] [96] [97] 

(2) Motor controller [98] [99] 

(3) Integrated EV charger [100] [101] [102] [103] 

(4) DC-AC converter in Microgrid [104] [105] [106] 

(5) Wireless converter [107] [108] [109] [110] 

(6) Transportation Electrification [111] [112] [113] 

The investigation of Z-source converters or quasi-Z-source converters often 

includes their application in the above-mentioned fields and specially designed 

topologies or control methods. Many control methods have been proposed to improve 

their dynamic performance. For example, PI-based control and model- predictive 

control as the feedback strategies for regulating DC link voltage have been proposed 

and investigated in [23] [98] [114]. Besides, a fuzzy control strategy has been 

introduced to improve transient performance and reject disturbance [115]. In [116], an 

adaptive tuning algorithm for single-phase ZSI has been proposed for DC voltage 

source with many fluctuations. A dual switching frequency modulation algorithm for 

ZSI and qZSI is proposed to combine high-frequency PWM with low-frequency 
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Singular PWM (SPWM) and hence reduce converter size as it operates at high 

switching frequency [117]. A special multi-input multi-output controller of grid-

connected ZSI using sliding mode has been investigated to realize a wider operating 

range in [118]. In [96], a unified control method based on modification of Space Vector 

PWM (SVPWM) for grid-connected PV systems was proposed to decrease grid 

current distortion. In [95], traditional SPWM and pulse amplitude modulation were 

combined with varying the DC side voltage of qZSI, and thus reducing both power 

dissipation and impedance of the Z-source topology. Different existing control 

methods of full-bridge inverters were modified to fit the qZSIs including the popular 

model predictive control [119] [120] [121]. Soft switching of bidirectional qZSI has 

been achieved with the help of a resonant capacitor and coupled inductors to further 

improve efficiency [99]. Besides this, more soft-switching schemes of qZSI were 

proposed and analyzed in different applications such as variable speed electric drive 

[122] [123] [124] [125]. Researchers have also investigated on reducing the 

voltage/current stress of single-phase or three-phase ZSI/qZSI devices [126] [127]. 

In summary, the output voltage of Z-source inverters can be controlled by 

capacitor voltage control, direct DC-link voltage control, indirect voltage mode control 

and indirect current mode control [16]. However, the above-mentioned control 

methods for converters based on Z-source topology sacrificed simplicity and cost. 

More passive devices are often needed to achieve the proposed function. 

Not only the control methods but also topologies are investigated and improved 

by researchers. Besides the basic ZSI and qZSI topology, more Z-source topologies 

have been developed such as switched ZSI [128], embedded Σ-type ZSI [129], Z-

source rectifiers [130], ZS matrix converters [131][132][133], and Z-source DC-DC 

converters [134][135][136]. These kinds of combination of Z-source topology and 

other modification successfully extend the application of Z-source topology and brings 

the advantage of avoiding dead time. A list of different impedance network topologies 

is shown in Fig. 2.10, and the topologies of Z-source, quasi-Z-source, embedded Z-

source are presented. 
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Vdc1 Vdc2

 

Figure 2.10 Impedance Network Topologies [16] 

Besides the above-mentioned topologies, a three-phase quasi-Z-source rectifier 

has been introduced with a unique modulation method, which realizes complete soft 

switching to improve efficiency, but the grid-side current has high harmonics [26]. The 

converters based on Z-source topology were modified and implemented as circuit 

breakers [137] [138], wireless power converters [139] and DC chargers [140]. A 

switched inductor-capacitor ZSI has also been proposed to have a greater voltage 

boosting ratio at lower duty ratio, but more diodes are required in the topology [141]. 

In [142], a new semi-ZSI was proposed for PV system with high efficiency. A 

modified quasi-Z-source topology was proposed in [93] to overcome the problem of 

power limitation because of discontinuous conduction mode. In [94], a comprehensive 

model of quasi-Z-source converter based PV generation system was proposed and 

analyzed. A new pulse width modulation scheme of single-phase quasi-Z-source 
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converter was proposed in PV application [95]. Reactive power compensation was 

investigated in a grid-connected PV system based on Z-source inverter [96]. It is 

further developed to a Z-source DC-DC converter in the PV system of a DC microgrid 

[97]. A zero-voltage electronic load was developed based on Z-source converters [143]. 

Though those Z-source converters could generally achieve higher power density, 

greater robustness, wider voltage conversion ratio, they are complicated, require 

tremendous calculation to meet the special requirements of designated applications, 

have issues in conversion efficiency, voltage stress of switches, power level limitation 

and output harmonics [26] [136]. 

In summary, the hot research topics of Z-source converters include: (1) Improve 

the performance of Z-source converters in a specific application where voltage 

boosting is essential such as EV charger and PV system; the performance include 

voltage regulation, harmonics suppression and coordinated control strategy in a system; 

(2) Application of Z-source DC-DC converters; (3) Soft-switching of quasi-Z-source 

converters. However, there are also some limitations of Z-source converters. The input 

current spike is generally high which might be harmful for the input voltage sources. 

The size of the Z-source inductors LZ and capacitors CZ might be large, which degrades 

its power density. The drain current ID is high during shoot-through states, which leads 

to high current stress of the device. 

 

2.2.2 Latest Research on Single-phase Z-source converters 

 

Although there are many innovations on Z-source converters’ topologies, the core 

principle of voltage boosting by taking advantage of shoot-through states is always the 

same. Therefore, investigating the philosophy of a basic single-phase Z-source 

converter is necessary, as it is fundamental for all other derived Z-source converters. 

Since the proposal of Z-source inverter in [24], study of single-phase Z-source 

inverters and the bidirectional operation has drawn researchers’ attention. 

An in-depth analysis of a single-phase Z-source inverter was presented in V2G 
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application in [144]. The high-frequency and low-frequency ripple analysis was 

conducted to derive the devices’ parameters of the Z-source inverter. Afterwards, a 

detailed design procedure of the X-shape impedance network was given in [144]. The 

small-signal modeling and analysis of a single-phase Z-source inverter were studied 

in [145] and [146]. A decoupled control based on symmetrical shoot-through is 

proposed for single-phase ZSI [147]. Pole and zero trajectories of control-output 

transfer function diagram were presented and analyzed using perturbed mathematical 

analysis. Various disturbance-to-output transfer functions were thus available based on 

the proposed modeling approach [145]. Similarly, small-signal modeling was 

conducted by circuit-averaging technique with both capacitor voltage control loop and 

inductor current control loop [146]. 

Besides the investigation of a single-phase Z-source inverter which is connected 

to a resistive load, the study of its operation in grid-connected mode was also presented 

in [148] as shown in Fig. 2.11. The AC grid is single-phase, such as the AC bus line in 

a microgrid. A grid current control algorithm with voltage feed-forward was proposed, 

and a Phase Locked Loop was used to adjust the phase of inverter output to match the 

phase of the grid. Frequency response of filters and bode diagram were presented [148]. 

Similarly, a unified power flow controller of Z-source converter was proposed to 

enhance power control of long transmission lines in grid-connected mode in [149]. 

Half-Bridge

Full-Bridge
X-shape

Impedance Network

AC grid

Vg

Vdc

X-shape

Impedance Network

 

Figure 2.11 A Grid-connected Single-phase Z-source Inverter [148] and a Single-phase Z-

source Half-bridge Converter [150] 
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Book chapter [16] presented an overall review of the types, advantages, features 

and control methods of Z-source converters. However, the study of the fundamental 

single-phase Z-source converter is not sufficient in the last few years because of its 

low cost-function and limited practical application. The topology is normally modified 

in other research of single-phase Z-source converters. For example, the X-shape 

impedance network is connected to a half-bridge converter in [150] as shown in Fig. 

2.11. A buck-boost Z-source matrix converter was investigated in [151]. Paper [152] 

tried to add the X-shape impedance network into a traditional full-bridge resonant DC-

DC converter which shows better performance than conventional ones in [153]. A 

modified Z-source inverter was proposed in [111] which was suitable for integrated 

EV chargers, but it sacrificed the cost and density as four more switches were added. 

Shoot-through PWM and phase shift modulation technique were combined in a qZSI 

series resonant DC-DC converter in [28] and in a switched Z-source bidirectional DC-

DC converter in [154], to achieve wider input/output range and high voltage gain. 

Meanwhile, similar to the dead-time of traditional converters, the insertion of shoot-

through states unavoidably brings output harmonics. The effect of dead-time on output 

harmonics of traditional single-phase full-bridge converter was investigated in [155] 

[156] and a compensation method was also proposed in [157]. Until now, few 

literatures had investigated the harmonics problem of single-phase Z-source converters. 

Since the control of switches that insert shoot-through states always plays a 

crucial role in the overall performance irrespective of the Z-source topology and how 

it is connected to various types of converters, the investigation of fundamental single-

phase Z-source converters and output harmonics analysis is first conducted in this 

thesis. 
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2.2.3 Latest Research on Three-phase Z-source Converters 

 

In a microgrid, three-phase bidirectional DC-AC converters are important when 

it is required to connect to three-phase loads or the three-phase AC grid directly. 

Different from the single-phase ones, the latest research on three-phase Z-source 

converters mainly focuses on the control methods rather than the topologies. 
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Figure 2.12 A Common Topology of a Three-phase Z-source Inverter [158] 

Lots of advanced control logic for three-phase Z-source converters or quasi-Z-

source converters have been proposed these years. In [113], a novel ZSVM3 was 

proposed for a three-phase quasi-Z-source rectifier which achieves ZVS and ZCS. 

Paper [159] investigated the control method of a three-phase quasi-Z-source AC-DC 

rectifier which is able to output a DC voltage larger or smaller than the peak value of 

the AC input voltage. In [160], two modified space vector modulation strategies were 

introduced which were aimed on the reduction of switch commutation number at high 

current level for shorter periods during the fundamental cycle, therefore, reduced the 

switching loss. Paper [161] proposes a single-stage boost Trans-quasi-Z-source 

inverter topology. Paper [158] proposes a new shoot-through parameter to control the 

three-phase Z-source inverter, where shoot-through states duty ratio is independent 

with modulation index. In this way, it is possible to keep the modulation index constant 

at its maximum possible value, thus wider voltage boost range could be achieved with 
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good capability of disturbance rejection. Similarly, [162] proposed a modulation 

strategy, which reduces the number of switch commutations for a shorter period during 

the fundamental cycle, simplifies the generation of the gate signals by utilizing only 

three reference signals, and achieves a single switch commutation at a time. Less 

number of switch commutations and improved converter efficiency is achieved. 

However, the harmonics of output voltage is not well suppressed. Paper [163] 

proposed a ZVS Z-source three-phase rectifier which does not use any additional 

circuit. Instead, it uses the freewheeling diode to clamp the voltage across the switch 

to zero in the shoot-through state, so the switches in the three-phase bridge can be 

turned on with ZVS. However, the switch in the Z-source network would suffer high 

voltage and operate in hard switching. A new approach in the PWM technique is 

proposed through proper choice of active vectors and placement of a shoot-through 

states for three-phase Z-source inverter which increases the voltage gain of ZSI [164]. 

Paper [159] investigated the control method of a three-phase quasi-Z-source AC-DC 

rectifier which is able to output a DC voltage larger or smaller than the peak value of 

the AC input voltage. However, the above-mentioned control methods for Z-source 

topology based converters sacrificed simplicity and cost. More passive devices are 

often needed to achieve the proposed function. The modulation methods have common 

demerits of the complexity of generating the gate signals [160]. 

The modulation schemes of three-phase Z-source converters could be divided by 

3-phase ones (all the three bridges contributes to insert shoot-through states) and 1-

phase ones (only one bridge contributes to insert shoot-through states while there is no 

shoot-through on the other two bridges) as shown in Fig. 2.13 [92] [165]. 

The above-mentioned control methods are mainly designed for converters 

connected to three-phase resistive loads. In practical applications, the performance of 

the grid-integration of proposed three-phase Z-source converters is very important. In 

literature, the control methods and operation scheme of grid-connected three-phase Z-

source converters were proposed and investigated. 
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Modulation Schemes of Three-phase Z-source converters

 

Figure 2.13 Classification of Three-phase Z-source Converters’ Modulation Schemes [92] 

For example, the modeling and control of qZSI for a grid-connected PV system 

is developed in [166] by using conventional multi-loop classical control system 

suffering from low bandwidth and slow response. In [26], a three-phase quasi-Z-source 

rectifier has been introduced with a special modulation method, which realizes 

complete soft switching to improve efficiency, but the grid-side current has high 

harmonics. Paper [167] proposes a model predictive control method of a grid-

connected three-phase quasi-Z-source inverter which has the capability of decoupling 

active and reactive power. It can simultaneously compensate the reactive power 

required by the grid as an ancillary service that can be provided by DG systems to the 

main utility grid. In [168], a hybrid microgrid structure was proposed where two 

bidirectional three-phase Z-source converters were used to connect the DC bus and 

three-phase AC bus. Different shoot-through injection methods are analyzed with 

regard to corresponding switching loss. However, the voltage and power level in the 

experiment is too low, which limits the practical application. Paper [169] presents a 

series of two three-phase cascaded Z-source inverters which has flexible voltage range 

and low harmonics. In paper [170], a unique high-voltage-gain two-stage three-phase 

Z-source indirect matrix converter is introduced which is capable of remaining the 

shoot-through duty ratio at a relatively low level. However, the number of devices 
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doubled which leads to more cost and extra complexity. The addition of the impedance 

network and overlap mode in the inverter of the qZSI complicates the traditional 

control and requires a complex modulator with multi/nested loop control system to 

control the capacitor voltage, input inductor current along with the injected grid current 

[171]. 

For conventional grid-connected converters, the technology of limiting current 

harmonics injected to the grid has been investigated for a long time [172] [173] [174] 

[144]. However, few literature discusses the output harmonics injected into the grid 

from the Z-source converters. Moreover, prior art Z-source modulation methods have 

some demerits, such as the complexity of generating the gate signals, the increased 

number of switch commutations with continuous commutation at high current level 

during the entire fundamental cycle, and the multiple commutations at a time [160]. 

 

2.2.4 Summary and Motivation of this Research 

 

In summary, the latest research on Z-source converters includes sophisticated 

topologies and corresponding control methods. For single-phase Z-source converters, 

different topologies have been investigated to achieve various goals in both grid-

connected mode and resistive load mode. For three-phase Z-source converters, the 

research normally focuses on the improvement of control methods especially in grid-

connected mode while there is little proposal of new topologies. 

However, little literature shows good performance of Z-source converters on 

harmonics suppression. The X-shape impedance network and the insertion of shoot-

through states undoubtedly bring distortions of output voltage and current. Meanwhile, 

hard switching unavoidably leads to power loss, and the conversion efficiency is 

limited. Although some proposed control methods with topology modification could 

achieve good results, more devices are added which improves the cost, and the control 

scheme become more complicated. Meanwhile, the rated power of most experimental 
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prototypes of Z-source converters are relatively low, i.e. normally smaller 300W. The 

operation of Z-source converters in higher power is not well investigated, which 

limited their application. Therefore, the goal and motivation of research in this thesis 

is to investigate and study the output harmonics problems of Z-source converters and 

to propose new control methods of both single-phase and three-phase Z-source 

converters in both grid-connected mode and resistive load mode. The rated power level 

of the experimental prototype is increased to 1kW. Detailed harmonics analysis will 

be conducted, and the bidirectional operation of proposed control methods of Z-source 

converters will also be considered. 
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CHAPTER 3 

BIDIRECTIONAL PHASE-SHIFTED DC-DC 

CONVERTERS WITH EXTENDED LOAD RANGE 

 

 

Phase-shifted converters are practically important to provide high conversion 

efficiencies through soft-switching techniques. However, the limitation on resonant 

inductor current in the converters often leads to a non-fulfillment of the requirement 

of minimum load current. A new power electronics control technique is proposed and 

introduced in this chapter to enable the dual features of bidirectional power flow and 

extended load range for soft-switching in phase-shift-controlled DC-DC converters. 

The proposed technique utilizes two identical full-bridge converter and inverter in 

conjunction with new control logic for gate-driving signals to facilitate both ZCS and 

ZVS in a single phase-shifted full-bridge DC-DC converter. The additional ZCS is 

designed for light load conditions at which the minimum load current cannot be 

attained. The bidirectional phase-shifted full-bridge DC-DC converter can implement 

the function of synchronous rectification. 
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3.1 Proposal of a New Control Method 

 

A new control method for bidirectional phase-shift-controlled DC-DC converter 

is proposed in this chapter. It can provide a path for reverse power flow and an 

extended load range for light load condition without any supplementary circuitries. 

Furthermore, the proposed control method incorporates the gate drive logic for 

synchronous rectification so as to further improve the overall performance of the 

converter. A mathematical model is provided to demonstrate the principle and 

advantages of the proposed control method, including linear output voltage with phase 

shift and achieving ZVS at light load. As the improved converter does have a fast 

dynamic response, it can be used for energy recovery during regenerative braking for 

the powertrain system of electrified train, while high power density supercapacitors 

made of nano-/micro-structured materials are used as the energy storage. 

Fig. 3.1 presents a circuit topology of the proposed bidirectional phase-shift- 

controlled DC-DC converter which adopts ZCS in the left leg and ZVS in the right leg 

of the inverter-bridge so as to extend its load range to light load. The improved 

converter retains the bidirectional power flow capability with synchronous 

rectification [42] [75] [175] and offers linear output voltage control. 

The topology of the improved converter consists of an inverter-bridge and a 

converter-bridge connected with a high-frequency power transformer K. As shown in 

Fig. 3.1, the inverter bridge is constructed with 4 MOSFETs, Q1–Q4 and the converter 

bridge is constructed with 4 MOSFETs, M1–M4. DQ1–DQ4 and DM1–DM4 are body 

diodes of MOSFETs, CQ1–CQ4, and CM1–CM4 are resonant capacitances that include 

the MOSFETs’ stray capacitance and other resonant capacitors. Lres is the resonant 

inductor that includes total leakage inductance of the transformer and additional 

resonant inductor. Cin is the input filter capacitor, and Co is the output filter capacitor. 

Rload is the load resistance. Driven with the proposed control logic, the converter can 

then operate in both direction and achieve soft-switching for an extended load range. 
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The details of the control logic of gate drive signals will be described in the next 

section. In contrast, the secondary side of a conventional phase-shifted converter is a 

full bridge or half bridge rectifier composed by uncontrollable diodes, while there is a 

filter inductor in series with the output side as shown in Fig. 3.2. 
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Figure 3.1 Topology of the Bidirectional Phase-Shift-Controlled DC-DC Converter 
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Figure 3.2 Topology of a Conventional Phase-shifted Converter 
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3.2 Circuit Operation Analysis 

 

The improved converter employs a new control logic that can not only implement 

the phase-shift algorithm, but also provide bidirectional power flow control and 

synchronous rectification. Fig. 3.3 illustrates gate drive signals of the proposed control 

method, where VGQ1-VGQ4 and VGM1-VGM4 are gate drive signals applied to Q1-Q4 and 

M1-M4 respectively, Vpri and Ipri represent primary voltage and current respectively, 

and Vsec represents secondary voltage. 

Phase Shift

On

State

Off

State

A:ZCS B:ZVS

C:ZCS

D:ZVS

ion(t) ioff(t)
Primary 

Voltage

Primary 

Current, i(t)

mode of operation1  2        3          4               5                     6 

VGQ1

VGQ2

VGQ3

VGQ4

VGM1,VGM4

VGM2,VGM3

Vpri

Ipri

Vsec

 

Figure 3.3 Gate Driving Signals of the Proposed Control Method 
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Circuit analysis of the improved converter will be focused on the light load 

condition, though it is equally applicable to normal load condition. The converter 

would have similar characteristics as conventional phase-shifted topology at normal 

load condition except that the output inductor is removed in the improved converter 

and it does therefore require a higher resonant load current in order to achieve soft 

switching. This is why the improved converter is aimed at the application with a very 

wide range of load, such as energy storage for fluctuating sources. 

As the working principles of positive and negative half cycles are similar, only the 

positive half cycle is described in the following paragraphs. There are six modes in 

each half cycle. 

 

MODE 1 - Dead Time ( t0 < t < t1 ) 

M1-M4 are off. Q4 is on, and transformer primary current i(t) is zero, Q3 is 

therefore turned off under ZCS. Energy stored in Co is delivering to Rload. The period 

of this mode is called dead-time, which is used to prevent Q1 and Q2 from shoot-

through problem. 

CinVin Co

Rload
K

Q1 Q3

Q4Q2

Lres

M1 M3

M2 M4

 

Figure 3.4 Power Flow of Operation in Mode 1 – Dead time 

MODE 2 - Left Leg ZCS Transition ( t1 < t < t2 ) 

Transformer primary current is still zero, Q1 is therefore able to be turned on under 

ZCS. Simultaneously, M1, M4 are also turned on under ZCS. Vin is then applied to the 

transformer primary, and its secondary is maintained at Vo. 
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Figure 3.5 Power Flow of Operation in Mode 2 – ZCS 

 

MODE 3 - Power Transferring ( t2 < t < t3 ) 

Q1, Q4, M1 and M4 keep conducting, while the primary side current is circulating 

as described by the function of ion(t). Detailed calculations will be given in 

Mathematical Analysis of Circuit. 
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Figure 3.6 Power Flow of Operation in Mode 3 – Power Transferring 

 

MODE 4 - Right Leg ZVS Transition ( t3 < t < t4 ) 
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Figure 3.7 Power Flow of Operation in Mode 4 – ZVS 



44 
 

Q1 keeps conducting, and Q4 is now being turned off. Primary current ion(t) will 

charge up CQ4 and discharge CQ3 at the same time. When the voltage across CQ3 drops 

to zero, DQ3 is then conducting, subsequently, Q3 can be turned on under ZVS. M1 and 

M4 will be turned off in this mode. 

 

MODE 5 - Freewheeling ( t4 < t < t5 ) 

Q1 and Q3 remain on and there is no voltage at the primary side of transformer. 

Meanwhile, energy stored in Lres is delivering to Rload through M1 and M4. The primary 

current is circulating as described by the function of ioff(t) (detailed calculations will 

be given in Mathematical Analysis). 
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Figure 3.8 Power Flow of Operation in Mode 5 – Freewheeling 

MODE 6 ( t5 < t < t6 ) 

Q1 and Q3 keep conducting, while the primary current reaches toward zero, then 

the body diodes DM1 and DM4 are reversely biased, this eventually isolates Co and Rload 

electrically. Assumed Co is sufficiently large, and therefore Vo can be maintained 

nearly constant. 
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Figure 3.9 Power Flow of Operation in Mode 6 – Nil 
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3.3 Mathematical Analysis 

 

In this section, a mathematical model will be developed, and it can be used to find 

out the extended load range at light load condition and the linear control region for 

output voltage. This model includes DC characteristics of the improved converter and 

load ranges for ZVS and ZCS. 

Without loss of the accuracy of circuit operation, the following assumptions were 

made in the derivation of mathematical equations: Firstly, the improved converter has 

a very high conversion efficiency, so power loss is negligible, this is generally 

acceptable for converters using soft-switching technique that can effectively minimize 

the switching losses. Secondly, the output capacitor Co is sufficiently large to hold the 

converter output voltage at nearly constant. Thirdly, the internal resistance of 

transformer windings, inductors and capacitors are negligible. In addition, some 

common terms used for the calculations are defined as shown in Table 3-1. 

Table 3-1. Definition of Common Terms Used 

Symbol Definition Equation 

D 
Phase shift of gate signals 

between left and right leg 
 

n Turn ratio of transformer N1 / N2 

fs Switching frequency 1 / T 

T Period of switching cycle  

ωs Angular switching frequency 2 π fs 

ωo Output resonant frequency oresCLn/
 

Zo Characteristic impedance ores CLn /
 

Zn Normalized load resistance oload ZRn /2
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3.3.1. DC Characteristics 

 

Derivation of DC characteristics of the converter will be done based on the first 

assumption in above that power loss is negligible, so the input energy is equal to the 

output energy for the improved converter. 

Since the converter takes in energy from Vin only in mode 3 of operation (i.e. 

power transferring stage), where t2 ≤ t ≤ t3, and t3 – t2 = DT/2. Fig. 3.10 shows the input 

energy, Win during the power transferring stage, and the output energy of converter for 

a half cycle is Wout, where 

22

1 T
DIVW peakinin   (3.1) 

2

2
T

R

V
W

load
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and Ipeak represents the transformer’s peak primary-side current. As Win = Wout, so 
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Figure 3.10 Primary Voltage and Current of Input Energy during Power Transferring 

Stage 
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Figure 3.11 Equivalent Circuit of Input Energy during Power Transferring Stage 

Fig. 3.11 shows an equivalent circuit of converter during this stage, where 

definitions of relevant equations are listed in Table 3-2. 

Table 3-2. Definition of Common Equations Used 

Equations Definition 

ion(t) primary current of transformer 

iR(t)/n primary referred secondary current of transformer 

iC(t)/n primary referred secondary current of output capacitor 

nvc(t) primary referred secondary output voltage of converter 

n2Rload primary referred secondary load resistance 

C/n2 primary referred secondary output filter capacitance 

Then, the circuit model can be represented by: 

)()( tvnVti
dt

d
L cinonres   (3.4) 
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Transformed into s-domain, (3.4) - (3.7) can be solved and the primary current 

Ion(s) is 
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Then, taking an inverse Laplace transform, (3.8) becomes: 
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where 
loadreso

resloadreso

RLC

LRLCn

2

4
222 

 . 

Assuming 4n2CoLresRload
2 >> Lres

2, 2n2CoRload
2Vin >> LresVin, and 2CoRload << 1, 

equation (3.9) can be simplified as follows: 
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Putting 
2

T
Dt   into (3.10), the peak primary current can be obtained as 

o
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T
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Substituting (3.11) into (3.3) yields the voltage conversion ratio of the improved 

converter, i.e. 
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(3.12) 

Since the output voltage of power transferring stage can be assumed as constant, 

the current waveform ion(t) could be regarded as a straight line and Ipeak can be obtained 

according to (3.4) and Fig. 3.10 as: 
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Substituting (3.13) into (3.3) to derive: 
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Solving (3.14) to get the equation: 
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The voltage conversion ratio of the improved converter could be solved by (3.15) 

and would match with the result given in (3.12). A derivative of (3.12) with respect to 

D is taken to check whether the output voltage can be controlled linearly proportional 

to the change of phase shift D, that is 
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(3.16) 

As the denominator of (3.13) is always positive, an assumption can be made that 

the numerator of (3.16) is also positive, i.e. 

)16(8 222222

loadsresloadsresload RnDfLRnDfLRnD   (3.17) 

Taking square of both sides of (3.17), 

  08
2
sres fL  (3.18) 

As inequality (3.18) is always true, the assumption holds, and 
𝑑

𝑑𝐷
(
𝑣𝑜

𝑣𝑖𝑛
) will be 

always positive. This implies the output voltage of converter is a linear function of 

phase shift. This is particularly important for design engineers to design the feedback 
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control system, because there is no special safeguard needed to limit the range of 

control variable beyond a reverse control region as exhibited in variable frequency 

resonant load converter. 

 

3.3.2 Maximum Load Current for Left Leg to Achieve ZCS 

 

The improved converter can extend the load range with soft-switching for light 

load application, it does still exist a design constraint that the transformer primary 

current cannot exceed, otherwise the left leg will lose its ZCS. 
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Figure 3.12 Load Current for ZCS and ZVS: (a) ZCS; (b) Marginal ZCS; (c) Neither 

ZCS nor ZVS; (d) Marginal ZVS 

Fig. 3.12 illustrates four scenarios where the active switches of left leg in the 

inverter bridge will encounter, where Ip represents the primary current of the 

transformer. In Fig. 3.12(a), it performs a ZCS as per the proposed method under light 

load condition. In Fig. 3.12(b), it shows a marginal situation where ZCS is still 

achievable when the transformer primary current continues to increase. Once the 

primary current is higher than the marginal limit, the active switches cannot achieve 
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ZCS. Moreover, if the primary current cannot meet the minimum load requirement of 

conventional phase-shifted converter, these active switches are not able to perform 

ZVS too as illustrated in Fig. 3.12(c). When the load current meets the minimum load 

requirement, these active switches will operate with ZVS as shown in Fig. 3.12(d). 

Maximum load current IZCS(max) for the converter to maintain ZCS is a prerequisite 

parameter for system design. The following section will elaborate the derivation of 

IZCS(max) in detail.  

Lres

Co /n
2

n2Rload

ioff (t)

nvc(t)

ic(t)/n
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Figure 3.13 Equivalent Circuit of Freewheeling Stage 

As shown in Fig. 3.3, the transformer primary current decreases to zero during  

t4 ≤ t ≤ t5 (i.e. freewheeling stage), where t5 - t4 = kT/2, and k is a ratio of free-wheeling 

time over a half period of switching cycle. Fig. 3.13 shows the equivalent circuit for 

the active switch performing ZCS during freewheeling stage, where ioff(t) is 

transformer primary current. At t = t4, energy stored in Lres is delivering to Rload, and 

the circuit operations can be described by the following equations: 

)()( tvnti
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d
L coffres   (3.19) 
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Transformed into s-domain, (3.19) - (3.22) can be solved and the primary current 

is 
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Taking inverse Laplace transform for (3.23), we get 
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Applying the same approximations as in DC Characteristics, the transformer 

primary current can be solved as follows: 

)sin(
2

)( t
Z

Z

ZI
nV

Iti o

o

n

opeak

o

peakoff 



  (3.25) 

At the end of freewheeling, the primary current will be zero, i.e. 

0)(
2




T
ktoff ti  (3.26) 

As 
0

1

2 


T
k , so 

sn

o
o

s

o

peak

Z

Zk
Z

Vnk

I










0

0

2






  
(3.27) 



53 
 

Solving (3.11) and (3.27 to obtain 
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Since k/(4CoRloadfs)<<1, (3.28) becomes 
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Solving (3.12) and (3.29) to get the time ratio for freewheeling stage as 
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where D + k = 1 when the active switches performing a marginal ZCS as shown in 

Fig .3.12(b). 

Then, equation (3.30) becomes 
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Substituting (3.31) into (3.12) to work out the maximum load current, IZCS(max) for 

the improved converter to achieve ZCS at left leg. i.e. 

23

2

(max)

)4(

load

sresloadin
ZCS

Rn

fLRnV
I


  (3.32) 

 

3.3.3 Minimum Load Current for Right Leg to Achieve ZVS 

 

The minimum load current for right leg to achieve ZVS is similar to the 

requirement for conventional phase-shifted converter; however, for the sake of 

completeness, the calculation is summarized as below. As the primary current is 

required to be sufficiently high in order to discharge the energy stored in a resonant 

capacitance of active switch that will be turned on under zero voltage condition and 

simultaneously charge up a resonant capacitance of the other switch at the right leg, 

the resonant inductor Lres must therefore store a sufficient energy before performing 
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ZVS and the inductance energy is: 
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And the total energy required to charge and discharge the stray capacitances is 
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where Csum = CQ3 + CQ4. 

Solving (3.33) and (3.34) to obtain 
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Substituting (3.35) into (3.11) to obtain the minimum phase shift for ZVS as 
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Finally, putting (3.36) into (3.12) yields the minimum load current IZVS(min) for the 

improved converter to achieve ZVS at right leg, i.e. 
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The design of dead time is very important. If the dead time is too short, then the 

resonant capacitors could not be able to complete the charging or discharging, then 

soft-switching could not be realized. If the dead time is too long, then the primary side 

current of the transformer would become reversed. The equations for determining the 

dead time at normal load are presented below: 
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3.3.4 Extended Load Range of the Improved Converter 

 

For conventional converter, the efficiency will drop significantly at light load 

condition as a result of failure of active switches to achieve ZVS. This is why resonant 

converters including phase-shifted topology will be more favorable for high power 

applications. Besides, the operation of conventional phase-shifted converter at light 

load may not only have a lower efficiency, but also generate excess heat loss that will 

definitely impair the lifetime of electronics components, and the converter may in 

some case crash due to overheating. With the proposed technology, the active switches 

of converter losing ZVS is now able to perform ZCS instead in case the load current 

is larger than IZVS(min) in (3.37), which can minimize the switching loss and improve 

the overall efficiency. 

Overall load range of the proposed converter

Load range 

extended 

for

light load 

condition

Load range of conventional

phase-shifted converters

IZVS(min) IZCS(max)

Minimum load requirement of 

conventional phase-shifted converters

Load 

current

Efficiency

O

Full load

ZVS for Q1 & Q2

ZCS for 

Q1 & Q2

ZVS for Q3 & Q4

 

Figure 3.14 Diagram of Extended Load Range 

Fig. 3.14 shows a diagram indicating the extended load range for bidirectional 

phase-shifted converter using the proposed control method. The extension of load 

range is from IZVS(min) to IZCS(max) while there is still a narrow region where the active 

switches cannot perform either ZVS or ZCS as explained in Fig. 3.14 which is the 

main disadvantage of the proposed control method. It can be eliminated by designing 

the minimum load of conventional phase-shifted converter to be the same as IZCS(max). 
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3.4 Experimental Test and Verify 

 

To verify the theory developed for the proposed control method, two experiments 

were set up for performance test. The first one tests a conventional bidirectional phase-

shifted converter, which employs conventional control algorithm, and the second one 

tests the improved converter using the new control method. These two converters are 

constructed with identical configuration as shown in Table 3-3.  

Table 3-3. Parameters of Two Converters for Performance Test 

Items Value 

Input voltage, Vin  150V 

Output voltage, Vo 180V 

Output power, Po 60W~1500W 

Turn ratio, n 1:2 

Resonant inductance, Lres 1µH 

Resonant capacitance, CQ1-4 (Cres) 4.7nF 

Output capacitor, Co 60µF 

Switching frequency, fs 50kHz 

 

The experimental prototype is shown in Fig. 3.15. The improved converter and 

conventional converter share the same primary side as the topology and all parameters 

are the same. The switching device in both the primary side and the secondary side of 

the improved converter is Wolfspeed C2M0080120D Silicon Carbide MOSFET with 

maximum Drain-Source voltage 1200V and continuous Drain current 31A. The 
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rectifier diodes and anti-parallel diodes in both converters are Vishay VS-3-

EPH03PBF. A DSP28335 module generates the gate signals for the eight switches by 

GPIO0-7 ports. The resonant capacitor in the primary side is a 310V polypropylene 

capacitor. The output filter capacitor of the secondary side is a 450V aluminum 

electrolytic capacitor. The transformer has 5 primary turns and 10 secondary turns, and 

diameter of the insulated copper wire is 0.5mm to reduce the skin effect in switching 

at 50kHz. For the primary side and secondary side of the improved converter, the 

switches use heatsink at the bottom of the PCB. For the secondary side of conventional 

converter, there are only rectifier diodes with TO-247 heatsink above the PCB. 

The efficiency of two converters over the designed load range is plotted below, 

where the range for full load and light load are illustrated in Fig. 3.16 and Fig. 3.17 

respectively. The Y axis represents the efficiency η, and the X axis represents output 

power Pout. 

 

Figure 3.15 Experimental Prototype with Rated Power of 1.5kW 
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The maximum load current IZCS(max) for ZCS can be calculated using equation 

(3.32) as 1.49A, and the corresponding output power is 268.2W, which is the boundary 

of extended load range. Both of converters achieve average efficiency of 95% over the 

designed load range, however, as shown in Fig. 3.17, the improved converter operating 

within the extended load range has a higher efficiency than the conventional converter 

by 4~8%, and higher than the efficiency of the SiC MOSFET experiment at such light 

load as mentioned in Section 2.1.3. Also, the minimum load current IZVS(min) for ZVS 

can be worked out using (3.37) as 0.46A, and the corresponding output power is 82W. 

The converter efficiency will drop significantly below this power level. When the 

output power is higher than 268.2W, the efficiency of conventional converters and 

proposed converters are basically the same as they have similar performance on soft 

switching with sufficient energy stored in the resonant inductor. 

 

Figure 3.16 Efficiency and Load Range: Conversion Efficiency of Full Load Range 
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Figure 3.17 Efficiency and Load Range: Conversion Efficiency of Light Load Range 
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Figure 3.18 Switching Performance of Improved Converter: Q2 Switching under Zero 

Current Condition 
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ZVS of Q4 at Right Leg

Drain-Source 

Voltage

Drain Current

VDS(V) ID(A)

0             5            10            15            20            25            30           35          40

0             5            10            15            20            25            30           35          40

Gate Voltage
VG(V)

2.4

1.6

0.8

0.0

-0.8

-1.6

-2.4

20

10

0

-10

-20

Time (µs)

180

120

60

0

-60

-120

-180

 

Figure 3.19 Switching Performance of Improved Converter: Q4 Switching under Zero Voltage 

Condition 

Fig. 3.18 and Fig. 3.19 illustrate the switching performance of the improved 

converter at output power of 115W, which lay in the light load region. The ZCS and 

ZVS are perfectly accomplished by Q2 at left leg and Q4 at right leg of inverter bridge 

as illustrated in Fig. 3.18 and Fig. 3.19, respectively, where blue line shows the Drain-

Source voltage and red line represents the Drain current. In Fig. 3.18, Q2 switches on 

under zero current at t = 0µs. In Fig. 3.19, Q4 switches on under zero voltage at t = 6µs 

when the drain-source voltage of MOSFET reaches 0V. The green line at the bottom 

shows the gate signal voltage of Q2 and Q4 respectively. 
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Figure 3.20 Switching Performance of Improved Converter: Transformer Primary 

Voltage and Current at Light Load 
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Vp(V) IP(A)
Primary Voltage and Current of Transformer

 

Figure 3.21 Switching Performance of Improved Converter: Transformer Primary 

Voltage and Current at Full Load 

The primary current and voltage of the transformer in Fig. 3.20 and Fig. 3.21 

agree well with the proposed theory as illustrated in Fig. 3.3. The above experiment 

also demonstrated the capability of bidirectional operation. As shown in Fig. 3.1, the 

topology is symmetrical except for the position of resonant inductor Lres. Whether the 

inductor Lres locates in the primary side or secondary side of the transformer does not 

affect the converter’s operation because it is the same in the equivalent circuits as 

shown in Fig. 3.11. The only difference is whether the inductance is referred to the 

primary side or secondary side of the transformer in calculation, but the result is the 

same. Thus the converter could operate in the opposite direction by the same control 

scheme, including light load cases. 

The transformer’s turn ratio is 1:2 in the prototype, so it is a step-up converter. If 

the converter is used in reverse direction, the turn ratio becomes 2:1, thus it is a step-

down converter. Therefore in the experiment of reverse direction operation, input 

voltage is set to 300Vdc and designated output voltage is 120V. The control scheme is 

unchanged, and experiment results are presented in Fig. 3.22 and Fig. 3.23. The 

converter works well and the waveforms of primary voltage and current are the same 

as illustrated in Fig. 3.3. The efficiency of reverse direction operation is satisfactory 

and higher than 95% in normal load range, though it is slightly lower than in forward 

direction operation as the turn ratio, input and output voltage, minimum load current 
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to achieve ZVS, and average current passing through the switches are all different even 

for the same output power level in the forward and backward direction. 

Vp(V) IP(A)

Figure 3.22 Bidirectional Operation Experiment Result - Transformer Primary Voltage 

and Current of Reverse Direction Operation 

 

 Figure 3.23 Efficiency Comparison 
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3.5 Summary 

 

In this chapter, a new control method for bidirectional phase-shifted DC-DC 

converter is proposed that can provide a path for reverse power flow and an extended 

load range for light load condition. The proposed control method incorporates the gate 

drive logic for synchronous rectification to further improve the overall performance of 

the converter. The control method is built on a mathematical model to ensure soft 

switching can be realized especially at light load condition. The proposed control 

method also has the advantage to give the converter a linear output voltage relationship 

with the phase shift. Coupled with the fast dynamic response characteristics, the 

proposed converter is particularly suitable for applications such as energy recovery 

from unsteady sources which fluctuate dramatically. An experimental prototype of 

1.5kW DC-DC converter with the proposed control method was built to demonstrate 

its capability of bidirectional power flow and show the higher conversion efficiency 

especially at light load compared to conventional phase-shifted converters. 
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CHAPTER 4 

INVESTIGATION ON CONTROL METHODS OF Z-

SOURCE INVERTERS 

 

 

This chapter presents the research of bidirectional Z-source DC-AC converters. 

The control of switches that insert shoot-through states always plays a crucial role in 

the overall performance irrespective of the Z-source topology and how it is connected 

to various types of converters. Thus, a series of new modulation schemes were 

proposed and applied to single-phase Z-source inverters.  

 

4.1 Principle of Z-source Inverters 

 

A series of new control methods were proposed and applied to fundamental 

single-phase ZSIs. The proposed methods belong to direct DC-link voltage control, 

which has a better transient response and greater disturbance rejection capability [16]. 

One of the proposed control methods with better overall performance than the others 

in the series is further studied and investigated. The proposed control methods can 

achieve precise output voltage magnitude with low harmonics and wide output range 

but simpler control [18]. There is no need to have a complicated mathematical model 

nor tremendous calculation, while the reliability and response accuracy is ensured. The 

proposed methods are also suitable for many applications, including single-phase and 

three-phase inverters with a wide load range in PV applications and bidirectional V2G 

system with reverse operation as a rectifier. The topology of an un-isolated single-

phase Z-source inverter is presented in Fig. 4.1. 
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Figure 4.1 A Typical Bidirectional Single-phase Z-source Inverter 

The Z-source topology is connected to a conventional full-bridge inverter with a 

LC filter. The diode Dr is placed in series with the DC voltage source to block reverse 

current from the Z-source topology in order to achieve voltage boosting [141]. While 

an isolation transformer could be added according to the application requirements, the 

basic inverter topology without isolation as shown in Fig. 4.1 would be adopted in this 

thesis. In steady state, the operation of Z-source inverter is divided to two periods: 

shoot-through state and non-shoot-through state. It is assumed that the total time of 

shoot-through state in one cycle is Ts, then the duty ratio D of shoot-through state is: 

T

T
D s   (4.1) 

In shoot-through states, the full bridge is short-circuited so the voltage across the 

Z-source topology VZ=0. The diode Dr is reversely biased because the voltage across 

the Z-source capacitor is greater than input DC voltage. The following equations could 

be obtained: 

C1L2C2L1Z

C2L2C1L1

2211

--

0

iiiii

iiii

vvvv CLCL







  (4.2) 

In non-shoot-through states, the diode Dr is forward biased. Similarly, the 

following equations could be obtained: 
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Fig. 4.2 shows the power flow in different operating modes. State space equations 

could be obtained: 
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(4.4) 

The parameters of the steady state could be obtained by setting equation (4.4) to 

zero, then equation (4.5) could be obtained: 
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  (4.5) 

Since the duty ratio D of shoot-through state lies 0<D<1, it is obvious that the 

average and maximum value of the voltage across the Z-source topology vZ is boosted 

and greater than input DC voltage source. The more shoot-through state is inserted, 

the greater is the output voltage gain. In this way, the Z-source inverter is able to 

transform a DC voltage source to a greater AC voltage output. This process takes 

advantage of the shoot-through states, which avoids the needs of setting dead time of 

switches in the same bridge and improves the stability of the inverter. 
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(a) Shoot-Through State

(b) Non-Shoot-Through State (T1&T4 on)

(c) Non-Shoot-Through State (T2&T3 on)
 

Figure 4.2 Circuit Flow in Different Operating Stages 

The determination of the device parameters in the Z-source topology is not 

complicated. The primary principle is to enable the storing and transferring of energy 

in order to boost output voltage and limit the voltage ripple. The desired capacitance 

of the Z-source capacitor could be determined as shown in equation (4.6) [128], where 

α represents the ratio of capacitor voltage ripple by average capacitor voltage. In this 

paper, α is set as 0.1, i.e. the expected voltage ripple accounts for 10% of the capacitor 
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voltage. D represents the duty ratio of shoot-through states, and fs represents switching 

frequency. 

sC
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dti
  (4.6) 

Similarly, the inductance of the Z-source inductor could be determined as shown 

in equation (4.7) where β represents the ratio of inductor current by average inductor 

current. In this paper, β is also set as 0.1, i.e. the expected current ripple accounts for 

10% of the average inductor current. 
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dtv
  (4.7) 

The parameters of LC filter is determined by the desired cut off frequency to filter 

harmonics as shown in equations (4.8) and (4.9), where R represents the equivalent 

load impedance. 
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The key concept of controlling a Z-source topology based converter is to take 

advantage of shoot-through states of switches to boost voltage. The main difficulty is 

how to reduce the harmonics and power loss while increasing the output voltage 

magnitude. For controlling a single-phase ZSI with AC output, the control methods 

could be classified into five categories: one-cycle PWM control, modified reference 

PWM, Hysteresis current control, Non-linear sinusoidal PWM and low-frequency 

harmonics elimination PWM [16]. Among various control methods of a single-phase Z-

source inverter, shoot-through by overlap of active states leads to minimum switching 

loss [94] thus it is beneficial for improving the overall efficiency. In the following 

sections, five methods of generating the overlap of active states based on SPWM are 

proposed here. 
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4.2 Asymmetric a+b Control Method 

 

As shown in Fig. 4.3, the black sawtooth curve represents carrier wave for 

generating PWM signals for switches. The red curve, which is a sine wave represent 

the modulation wave for generating gate signals of switch T1 and T4. The magnitude 

of carrier wave ranges from -1 to 1, and the magnitude of red modulation wave ranges 

from –a to a, where 0<a<1. To produce overlap of active states, another modulation 

waveform is derived by subsiding a positive constant b, as marked blue in Fig. 4.3. It 

is used for generating gate signals for switch T2 and T3. The magnitude of blue 

modulation wave therefore ranges from -a-b to a-b. Fig. 4.3 shows the overlap of 

switching signals by two different modulation waves such that shoot-through states 

are inserted. 

T1/T4

1
a

0

-a

-1

a-b

-a-b

T2/T3

T1/T4

T2/T3

T1

T4

T2

T3

 

Figure 4.3  Generation of Modulation Waves of Asymmetric “a+b” Control Method and 

Corresponding Gate Signals 
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In the positive half cycle of the modulation waves, the magnitude of red one 

ranges from 0 to a, while the magnitude of blue one ranges from -b to a-b. In the 

negative half cycle of the modulation waves, the magnitude of red one ranges from 0 

to -a, while the magnitude of blue one ranges from -b to -(a+b). Shoot-through states 

are inserted in an asymmetric way, so this control method is called asymmetric a+b 

control method. 

To testify the effectiveness of the proposed control method, an open-loop 

simulation of a single-phase Z-source inverter with a resistive load have been 

conducted in Matlab Simulink. The input DC voltage is 250V, the variable a=0.8 and 

b=0.1. The frequency of modulation wave is 50Hz. The load is a pure resistor of 

34.75Ω. In each of the following proposed control methods in Section 4.2 - 4.6, the 

same simulation have also been done and presented. 

A higher carrier wave frequency would decrease the harmonics of the output 

voltage and current as it produces more accurate instantaneous pulse width modulation. 

However, the switching power loss would undoubtedly increase as well as the carrier 

wave frequency. As a compromise, 5kHz is selected as the carrier wave frequency 

which is typically used in PWM scheme and the harmonics of simulation result is also 

satisfactory.  

+
-

+

-

+

-

Modulation Wave
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Carrier Wave

GT1

GT3

GT4

GT2

NOT

 

Figure 4.4  Generation of Gate Signals for Asymmetric “a+b” Control Method 
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The parameters of Z-source inductors and capacitors are determined by equation 

(4.6) and (4.7), LZ=300μH, CZ=1410μF. The harmonics of output voltage is also 

influenced by the LC filter design. The parameters of filter inductor and capacitor are 

determined by equation (4.8) and (4.9), Lf=3.3mH, Cf=8μF. Fig. 4.4 shows the diagram 

of gate signals generation of asymmetric a+b control method. The output voltage 

waveform at rated power is shown in Fig. 4.5. The THD is only 1.28% as shown in 

Fig. 4.6. However, the 2nd order harmonics is 0.8%. 
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Figure 4.5  Output Voltage Waveform of Asymmetric “a+b” Control Method 

 

Figure 4.6  FFT Analysis of Asymmetric “a+b” Control Method 
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4.3 Symmetric a+b Control Method 

 

To solve the problem of asymmetry between the positive and negative half cycles 

of the shoot-through states, a modified “symmetric a+b control method” is proposed 

as shown in Fig. 4.7. In the positive half cycle, the magnitude of red modulation wave 

is added with a positive constant b, while the one of blue modulation wave is a. In the 

negative half cycle, the magnitude of blue one is subsided by the constant b. 

Symmetric a+b control method

T1  T3

T2  T4

 

Figure 4.7  Generation of Modulation Waves of Symmetric “a+b” Control Method and 

Corresponding Gate Signals 

In this way, in the positive half cycle, the magnitude of red wave ranges from b 

to a+b, while the magnitude of blue wave ranges from 0 to a. Symmetrically, in the 

negative half cycle, the magnitude of blue wave ranges from -b to -(a+b), while the 

magnitude of red wave ranges from 0 to -a. Shoot-through states are inserted 

symmetrically in both positive and negative half cycles. However, there is a sudden 

change of the modulation wave during the shifting between positive and negative half 

cycles. The output voltage waveform at rated power is shown in Fig. 4.8. Similarly, 

Fig. 4.9 shows the diagram of gate signals generation of asymmetric a+b control 

method. The THD analysis is shown in Fig. 4.10. 
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Figure 4.8  Output Voltage Waveform of Symmetric “a+b” Control Method 
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Figure 4.9  Generation of Gate Signals for Symmetric “a+b” Control Method 

 

Figure 4.10  FFT Analysis of Symmetric “a+b” Control Method 
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4.4 Semi-asymmetric a+b Control Method 

 

To reduce the negative effect of the asymmetric shoot-through insertion of control 

method (1) and sudden magnitude change of control method (2) as mentioned above, 

a new “semi-symmetric a+b control method” is proposed as shown in Fig. 4.11. There 

are three modulation waves. The blue modulation wave is a standard sine wave whose 

magnitude ranges from –a to a. It is used for generating switching signals for T1 and 

T3. The red modulation wave is derived by adding a positive constant b, whose 

magnitude ranges from -(a-b) to a+b. It is used for generating switching signals for T4 

only. The green modulation wave is derived by subsiding a positive constant b, whose 

magnitude ranges from -(a+b) to a-b. It is used for generating switching signals for T2 

only. In the positive half cycle, the two maximum magnitudes of modulation wave for 

bridge T1/T2 are a and a-b, while the two maximum magnitudes of modulation wave 

for bridge T3/T4 is a+b and a. In the negative half cycle, the two maximum magnitudes 

of modulation wave for bridge T1/T2 are -(a+b) and -a, while the two maximum 

magnitudes of modulation wave for bridge T3/T4 are -a and -(a-b). In this way, the 

asymmetry of shoot-through state insertion between positive and negative half cycles 

is offset, and there is no sudden change of each modulation wave. 

Semi-Symmetric a+b control method

T1  T3

T2  T4

 

Figure 4.11  Generation of Modulation Waves of Semi-symmetric “a+b” Control Method 

and Corresponding Gate Signals 
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Figure 4.12  Generation of Gate Signals for Semi-symmetric “a+b” Control Method 
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Figure 4.13  Output Voltage Waveform of Semi-symmetric “a+b” Control Method 

 

Figure 4.14  FFT Analysis of Semi-symmetric “a+b” Control Method 
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4.5 Asymmetric a×b Control Method 

 

In the above-mentioned three control methods, the overlap of activities is 

produced by magnitude difference of modulation waves, where the difference all 

comes from adding or subsiding a constant value. The magnitude difference could also 

be produced by multiplication. As shown in Fig. 4.15, the red modulation curve is a 

sine wave with its magnitude ranges from –a to a for generating signals for switch 

T1/T4. The blue modulation waveform, which is used for generating signals for T2/T3, 

is derived by multiplying a positive constant 1-b in the positive half cycle, and 

multiplying 1/(1-b) in the negative half cycle, where 0<b<1. Thus the magnitude of 

blue modulation wave is always smaller than red one. 

Similar to the asymmetric control method, the shoot-through states are inserted 

in an asymmetric way. In the positive half cycle of the modulation wave, the magnitude 

of red one ranges from 0 to a, while the magnitude of blue one ranges from 0 to a×(1-

b). In the negative half cycle of the modulation wave, the magnitude of red one ranges 

from 0 to -a, while the magnitude of blue one ranges from 0 to –[a/(1-b)]. The 

corresponding gate signals generation diagram, output voltage waveforms and THD 

analysis are shown in Fig. 4.16 to Fig. 4.18 respectively. 

Asymmetric a×b control method
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Figure 4.15  Generation of Modulation Waves of Asymmetric “a×b” Control Method and 

Corresponding Gate Signals 
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Figure 4.16  Generation of Gate Signals for Asymmetric “a×b” Control Method 
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Figure 4.17  Output Voltage Waveform of Asymmetric “a×b” Control Method 

 

Figure 4.18  FFT Analysis of Asymmetric “a×b” Control Method 
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4.6 Symmetric a×b Control Method 

 

To solve the limitation of asymmetric insertion of shoot-through states, a 

“symmetric a×b method” is proposed as shown in Fig. 4.19. In the positive half cycle, 

the magnitude of red modulation wave is multiplied by (1+b), while the one of blue 

modulation wave is a. 

In the negative half cycle, the magnitude of blue one is multiplied by the constant 

(1+b), while the one of red modulation wave is -a. In this way, in the positive half 

cycle, the magnitude of red curve ranges from 0 to a×(1+b), while the magnitude of 

blue curve ranges from 0 to a. Symmetrically, in the negative half cycle, the magnitude 

of blue curve ranges from 0 to –[a×(1+b)], while the magnitude of red curve ranges 

from 0 to -a. There is no sudden change of the modulation wave during the shifting 

between positive and negative half cycles because the instantaneous values of 

modulation waves are still zero despite the multiplication. 

 

Symmetric a×b control method

T1  T3

T2  T4

Figure 4.19  Generation of Modulation Waves of Symmetric “a×b” Control Method and 

Corresponding Gate Signals 
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Figure 4.20  Generation of Gate Signals for Symmetric “a×b” Control Method 
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Figure 4.21  Output Voltage Waveform of Symmetric “a×b” Control Method 

 

Figure 4.22  FFT Analysis of Symmetric “a×b” Control Method 
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Figure 4.23  FFT Comparison of the Five Proposed Control Methods 

Fig. 4.23 shows a comparison of the FFT analysis diagram among the five 

proposed methods with the same Y-axis scale. It is clear that semi-symmetric a+b 

method has lower output harmonic distortions. Detailed comparison and analysis will 

be presented in the next chapter. 

 

4.7 Simulation Waveforms Analysis 

 

The above sections talked about the control scheme of five proposed control and 

presented simulation results of output voltage waveforms and THD value. This section 

presents the detailed simulation waveforms to further elaborate the principle of shoot-

through states inserting and voltage boosting. Although the five control methods differ 

from each other with respect to the modification of modulation waves, they share the 

same principle of inserting shoot-through states. Thus only simulation results of 

asymmetric “a+b” method are provided below. 
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(b) 

Figure 4.24  Simulation Waveforms of Asymmetric “a+b” Method: Voltage of Inductor 

LZ1 (red), Current of Inductor LZ1 (blue) (a) Overview (b) Specific View 
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Figure 4.25  Simulation Waveforms of Asymmetric “a+b” Method: Voltage of Inductor 

LZ1 (red), Voltage of Inductor LZ2 (blue) 
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Figure 4.26  Simulation Waveforms of Asymmetric “a+b” Method: Voltage of Capacitor 

CZ1 (red), Current of Capacitor LZ2 (blue)  
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Fig. 4.24 shows the voltage and current of Z-source inductor LZ1. Because of the 

symmetry of the topology, the voltage and current waveforms of another inductor LZ2 

are the same with LZ1 symmetrically. As shown in Fig. 4.24(b), the two narrow slots 

of the red curve represents the sudden change of inductor voltage in shoot-through 

states. In shoot-through states, the upper and lower switches are both turned on, and 

the inductor voltage reaches the capacitor voltage, which is boosted higher than Vdc 

according to equation (4.2). In non-shoot-through states, the inductor voltage becomes 

negative according to equation (4.3) as shown in the figure. The voltage drops to zero 

before the next shoot-through state because the capacitor is being discharged, its 

voltage decreases and becomes equal to Vdc. 

Fig. 4.25 shows a comparison of two Z-source inductors’ voltages VLZ1 and VLZ2. 

Their magnitudes are always the same, but the polarity is opposite in the diagram 

because of the inductor’s placement direction in the simulation. 

Fig. 4.26 shows the voltage and current of Z-source capacitor CZ1, i.e. VCZ1 and 

ICZ1. There is a small ripple of the capacitor voltage. In shoot-through states as marked 

pink in the figure, the capacitor is being discharged rapidly. In non-shoot-through 

states, the capacitor is charged and discharged in turn according to the switching 

sequence, and power flows into the full-bridge inverter. 

Fig. 4.27 shows the waveforms of Z-source topology’s output side voltage Vz 

and voltage across the middle points of two bridges VAB. It is clear that voltage Vz 

drops to zero in shoot-through states because the full-bridge inverter is short-circuited. 

At the same time, capacitors CZ1 and CZ2 are being discharged rapidly. The average 

voltage VZ is boosted higher than the input voltage Vdc. The magnitude of voltage VAB 

is also boosted accordingly. The shape of VAB waveform is the same as the one of 

traditional full-bridge inverter. 



84 
 

VZ(V)

0.1399        0.1400        0.1401        0.1402        0.1403       0.1404

300

200

100

0

VAB(V)

Time(s)

300

0

-300

 

Figure 4.27  Simulation Waveforms of Asymmetric “a+b” Method: Voltage of DC link 

voltage VZ (red), Voltage of Full Bridge Output VAB (blue) 
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4.8 Summary 

 

This chapter presents the principle of controlling single-phase Z-source inverters 

and provides preliminary simulation results. The equivalent circuit in each stage is 

presented. Shoot-through states are inserted in five different ways, and simulation 

results prove that output voltage could be boosted with low harmonics of output 

voltage. Waveforms of key voltages and currents in the circuit are given and analyzed. 

The two asymmetric control methods lead to asymmetric insertion of shoot-through 

states thus bring more 2nd order harmonics. The two symmetric control methods have 

no problem of asymmetry, but there is a sudden change of modulation waves. Thus 

the insertion pattern of shoot-through states is not sinusoidal. A semi-symmetric a+b 

control method is thus proposed to overcome the above limitations. All the proposed 

control methods in this chapter are open-loop ones where a and b are both constant. 

For closed-loop control of the Z-source inverter, a and b could be real-time adjusted 

according to the measured output voltage via PI control or a specially designed logic 

to ensure that the output voltage magnitude could catch the reference with lower 

harmonics. The corresponding closed-loop control methods and the optimization will 

be discussed in the following chapter. 
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CHAPTER 5 

OPTIMIZED CLOSED-LOOP CONTROL OF SINGLE-

PHASE Z-SOURCE INVERTERS 

 

 

Since five new control methods of inserting shoot-through states are proposed, 

this chapter presents a comparison and analysis of them. A closed-loop PI control 

method is then obtained based on the comparison result with a novel optimization 

scheme. The proposed theory is further tested and verified by hardware experiments. 

 

5.1 Comparison of the proposed control methods 

As described in Chapter 4, the DC side voltage Vdc is boosted to VZ by the Z-

source topology with the implementation of shoot-through states, thus the AC output 

voltage is greater than the input DC side voltage. Shoot-through states are inserted 

widespread the whole cycle with the proposed five control methods. 

In this way, the Z-source topology could play the role of the front-end boost 

converter for a DC-AC converter. As shown in Fig. 4.1, the voltage across the inverter 

bridge Vi shifts between +VZ, -VZ and 0. According to equation (4.5), the peak value 

of output AC voltage Vi could be obtained: 

i

ˆ ( 1)ˆ =
ˆ 2 1

m a
Z dc

c

V m D
V V V

DV

 
  


   (5.1) 

In equation (5.1), ˆ
mV represents the maximum value of modulation wave, i.e. the 

peak value of the sine wave. ˆ
cV  represents the peak value of the carrier wave. The 

modulation ratio is defined as ma, which represents ˆ ˆ/m caV V . In the proposed five 
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control methods, the magnitude of modulation wave ranges from –a to a, and the 

magnitude of carrier wave ranges from -1 to 1. Therefore a is equal to the modulation 

ratio ma. 

Obviously the duty ratio of shoot-through states D in the proposed control 

methods is directly determined by a and b. The duty ratio D could be derived by 

mathematical calculation. As shown in Fig. 5.1, the magnitude of modulation wave 

could be assumed as constant during one carrier wave cycle since the frequency of 

carrier wave is much higher than that of modulation wave. When both the two 

modulation waves vary within the carrier wave range (from -1 to 1), the total shoot-

through time in one carrier wave cycle is 2t. The shoot-through duty ratio of one leg 

DL=2t/T. Because there are two legs in the full-bridge inverter, the whole shoot-

through duty ratio of the inverter D=2DL. Since r/t=2R/T, R=2, thus D=2DL=2×

(r/2)=r=b. 

r

t

T

R

t

 

Figure 5.1  Duty Ratio of Shoot-through State Analysis 

When the modulation waves go beyond the carrier wave range (from -1 to 1), the 

above result D=b becomes invalid. Table 5-1 shows some representative values of the 

duty ratio D and corresponding a and b, where D1-D5 represents the duty ratios of 

shoot-through states of the five proposed control methods respectively. Data in the 

table shows that for “a+b” control methods (1) (2) and (3), when a+b≤1, the duty 

ratio D is equal to the value of b, no matter what is the value of a. When a+b>1, D is 

slightly smaller than b, but still has approximate linear relationship with b and the error 
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is negligible. So it is assumed that D=b in all calculation under any circumstance. In 

practice, the distortion of output waveform would become greater when the sum of a 

and b exceeds 1. So the sum of a and b is normally set smaller than 1 in the control 

scheme. For “a×b” control methods (4) and (5), the duty ratio D is influenced by both 

a and b. D has an approximate linear relationship with b, while the gain (defined as 

D/b) is determined by a. For example, when a=0.75, the gain is 0.477; when a=0.8, 

the gain is 0.51. 

If a is too large, for example a exceeds 1, there will be a long period that the 

modulation wave is always greater or smaller than the carrier wave, then the output 

harmonics would undoubtedly increase. If a is too small, the output voltage magnitude 

will be smaller because of the feature of traditional SPWM as shown in equation (5.1). 

In traditional SPWM method, the output voltage magnitude is equal to the DC source 

voltage multiplies the modulation ratio which is defined as Vm/Vc, i.e. parameter a in 

the proposed control method. The main advantage of Z-source inverters is that it could 

boost voltage without an additional DC-DC boost converter. If a is smaller, say smaller 

than 0.7, the output voltage will be smaller, thus the advantage becomes less noticeable. 

Even a greater value of b could boost the voltage, it leads to greater harmonics, and 

negates the benefit of boosting voltage. Therefore, in normal operation, the value of a 

shall be in the range of 0.7 to 1 to guarantee low harmonics and adequate voltage 

output. Therefore, 0.75, 0.8, 0.85 and 0.9 are evenly sampled within this range for the 

evaluations in Table 5-1. 

To give an intuitive view, a 3-D image showing the relationship between shoot-

through states duty ratio D and corresponding a, b parameters are presented in Fig. 4-

2 and Fig. 4-3. Since the three “a+b” control methods have similar characteristic of the 

D-a-b relationship, the image of semi-symmetric a+b method is selected as the 

representative. The horizontal axles are a axle and b axle, while the vertical axle shows 

the value of duty ratio D derived by different combinations of a and b as shown in Fig. 

4-2. It is obvious D is equal to the value of b regardless of the value of a when a+b≤1. 

When a+b>1, there is a slight drop of D, i.e. duty ratio is smaller than b slightly. 
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Figure 5.2  Relationship between Shoot-through State Duty Ratio D and Parameter a & b 

of Semi-symmetric “a+b” Methods 

Table 5-1. Duty Ratio D and a, b Values of Five Control Methods 

a b 

D1 (%) D2 (%) D3 (%) D4 (%) D5 (%) 

Asym. 

a+b 

Sym. 

a+b 

Semi-sym. 

a+b 

Asym. 

a×b 

Sym. 

a×b 

0.75 0.05 5 5 5 2.39 2.39 

0.75 0.10 10 10 10 4.77 4.77 

0.75 0.15 15 15 15 7.16 7.16 

0.75 0.20 20 20 20 9.55 9.55 

0.75 0.25 25 25 25 11.94 11.94 

0.75 0.30 29.61 29.22 29.61 14.33 14.33 

0.75 0.35 33.90 32.80 33.90 16.67 16.67 

0.75 0.40 37.97 35.93 37.97 18.77 18.77 

0.80 0.05 5 5 5 2.55 2.55 

0.80 0.10 10 10 10 5.10 5.10 

0.80 0.15 15 15 15 7.64 7.64 

0.80 0.20 20 20 20 10.19 10.19 

0.85 0.05 5 5 5 2.71 2.71 

0.85 0.10 10 10 10 5.41 5.41 

0.85 0.15 15 15 15 8.12 8.12 

0.90 0.05 5 5 5 2.87 2.87 

0.90 0.10 10 10 10 5.73 5.73 
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Figure 5.3  Relationship between Shoot-through State Duty Ratio D and parameter a & b 

of Asymmetric “a×b” Methods 

The two “a×b” control methods also have similar characteristic of the D-a-b 

relationship, so the asymmetric a×b method is selected as the representative in Fig. 5.3. 

The duty ratio D is always slightly smaller than b/2 no matter whether a+b<1 or not, 

regardless of the value of a. However, the error is not significant, so the analysis could 

be simplified that D=b/2 in calculation. 

Besides the simulation which testified the effectiveness of the proposed control 

methods in Chapter 4, more open-loop simulation of a single-phase Z-source inverter 

with a resistive load have been conducted in Matlab Simulink. The input DC voltage 

is 250V, and expected output peak voltage ranges from 150V to 350V. The frequency 

of modulation wave is 50Hz. The load is a pure resistor of 60Ω so the rated output 

power is 806W when the r.m.s. value of output voltage is 220V. The output power 

ranges from to 520W to 1.02kW accordingly.  

Firstly, a and b of each control methods are adjusted to achieve an AC output 

peak voltage of 311V, which meets the common AC voltage requirement of 220V rms. 

The output voltage waveforms of different control methods are presented below. 

Different combinations of a and b values might produce the same output voltage level 
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but different harmonics, and the combination which produces less harmonics is 

selected and presented below. 

It is obvious that both control methods produce high quality sinusoidal 

waveforms with little distortion within the boosting range. The Total Harmonics 

Distortion (THD) of the five control methods ranges from 1% to 4% approximately. 

The waveforms are categorized into three groups in order to compare and analyze the 

minor difference of each control methods in detail. 

Output Voltage (V)

time (s)
 

Figure 5.4  Comparison of Open-loop Simulation Results of Output Voltage: Asymmetric 

“a+b” Method (Red), Symmetric “a+b” Method (Blue) and Semi-symmetric “a+b” Method 

(Green) 

In Fig. 5.4, the waveforms of three “a+b” control methods are presented together 

to show the result difference of asymmetric, symmetric and semi-symmetric methods. 

The three waveforms almost overlap exactly during the valleys, but are different 

during the crests. The symmetric control method reaches voltage peak a bit earlier than 

asymmetric and semi-symmetric control methods. The waveforms of symmetric and 

semi-symmetric control methods are symmetric during the positive and negative half 

cycles, while the one of asymmetric control method is not symmetric vertically. 

In Fig. 5.5, the waveforms of two “a×b” control methods are presented together 

to show the result difference of asymmetric and symmetric methods. The waveform 

shape of asymmetric control method is a bit wider than the one of symmetric method. 

The waveform distortion of asymmetric one is also greater than the symmetric one. 
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In Fig. 5.6, the waveforms of asymmetric “a+b” and “a×b” control methods are 

presented together to show the result difference of “a+b” and “a×b” methods. The 

waveform of “a×b” method reaches peak value earlier than “a+b” in the positive half 

period, but later in the negative half period. This is because the phase delay caused by 

the SPWM when shoot-through states are inserted unevenly due to different control 

methods. The distortion of “a×b” method waveform is greater than the one of “a+b” 

method. 

Output Voltage (V)

time (s)
 

Figure 5.5  Comparison of Open-loop Simulation Results of Output Voltage: Asymmetric 

“a×b” Method (Red) and Symmetric “a×b” Method (Blue) 

Output Voltage (V)

time (s)
 

Figure 5.6  Comparison of Open-loop Simulation Results of Output Voltage: Asymmetric 

“a+b” Method (Red) and Asymmetric “a×b” Method (Blue) 
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Figure 5.7  The 3rd and 5th Order Harmonics Analysis and Comparison 

More open-loop simulation results are presented in Table 5-2, in which the THDs 

of each control methods with the peak output voltage kept at 282V, 311V and 339V 

respectively are presented. The corresponding r.m.s. voltage value is 200V, 220V and 

240V. Obviously, the harmonic of asymmetric a×b control method is highest because 

of its internal logic. The three “a+b” control methods have better performance in 

restraining harmonics, especially the semi-symmetric one. 

FFT analysis result of the five proposed control methods at rated output voltage 

is shown in Chapter 4. It shows that the even order harmonics, especially the 2nd order 

harmonics, of asymmetric “a+b” method and asymmetric “a×b” method are not well 

suppressed. This is caused by the asymmetry of shoot-through states distribution 

between positive half cycles and negative half cycles. Instead, in the other three 

symmetric or semi-symmetric methods, there is little even order harmonics. The 7th 



94 
 

and higher order harmonics are very small and almost filtered totally by the LC output 

filter. Therefore, only 3rd and 5th order harmonics magnitude are presented when a=0.8 

as shown in Fig. 5.7. The 3rd order harmonics of all methods increase with the value 

of parameter b because more shoot-through states are inserted. Among the five control 

methods, the 3rd order harmonic of semi-symmetric “a+b” method is the lowest 

because of its symmetry and continuity of inserting shoot-through states. For the three 

“a+b” control methods, the 5th order harmonic is relatively stable and there is no 

apparent relationship with b. In contrast, the 5th order harmonic increases with b in the 

two “a×b” method. 

Table 5-2. Simulation Results of Five Control Methods  

 

Control Method a b Vout-peak (V) THD (%) 

Asymmetric 0.80 0.105 282 0.71 

a+b 0.81 0.160 311 1.25 

method 0.86 0.195 339 1.51 

Symmetric 0.76 0.092 282 1.09 

a+b 0.80 0.118 311 1.48 

method 0.81 0.158 339 1.88 

Semi-symmetric 0.77 0.072 282 1.02 

a+b 0.77 0.104 311 1.04 

method 0.82 0.117 339 1.17 

Asymmetric 0.82 0.115 282 3.77 

a×b 0.88 0.132 311 4.05 

method 0.93 0.185 339 4.39 

Symmetric 0.78 0.127 282 1.28 

a×b 0.82 0.160 311 1.48 

method 0.88 0.178 339 1.56 
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Fig. 5.8 shows a series of closed-loop simulation results when load resistance R 

changes. The rated load resistance is 60Ω, and simulation results are presented when 

the load resistance increases to 300Ω and reduces to 12Ω. The input voltage Vdc is 

250V, and the reference output voltages are 260V, 310V and 360V respectively. These 

amplitudes and corresponding voltage boost ratios lie in the most common range in 

practical operation of Z-source inverters. The THD values are obtained from the FFT 

analysis function in Matlab Simulink by calculating the last ten cycles of output 

voltage waveforms in steady state. Obviously, the THD of each control method 

increases with the output voltage magnitude. Although the THD of semi-symmetric 

“a+b” method is not always the lowest in all cases, it is still obvious that it shows better 

overall performance over harmonics suppression among the five methods in quite a 

wide range. It is also clear that the two “a×b” methods have higher THD than the three 

“a+b” methods. The green bars in Fig. 5.8 shows that when the voltage boost ratio is 

high, the THD of asymmetric “a×b” method is the largest, and the THD of semi-

symmetric “a+b” method is the smallest. When the boost ratio is relatively low, the 

difference among the THD values of each method is not significant because the shoot-

through duty ratio is low. The influence of different shoot-through-insertion methods 

on THD is not significant enough. The three “a+b” control methods have better 

performance in restraining harmonics, especially the semi-symmetric one.  

The parameters a and b are determined by the closed-loop algorithm when 

reference voltage Vref is given in the above simulations. To further test and compare 

the five control methods, a series of open-loop simulations are conducted when a and 

b are given variables at R=60Ω, while output voltage is not the control target. The 

THD results are shown in Fig. 5.8(d). Since the harmonic is more related to the shoot-

through duty ratio, it is more important to observe the relationship between THD and 

b of each methods. Therefore, b varies from 0.05, 0.1 and 0.2 while a is constant at 

0.85 in this simulation. The same conclusion could be obtained that method (3) has 

better overall performance on harmonics suppression. 
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Figure 5.8  THD Comparison of the Five Control Methods: 

(a) R=300Ω (b) R=60Ω (c) R=120Ω (d) a=0.85 

Among the five proposed control methods, the semi-symmetric control a+b 

method shows the best performance. Its THD is only 1.04% when the output voltage 

is 311V, boosted from the 250V DC source. There is no sudden change during the shift 

between positive and negative half periods compared to the symmetric “a+b” control 

method, and the magnitude of modulation waves are the same in the peak and bottom. 

The shoot-through states are inserted more evenly compared to the “a×b” methods. 

Theoretically there could also be a “semi-symmetric a×b control method”, but it is not 

considered since “a×b” brings more harmonics unavoidably compared to 
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corresponding “a+b” one. In short, the semi-symmetric “a+b” control method is 

preferred and further studied in detail in the following section. 

There is little difference of their performance on switching loss among the five 

proposed control methods. The major difference of the five proposed control methods 

is the distribution of shoot-through states, which mainly affects the harmonics as 

described above. Therefore, all the five proposed methods have the same power loss 

performance. 

 

5.2 Closed-loop Control Scheme 

 

According to equation (5.1), the output voltage of the semi-symmetric control 

method for a single-phase Z-source inverter could be written as: 

dcpeakout V
b

ba
V 




1-2

1)-(
  (5.2) 

where a=ma and b=D according to conclusions drawn from Table 5-1. Equation (5.2) 

is accurate when a<1 and a+b≤1. The output voltage magnitude in Table 5-2 verified 

the accuracy of the equation. 

The output voltage magnitude is able to vary from 0 to infinite theoretically, thus 

the converter achieves wide voltage range of operation. However, when the output 

voltage was too low, the inverter would work in light-load condition thus the efficiency 

would be limited. When the output voltage as well as boost ratio was too high, much 

more shoot-through states were inserted and output voltage harmonics would be very 

high. Therefore, there is an output range where the Z-source inverter works in good 

condition. The relationship between output voltage and variables a, b in open-loop 

operation is presented in Fig. 5.9 according to the data collected by simulation in the 

above section. Both equation (5.2) and Fig. 5.9 clearly show that output voltage 

magnitude is in positive correlation with both variable a and b. 
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Figure 5.9  Output Voltage Magnitude and Corresponding a & b values of the Semi-

symmetric “a+b” Control Method 

The closed-loop control could be achieved by adjusting the value of b using a PI 

controller according to the following equation. The transfer function diagram is shown 

in Fig. 5.10. 

 b=b0+G(s)·(Uref-Uo)     (5.3) 
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Figure 5.10  Transfer Function Diagram of Proposed Control Method 
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5.3 Optimized Control Strategy to Reduce Harmonics 

 

Different values of a and b may lead to the same voltage gain, however the 

corresponding harmonics might be different. The relationship between the THD of 

output voltage and variables a, b in open-loop operation is presented in Fig. 5.11. 

Similarly, the THD is in positive correlation with both variable and b. In comparison, 

b has much greater influence on the THD than a as it directly affects the length of 

shoot-through states. 

 

Figure 5.11  The THD of Output Voltage and Corresponding a & b values of the Semi-

symmetric “a+b” Control Method 

To reduce harmonics, a step-change optimization scheme of the above mentioned 

closed-loop control method is proposed. The controlling logic diagram is shown in Fig. 

5.12. In the closed-loop control scheme, b is adjusted by the PID calculation while a 

is a given default value based on experience. As shown in Fig. 5.12, when b is adjusted 

to a certain value which ensures the output voltage match the reference magnitude, the 

THD of output voltage is calculated and saved as H0. Then a is subsided with a small 

step value which is marked as astep. According to the closed-loop PID control logic, b 

will slightly increase to make the output voltage equal to the reference value. When 

the new values of a and b become stable, the THD of output voltage is calculated again 
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as h, and compared with the previous THD H0. If the harmonics became smaller, then 

the above procedures would be conducted again because at this stage a smaller value 

of a lead to a lower THD. If the harmonics became greater, then the value of a should 

be increased to reduce harmonics, so a is added with the constant astep and then repeat 

the above procedures. According to simulation results, the scheme could reach stable 

value of a and b which produces least harmonics within 20 iterations. The program is 

conducted every 0.1s which is equivalent to five output voltage cycles. In steady state, 

the variation of b is very small and could be neglected as the variation has little effect 

on the duty ratio of shoot-through states. Since the optimization program is limited 

within 20 iterations, it will take 2 seconds in total to obtain the desired a, b parameters 

in steady state. 

Start
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Adjust b to ensure Vo catches reference

Measure and Calculate

initial THD H0

a = a – astep ;

c=0, H0 = h
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Figure 5.12  Logic Diagram of Optimized Control to Reduce Harmonics 
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The green block in Fig. 10 represents the final gate-signal generation which is 

shown in detail in Fig. 5.11 as shown below. Four gate-signals are generated by the 

input variables a and b. 
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Figure 5.13 Gate Signals Generation of the Optimized Control 
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(b) 

Figure 5.14  Simulation of Closed-loop Control: (a) Output Voltage Curve when Reference 

Voltage ranged from 280V to 300V [0.48s, 0.56s] (b) Specific View of Voltage Magnitude 
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The result of a closed-loop simulation result showing the transient waveforms 

when reference voltage varies is presented in Fig. 5.14. The reference voltage changes 

from 280V to 300V when t=0.5s. As Fig. 5.14(b) shows, the practical output voltage 

magnitude varies from 280V to 300V smoothly and reached stable state within three 

cycles. The optimization scheme adjusts the values of a and b while maintaining the 

output voltage the same as reference voltage. Nevertheless, the optimization scheme 

is not applicable for variable loads. 

 

5.4 Hardware Setup and Experiment Results 

 

To verify the proposed control theory, a 1kW single-phase Z-source inverter is built 

and tested. Fig. 5.15 shows the experimental prototype in which the full-bridge topology 

is composed by two Wolfspeed KIT8020 CRD8FF1217P-1 half-bridge modules. In this 

module, the model of switches is silicon carbide MOSFET C2M0080120D whose 

maximum Drain-Source voltage is 1200V and continuous Drain current is 10A. The 

type of anti-parallel diode is C4D20120D whose drain current is 20A. The input diodes 

are IXYS DSEI2X31-10b whose reverse voltage is 1000V and continuous forward 

current is 60A. A DSP28335 module generates the gate signals for the four switches by 

GPIO0, GPIO1, GPIO2, GPIO5 ports (EPWM1A, 1B, 2A, 3B). The Z-source capacitors 

are KEMET ALS30A471DA200 aluminum capacitors with a rated voltage of 450Vdc. 

The Z-source inductor is winded on a Ferrite core with 25 turns. The output filter 

capacitor in the secondary side is 260Vac aluminum electrolytic capacitor. Its model is 

040MS26ABMA1STD made by KEMET manufacturer. The diameter of the insulated 

copper wire in the two Z-source inductors is 0.5mm to reduce the skin effect. The output 

filter inductor is winded by Liz wire by 58 turns whose outer diameter is 3.9 mm. The 

instant output voltage magnitude is collected by a hall sensor LV25-P and send to ADC 

port of the DSP control board. The DSP transfers the analog signal which ranges from 0 
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to 3V into real voltage magnitudes, and then r.m.s value of output voltage magnitude 

and the THD are calculated in order to derive parameters a & b and generate the four 

gate signals. The DSP program is generated by the build function in Matlab Simulink. 

Detailed parameters of devices and experiment setting are listed in Table 5-3. 

 

Figure 5.15  Experimental Hardware of Z-source Inverter 

 

Table 5-3. Parameters of Hardware Experiments 

Items Value 

Input DC Voltage 250V 

Output AC Frequency 50Hz 

Rated Output AC Voltage (p-p) 311V 

Output AC Voltage Range (p-p) 150 - 350V 

Switching Frequency 5kHz 

Inductance of Lz1, Lz2 300μH 

Capacitance of Cz1, Cz2 1410μF 

Inductance of Lf 3300μH 

Capacitance of Cf 8μF 

Resistive Load 60Ω 
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As mentioned above, the closed-loop control of semi-asymmetric a+b method with 

THD optimization is adopted in the experiments. The waveforms of four gate signals 

are presented in Fig. 5.16. In steady state, the variable a is almost constant and variable 

b varies periodically with a small range. 

As shown in Fig. 5.16(a), the yellow, blue, purple and green curves represent gate 

signals of T1, T2, T3 and T4 respectively. The ratio of on-state duration keeps varying 

because of the feature of SPWM, thus the waveforms look like a comb. The waveforms 

at a particular moment are presented in Fig. 5.16(b). It is obvious that gate signal for T1 

and T3 are complementary, and there is an overlap between T1 and T2 in the leading 

bridge, T3 and T4 in the lag bridge. Shoot-through states are inserted in this way. 

The rated output peak-peak voltage is set as 311V, which is equivalent to an AC 

current of r.m.s. 220V. The boost ratio is 1.24, and output voltage has good quality with 

a THD of 2.42%. According to the record of the DSP control board, the variable a is 

stable at 0.82 and b has an average value of 0.102. The voltage boost ratio match the 

equations and simulation results well. The THD of output voltage is a bit higher than 

one of simulation possibly caused by potential noises and parasite inductance. The 

output voltage and current waveforms are presented in Fig. 5.17.  

To further test the boost function, the reference voltage is set as 282V and 339V 

respectively in accordance with previous simulation. According to the DPS record, the 

variable a=0.77 and b=0.075 when Vout=282V; a=0.84 and b=0.099 when Vout=339V. 

When the output voltage reaches 339V, the THD of output voltage is 2.56%. Waveforms 

of output voltage are presented in Fig. 5.18(a) and Fig. 5.18(b) respectively. It shows 

that the harmonics is kept in a relatively low level. 

The range of output voltage is flexible. If desired output voltage is smaller than 

input voltage, no shoot-through state is required and it could be realized simply by 

adjusting the variable a. However, if the output voltage and power were too low, the 

efficiency would drop. If the desired output voltage were greater than 1.4, the harmonics 

of output voltage would increase. In this prototype, the maximum output voltage is set 
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to 350V. Experimental result is shown in Fig. 5.18(c). In this case, the output harmonics 

THD=2.79%, a=0.84, b=1.03. 

 

 

(a) 

 

(b) 

Figure 5.16  Four Gate Signals with Shoot-through States: 

(a) Overall View   (b) Particular Moment 
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Figure 5.17  Output Voltage Waveforms (311V, rated) 

 
(a) 

 
(b) 

 
(c) 

Figure 5.18  Output Voltage Waveforms   (a) Output Voltage Waveform (282V)  

(b) Output Voltage Waveform (339V) (c) Output Voltage Waveform (350V, maximum) 
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The load current waveform is exactly the same shape and phase with voltage 

waveform as it is a pure-resistance load. In steady state, the waveforms of Z-source 

inductors voltage and current VLZ and ILZ , input current Iin and inverter bridge voltage 

VZ are presented in Fig. 5.19 and Fig. 5.20 respectively. The blue curve represents gate 

signal Vgs of switch T3, and the light blue curve represents gate signal Vgs of switch T4 

in the same bridge. 

In Fig. 5.19, the green wave represents voltage VLZ1 of inductor LZ1 and purple 

wave represents current ILZ1 passing through it. During shoot-through states, there is a 

sudden increase of inductor voltage as one of the inverter bridge is short-circuited. The 

current also increases rapidly. During non-shoot-through states, both voltage and current 

drops to a normal value of conventional SPWM-controlled power transferring.  

 

Figure 5.19  Experimental Waveforms: Inductor Voltage VZL1 (green) and Inductor 

Current IZL1 (purple) 

In Fig. 5.20, the green wave represents inverter bridge voltage VZ and purple wave 

represents input current Iin. During shoot-through states, one of the inverter bridge is 

short-circuited so the voltage VZ would decrease to zero. The input diode is reversely 

biased and input current Iin is zero. During non-shoot-through states, voltage VZ 
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increases to normal value, which is boosted and greater than input voltage Vdc. The input 

current increases once the diode Dr is forward biased. 

 

Figure 5.20  Experimental Waveforms: Inverter Bridge Voltage VZ (green) and Input 

Current Iin (purple) 

Transient waveforms in closed-loop simulations are presented in Fig. 5.21 and Fig. 

5.22, where the blue curve represents the output voltage waveform and the light blue 

curve represents the output current waveform. Firstly, the load resistance R is changed 

from 80Ω to 120Ω while the reference output voltage is unchanged. As shown in Fig. 

5.21, there is a disturbance of the output voltage when the load changes, but the output 

voltage becomes stable and equal to the previous amplitude soon after the disturbance. 

The output current drops because of the change of load resistance. The purple waveform 

represents the voltage VZ. Secondly, the r.m.s value of reference voltage increased from 

rated 220V to 270V as shown in Fig. 5.22. It shows that the output voltage reaches new 

reference smoothly within four cycles. The two closed-loop simulation results prove that 

the proposed closed-loop control method for single-phase Z-source inverter is capable 

of catching the output voltage reference when the load changes. 
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(a) 

 

(b) 

Figure 5.21  Transient Waveforms When Load Resistance Changes 
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(a) 

 

(b) 

Figure 5.22  Transient Waveforms When Reference Voltage Changes 
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Figure 5.23  Comparison of THD between Different Control Methods 

Compared to conventional simple boost control [117] and an adapted tuning 

control method [116], the experiments above proved that the proposed control method 

have better ability of harmonics elimination as shown in Fig. 5.23, where the horizontal 

axis represents boost ratio and the vertical axis represents the THD of output voltages 

with different control methods.  

 

5.5 Bidirectional Operation and Z-Source DC-DC Converters 
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Figure 5.24  Single-phase Z-source Inverter in Rectifier Mode 
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The single-phase Z-source inverter is capable of bidirectional operation as a 

rectifier. As Fig. 5.24 shows, the circuit breaker S1 is turned on during rectifier mode. 

Traditional SPWM control method of full-bridge rectifier could be adopted, and the 

X-shape impedance network could be regarded as a capacitor filter. Fig. 5.25(a) shows 

the waveforms of output voltage Vo of the DC side (red curve) and the current idc (blue 

curve) in simulation. In Fig. 5.25(b), the red curve represents the reference output 

voltage amplitude, and the black curve represents output voltage Vo. 
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(b) 

Figure 5.25  Simulation Waveforms of Rectifier Mode: (a) Output Voltage and Output 

Current of the Inverter (b) Output Voltage in Closed-loop Simulation 
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It is obvious that the output DC voltage is capable of catching the reference 

magnitude. Because of the existence of the X-shape impedance network, it takes some 

time for the output voltage to change and track the reference voltage because the 

capacitors CZ1 and CZ2 have high capacitance. In steady state, the Z-source rectifier 

operates well and there is little difference with conventional single-phase full-bridge 

PWM rectifiers. The single-phase Z-source inverter could also be modified to a single-

phase Z-source DC-DC converter very easily, and the proposed control method is also 

applicable here.  
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(b) 

Figure 5.26  Single-phase Z-source DC-DC Converter: 

(a) Un-isolated converter (b) Isolated converter 

Fig. 5.26(a) shows a topology of un-isolated single-phase Z-source DC-DC 

converter, and Fig. 5.26(b) shows an isolated one. Since the voltage VZ is flexible in 

the proposed control method, the output DC voltage is also controllable and has a wide 
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output range accordingly. A capacitor with large capacitance could also replace the LC 

output filter. 

 

Figure 5.27  Output DC Voltage of Isolated Single-phase Z-source DC-DC Converter 

 

Figure 5.28  Primary Side Voltage of the Transformer of Isolated Single-phase Z-

source DC-DC Converter 

Fig. 5.27 and Fig. 5.28 show the simulation results in steady state of an isolated 

single-phase Z-source DC-DC converter when Vdc=250V and the output side voltage 

reference is 400V. In Fig. 5.27, the red curve represents the output voltage magnitude. 

Its ripple frequency is 100Hz, i.e. twice of the modulation wave frequency of the Z-

source converter. In Fig. 5.28, the blue curve represents the primary side voltage of the 

transformer. Its frequency is equal to the carrier wave frequency. 
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5.6 Summary 

 

In this chapter, the five proposed open-loop control methods for single-phase Z-

source inverters are analyzed and compared with each other. The semi-symmetric a+b 

control method performs better on harmonic suppression than the other four and is 

further investigated and modified to a closed-loop PI control method. Simulation 

demonstrated that the output voltage magnitude could catch the reference quickly and 

accurately with a wide load range. A 1kW prototype was built and experiments were 

conducted to verify the theory. The total harmonics distortion of output voltage is 

suppressed to 3% when the output voltage gain is lower than 2, which is smaller than 

conventional control methods. In conclusion, the proposed method is able to maintain 

its simplicity while satisfactory results can be achieved without any additional circuitry 

or algorithm. The future work mainly include an improved optimization scheme which 

would be applicable for variable loads as well, and reducing the voltage stress of devices. 
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CHAPTER 6 

BIDIRECTIONAL THREE-PHASE Z-SOURCE 

CONVERTERS 

 

 

This chapter applies and extends the proposed control in Chapter 5 to 

bidirectional three-phase Z-source converters. Firstly, three new methods of inserting 

three-phase shoot-through states are proposed. Open-loop simulations of each method 

are conducted and prove that sine variable inserting method has better performance 

than the other two because it is capable of inserting more shoot-through states in peaks 

of modulation waves. Then a closed-loop control scheme based on sine variable 

inserting method for bidirectional three-phase Z-source converters is presented. The 

three-phase Z-source converter could work in both islanded mode, i.e. connected to a 

three-phase resistive load, and grid-connected mode, where both the grid and the 

inverter’s output is connected to a local three-phase load. Thirdly, the bidirectional 

operation of this three-phase Z-source converter is analyzed and tested. Its 

performance of operating in rectifier mode is discussed. Experiments were conducted 

based on an OPAL-RT 4570 machine with a DSP28335 control board, and the results 

proved the effectiveness of proposed control methods.  
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6.1 Control Methods of Three-phase Z-source Inverters 

6.1.1 Inserting Shoot-through States 

 

The topology of a bidirectional three-phase Z-source converter is shown in Fig. 

6.1. The circuit breakers S1 and S2 determine the operating modes of the converter. 

When circuit breaker S1 is turned on, the converter operates bidirectionally as a 

rectifier and power transfers from the grid to the DC side of the converter. When circuit 

breaker S1 is turned off, the converter operates as an inverter and power transfers from 

the DC side to the three-phase loads or grid. Circuit breaker S2 determines whether the 

converter operates in grid-connected mode or resistive load mode. To simplify the 

calculation, input DC voltage source Vdc is divided into two sources Vdc/2 and the 

middle point is name as O. 

Vdc

Cf

Vz

T1 T3

T2 T4

LZ1

LZ2

CZ1 CZ2

Dr

Lf

iZ

T5

T6

Circuit Breaker S2

Grid

Local Load

vLa

vLb

vLc

Lg

Circuit Breaker S1

A

B

C

2

Vdc

2

O

Rg

 

Figure 6.1 A Typical Bidirectional Three-phase Z-source Converter 

Firstly, study of three-phase Z-source inverter connected to resistive loads is 

presented. Similar to the control methods of single-phase Z-source inverters, the key 
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of controlling three-phase Z-source inverter is to insert shoot-through states based on 

conventional SPWM scheme of three-phase full-bridge inverters. The magnitude of 

three modulation waves is shown in equation (6.1). 
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  (6.1) 

where a represents the magnitude of sine modulation waves, and mA, mB and mC 

represents the instantaneous magnitude of modulation waves of phase A, phase B and 

phase C respectively. Both mA, mB and mC range from –a to a. The three modulation 

waves are compared to a high-frequency carrier wave, then six pulse signals are 

generated accordingly as shown in Fig. 6.2. The magnitude of carrier wave ranges 

from -1 to 1, and 0 < a < 1. 
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Figure 6.2 Pulse Signals Generation of Traditional Three-phase SPWM 

Similar to the “a+b” control methods of single-phase Z-source inverters, the 

concept of inserting shoot-through states into three-phase Z-source inverters is also 

modifying the magnitude of modulation waves to create overlaps. As introduced in 
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Chapter 2, there are two classifications of inserting shoot-through states: only one of 

the bridge are inserted, or all the three bridges are inserted with shoot-through states. 

If only one of the bridge is inserted with shoot-through states, then the high current 

during shoot-through states would all flows into the two switches of this bridge, while 

switches of the other two bridges do not share the same current stress which leads to 

the asymmetry of the topology. Therefore, shoot-through states are inserted in all the 

three bridges of the inverter in this thesis. Nevertheless, the magnitude variation value 

b is not necessarily a constant. Instead, the modulation variation value is given by a 

function bn(t), where n represents the serial numbers of switches. The modified 

magnitude of modulation waves are given in equation (6.2). 
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 (6.2) 

where mAu, mBu and mCu represent the instantaneous magnitude of modulation waves 

used for generating pulse signals for the upper switches of phase A, phase B and phase 

C respectively, mAl, mBl and mCl represents the instantaneous magnitude of modulation 

waves used for generating pulse signals for the lower switches of phase A, phase B 

and phase C respectively. Fig. 6.3 shows the pulse generation scheme of modified 

three-phase SPWM, and Fig. 6.4 shows the modified diagram of space vector 

modulation. In traditional SVPWM, there are eight vectors and only one switch in a 

bridge could be turned on. When the upper switch is turned on, the state is marked as 

1; otherwise, marked as 0. Therefore, there are eight possible combinations of the three 

bridges’ states, i.e. S0 to S7. For a three-phase Z-source inverter, the two switches in 

one bridge could be turned on simultaneously. No matter shoot-through states are 
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inserted to which bridge, the voltage VZ drops to zero and all the three bridges share 

the same voltage VZ. Thus one more state S8 is added which represents shoot-through 

state is inserted into one or more of the three bridges. 
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Figure 6.3 Modified Pulse Signals Generation Method of Three-phase SPWM 
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Figure 6.4 Modified Switching Vectors 



121 
 

Table 6-1. Switching Table 

 
T1 T2 T3 T4 T5 T6 VA VB VC 

S0 (0,0,0,0) OFF ON OFF ON OFF ON 0 0 0 

S1 (1,0,0,0) ON OFF OFF ON OFF ON 2/3 0 -1/3 

S2 (1,1,0,0) ON OFF ON OFF OFF ON 0 1/3 -2/3 

S3 (0,1,0,0) OFF ON ON OFF OFF ON 0 2/3 -1/3 

S4 (0,1,1,0) OFF ON ON OFF ON OFF -2/3 0 1/3 

S5 (0,0,1,0) OFF ON OFF ON ON OFF 0 -1/3 2/3 

S6 (1,0,1,0) ON OFF OFF ON ON OFF 0 -2/3 1/3 

S7 (1,1,1,0) ON OFF ON OFF ON OFF 0 0 0 

S8 (x,x,x,1) 

ON ON - - - - 

0 0 0 - - ON ON - - 

 - - - ON ON 

 

Table 6-1 presents the full switching modes and corresponding switch states as 

well as bridges’ middle-point voltages. State S8 represents shoot-through states, and 

there is no difference in the operation of the inverter no matter which bridge is used to 

provide shoot-through states. 

It is clear that with a variation b(t) of each modulation waves in each bridge, 

shoot-through states are inserted. Three methods of defining function b(t) are proposed 

here: Sine variable method, Cosine variable method, and Constant variable method.  
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Figure 6.5 Shoot-through States Inserting by Function b(t) 

Sine variable method means that b(t) is a sine function which shares the same 

phase with the corresponding modulation waves as shown in equation (6.3). In this 

case, the shoot-through states are inserted more in peaks of the modulation wave, and 

are inserted less in the valleys of the modulation wave. B is a constant, and 0 ≤ b(t) ≤ 

B. The modified modulation waves are shown in Fig. 6.6, where the black curve wsin 

represents a standard sine waveform, the red curve wTU is modified to generate 

switching signals for the upper switch, and the blue curve wTL is modified to generate 

switching signals for the lower switch. The green dotted curve shows the magnitude 

of b(t). 
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Figure 6.6 Modulation Waves of Sine Variable Method 

Cosine variable method means that b(t) is a cosine function which shares the same 

phase with the corresponding modulation waves as shown in equation (6.4) and Fig. 

6.7. In this case, b(t) could be regarded as a sine function which has a π/2 phase delay 

with the modulation wave. The shoot-through states are inserted more in valleys of the 

modulation wave, and are inserted less in the peaks of the modulation wave. 
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Figure 6.7 Modulation Waves of Cosine Variable Method 

Constant variable method means that b(t) is equal to a constant as shown in Fig. 

6.8, which is similar to the “a+b” control methods in single-phase Z-source inverters. 

As shown in equation (6.5), the constant value is defined as 2B/π, which is equal to 

the average value of sine variable method and cosine variable method during one cycle. 

Thus, it is more convenient to analyze and compare the three proposed control methods. 

1 3 5 2 4 6

2 2
( )= ( )= ( ) ;   ( )= ( )= ( )b t b t b t B b t b t b t B

 
     (6.5) 
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Magnitude of Modulation Waves - Constant Variable Modulation
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Figure 6.8 Modulation Waves of Constant Variable Method 

Open-loop simulations of the three proposed control methods have been 

conducted in Matlab Simulink. The DC side voltage VDC=500V, Lf=8.95mH, Cf=7µF, 

Rload=112.5Ω in star connection, LZ1=LZ2=280µH, CZ1=CZ2=141µF. Fig. 6.9 shows the 

three output phase voltages, whose peak magnitude is 1060V. Fig. 6.10 shows the 

simulation results of sine variable method. They represent the middle points’ voltages 

of three bridges.  
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Figure 6.9 Output Phase Voltages (r.m.s. 750V) of Sine Variable Method 
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Figure 6.10 Middle-point Voltages of Three Bridges VAO, VBO and VCO 

 

6.1.2 Comparison between Three Methods 

 

To investigate the difference between the three methods on output voltage 

harmonics, open-loop simulations have been conducted when a=0.9 and B=0.25. The 

reason for selecting these two values is that the magnitude of modified modulation 

waves would go beyond the magnitude of the carrier wave, therefore output harmonics 

would increase undoubtedly. In this way, the effect of the three control methods on 

output harmonics could be presented more clearly. Waveforms of output phase 

voltages are presented in Fig. 6.11. It is clear that with such a great value of B, the 

harmonics of sine variable method still maintains within a low level. In contrast, the 

harmonics of cosine variable method leads to higher harmonics. The harmonics level 

of constant variable method is acceptable, but the voltage magnitude is too low and is 

not boosted as expected. This is because there is too much time of shoot-through state 

in a three-phase topology, and the average value of both the capacitor voltage VCZ1, 

VCZ2 and voltage VZ could not reach the ideal magnitude of equations. The harmonics 

analysis plots are shown in Fig. 6.12. 
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Figure 6.11 Comparison of Output Phase Voltages when a=0.9 and B=0.25 

(a) Sine variable method  (b) Cosine variable method (c) Constant variable method 
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As shown in Fig. 6.12, the 3rd order harmonics of each control method is relatively 

lower compared to the one of single-phase Z-source inverter. Moreover, the 5th order 

harmonics become the greatest harmonics. 5th order and 7th order harmonics account 

for most of the THD, while higher-order harmonics are almost filtered out by the LC 

filter. The shoot-through duty ratio of one bridge DB=2B/π. Because there are three 

bridges in the full-bridge inverter, the whole shoot-through duty ratio of the inverter 

D=3DB. The time slots when shoot-through states are inserted in two bridges 

simultaneously account for very little portion and are thus neglected. Therefore, for 

three-phase Z-source inverters, the total duty ratio of shoot-through states D=6B/π. 
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Figure 6.12 Comparison of THD when a=0.9 and B=0.25 

Similar to the methodology in Chapter 4, the output voltage gains and THDs of 

each control method in different combinations of variables a and B are listed and 

compared in Table 6-2. The data is further plotted, as shown in Fig. 6.13-15. A 

comparison between the proposed method and three conventional methods is 

presented in Table 6-3, where a is equal to the modulation index. 

Fig. 6.13 represents the relationship between the THD of output phase voltage 

VLa and parameter B when a=0.9. The THD increases as parameter B increases 

because of the shoot-through states insertion. Cosine variable has the greatest output 

harmonics, while sine variable method leads to lowest output harmonics. The total 

THD of the output voltage is only 2.83% when B=0.2, which means the magnitude of 

the modified modulation wave already exceeds the magnitude of the carrier wave. 
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Table 6-2. Comparison of Three Control Methods 

a B 

Peak Output Phase Voltage (V) THD (%) 

2/π SIN COS 2/π SIN COS 

0.9 0.000 249.1 255.0 255.6 0.91 0.55 0.82 

0.9 0.025 317.1 325.5 327.8 1.09 0.68 1.00 

0.9 0.050 388.1 376.1 394.9 1.18 1.01 1.19 

0.9 0.075 426.7 424.9 458.0 1.66 1.31 1.76 

0.9 0.100 478.8 505.0 514.1 1.85 1.56 1.93 

0.9 0.125 591.5 611.0 636.6 1.98 1.89 2.53 

0.9 0.150 675.0 702.6 767.3 2.26 2.03 3.08 

0.9 0.175 789.1 856.1 976.0 3.04 2.38 4.53 

0.9 0.200 1095.0 1153.0 1275.0 5.34 2.83 5.76 

 

Fig. 6.14 shows the relationship between the output phase voltage magnitude VLa 

and parameter B when a=0.9. Similarly, the output voltage increases as parameter B 

increases because of the shoot-through states insertion. However, there is no 

significant difference in the voltage magnitude between three methods because the 

shoot-through duty ratio is the same. The difference between the three methods is the 

distribution of shoot-through states insertion, rather than the duty ratio, which directly 

determines the output voltage magnitude as shown in equation (4.5). The slight 

difference of voltage magnitude comes from that when the time of one shoot-through 

state is too small, and the circuit could not be able to react and complete the capacitor 

discharging cycle. 
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Figure 6.13 Comparison of Three Control Methods over THD when a=0.9 
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Figure 6.14 Comparison of Three Control Methods over Output Phase Voltage Magnitude 
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Figure 6.15 Relationship between THD and Output Phase Voltage Magnitude 
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Table 6-3. Comparison with Conventional Methods 

Table 6-4. Relationship between THD and Variables a & B 

a    

B 
0.8 0.85 0.9 0.95 

0.000 0.53 0.53 0.55 0.55 

0.025 0.57 0.57 0.68 0.67 

0.050 0.83 0.85 1.01 1.04 

0.075 0.92 0.99 1.31 1.48 

0.100 1.01 1.06 1.56 1.69 

0.125 1.20 1.39 1.89 2.24 

0.150 1.49 1.77 2.03 2.56 

0.175 1.81 2.02 2.38 2.91 

0.200 2.12 2.45 2.83 3.34 
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Fig. 6.15 shows the relationship between the THD and the peak magnitude of 

output phase voltage VLa. The harmonic increases with the voltage magnitude, i.e. the 

boost ratio. The principle is exactly the same as single-phase Z-source inverter. 

In short, sine variable method has better performance than the other two methods 

on harmonics. To further investigate the performance of sine variable method, a series 

of open-loop simulations are conducted when both a and B varies within the most 

commonly used region. Table 6-4 shows the relationship between the THD of output 

voltage and the two variables. The THD increases with the value of B no matter what 

is the value of a. However, there is no apparent relationship between THD and the 

value of a when B is constant. Similar to the single-phase Z-source inverters, different 

combinations of parameters a and B may lead to the same output voltage magnitude, 

but lead to different harmonics at the same time. 

Similarly, all the above control methods are open-loop ones when both a and B 

are constant. For closed-loop control of the three-phase Z-source inverter, a and B 

could be real-time adjusted according to the measured output voltage via PI control or 

a specially designed logic to ensure that the output voltage magnitude could catch the 

reference with low harmonics.  

 

6.1.3 Closed-loop Control of Sine Variable Method 

 

The logic diagram of closed-loop control is presented in Fig. 6.16. The variable 

b(t) is a sinusoidal variable which has the same phase with the modulation wave in 

each bridge. Because the load is balanced, only phase voltage VLa is measured. In case 

the load is not balanced, then all the three phase voltages would be measured and sent 

into three PI blocks to generate the six gate signals with different values of a and B. 

Two closed-loop simulations are conducted. Firstly, the voltage reference changes 

from 750V to 900V (r.m.s. value), i.e. 1060V to 1400V of peak voltage 

correspondingly. As shown in Fig. 6.17, the balanced three-phase output voltage 
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increases from 1060V to 1400V smoothly within five cycles, which takes 0.16s. 
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Figure 6.16 Logic Diagram of Optimized Closed-loop Sine Variable Method 
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Figure 6.17 Transient Waveforms of Output Phase Voltages when the Voltage Reference 

increases from 750V to 900V (r.m.s. value) 

Secondly, the resistance of each load in star-connection changes from 112.5Ω to 

200Ω, while maintaining the load balance. As shown in Fig. 6.18, during the load 

change when t=0.5s, the output voltage increases for a short time slot because of the 

load resistance increase. Then the output voltage is regulated and reduced to the rated 

value 1060V soon. The output voltage and current become stable within 2 cycles. 
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Figure 6.18  Transient Waveforms when the Load Changes  

 

As shown in Fig. 6.18, the load current reduces to the new reference value 

smoothly after the load changes within 2 cycles. The transient performance could be 

further improved by adjusting the PI parameters. The two cases of closed-loop 

simulation in Matlab Simulink verifies the effectiveness of the proposed sine variable 

method for three-phase Z-source converters. 
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6.2 Experiments in the RT-Lab Platform 

 

The proposed control method for three-phase Z-source converter is further 

verified using Hardware-In-the-Loop (HIL) tests. As is shown in Fig. 6.19 (a), the 

experimental setup consists of the devices including the RT-lab with OPAL-RT 

OP4570 simulator, a DSP with F28335 chip, a computer and an oscilloscope.  

 

(a) 

 

(b) 

Figure 6.19 Experiment Platform 

(a) Photo of the platform (b) HIL diagram 
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As shown in Fig. 19(b), the three-phase Z-source inverter, DC voltage source and 

resistive load in star connection are modeled in the Real-Time-Laboratory (RT-lab), 

and RT-lab offers an I/O interface for the communication with the DSP. Through the 

analog-output interface on RT-lab, DSP collects the real-time inverter operating 

information including currents and voltages of each node. Based on the collected 

output phase voltage from port GPIO6, DSP adjusts the value of parameters a and B 

according to the proposed algorithm. Then, through the digital-input interface on 

RTlab, the six gate signals are sent into the RTlab to control the three-phase Z-source 

inverter by GPIO0-5 ports. The GPIO0-1 sent gate signals for switch T1 and T2. The 

GPIO2-3 sent gate signals for switch T3 and T4. The GPIO4-5 sent gate signals for 

switch T5 and T6. The ADCINA0-2 ports is used to collect output voltage signals. The 

model in RTlab and the proposed closed-loop control method in DSP can be revised 

and manipulated by the computer. An oscilloscope is connected to the interface on 

RTlab to observe and record the operating information of the three-phase Z-source 

inverter. The time step of the RT-Lab is set as 1μs. 

 

 

Figure 6.20 Gate Signals of Switches T1, T2 and Shoot-through States 
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Firstly, experiments of open-loop cosine variable control method are conducted. 

The input voltage Vdc=500V, and the r.m.s. value of rated output phase voltage is 750V. 

Fig. 6.20 shows the gate signals of switch T1 and T2. The overlap is clearly presented, 

and shoot-through states are thus inserted. By multiplying the signals of switch T1 and 

T2 using the math function in the oscilloscope, shoot-through states are presented as 

shown in Fig. 6.20. The three output phase voltages are shown in Fig. 6.21 whose peak 

magnitude is 1060V. 

 

 Figure 6.21 Experimental Waveforms - Output Phase Voltages at Rated Power 

Steady-state waveforms are shown and analyzed below. In general, the operation 

principle and feature is the same as the one of single-phase Z-source inverter. Fig. 6.22 

shows the voltage and current of Z-source inductor LZ1 and capacitor CZ1. Because of 

the symmetric topology, the waveforms are the same as the one of another inductor 

LZ2 and capacitor CZ2. The inductor voltage pulses come from the insertion of shoot-

through states. During shoot-through states, inductor current increases rapidly and the 

energy is transferred from the inductors to the capacitors as well as power loss of 

switches in shoot-through states. During non-shoot-through states, the inductor 

decreases to a low level and becomes stable until the next shoot-through state. In this 
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period, the inductor current is equal to the sum of capacitor current ICZ and the current 

injected into the three-phase full-bridge inverter IZ. During shoot-through states, the 

capacitor is being discharged rapidly as mentioned in Fig. 4.2. In non-shoot-through 

states, the capacitor is first being charged, then begin to discharge as the inductor 

current decreases. The ripple of capacitor voltage is negligible. 

  

Figure 6.22  Voltage and Current of Inductor LZ1 and Capacitor CZ1 

 

Figure 6.23  Voltage VZ and Input Current Iin 



139 
 

Fig. 6.23 shows input current of the DC voltage source, i.e. the current of input 

diode Iin. As described in Fig. 4.2, the diode is reverse-biased during the shoot-through 

states so the current is zero. In non-shoot-through states, the diode is forward biased 

and current flows from the DC voltage source into the Z-source inverter. The current 

then drops to zero when VCZ1-VLZ2=Vdc. Fig. 6.23 also shows the Z-source topology’s 

output voltage VZ, i.e. the input voltage of the three-phase full-bridge inverter. The 

maximum magnitude of VZ is equal to 2VZC1-Vdc as shown in equation (4-1). In shoot-

through states, VZ becomes zero. The average value VZ is equal to the capacitor voltage 

VC1 or VC2. 

The steady-state waveforms are in the same characteristic with single-phase Z-

source inverters because the principle of inserting and taking advantage of shoot-

through states is the same. All the results match the proposed control theory and prove 

the effectiveness of the proposed control method. 

Since the sine variable method is developed into a closed-loop PI control, three 

experiments were conducted to testify the transient performance of the converter. The 

output voltage reference, load resistance, input voltage are regarded as disturbances.  

 

 

Figure 6.24 Transient Waveforms when Vref Increases from 1060V to 1400V 



140 
 

 

(a) 

 

(b) 

 

(c) 

Figure 6.25 Transient Waveforms when Load Resistance Changes 

(a) Output phase voltages    (b) Output currents  (c) Phase voltage VLa and current IA 
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Figure 6.26 Transient Waveforms when Input Voltage Changes 

Firstly, transient waveforms of output voltage when the peak amplitude of voltage 

reference changes from 1060V to 1400V are presented in Fig. 6.24. The red, blue and 

purple waveforms represent phase voltages VLa, VLb and VLc respectively. A signal 

curve showing the change of reference voltage is also displayed. It is clear that phase 

voltages increase to the new reference magnitude smoothly within six cycles. 

Secondly, the load resistance changes from 112.5Ω to 200Ω while the voltage 

reference is constant at 1060V. Fig. 6.25(a) shows the output phase voltages and Fig. 

6.25(b) shows the output currents. The change of load resistance is indicated by a 

signal curve. In Fig. 6.25(c), the blue curve represents the phase voltage VLa, and the 

red curve represents the corresponding current IA. It is clear that at the moment of load 

resistance change, there is a disturbance of the phase voltages. Afterward, the phase 

voltages become stable and catch the reference well. The currents reduce because of 

the increase in load resistance. It proves that the output phase voltages could be 

regulated when the load resistance varies. 

Thirdly, the input voltage source is regarded as the disturbance. The input voltage 

changes from 500V to 600V in the experiment. As shown Fig. 6.26, it is obvious that 

the output phase voltages are stable during the disturbance of input voltage magnitude. 
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In contrast, voltage VZ decreases when the input voltage increases, and vice versa. 

When the input voltage Vin increases, the closed-loop control scheme will decrease the 

value of B to insert less shoot-through states so as to maintain the reference magnitude 

of output phase voltages. The average value of VZ is also unchanged, which directly 

determines the magnitude of output phase voltages, but the duty ratio of shoot-through 

states becomes small. As described before, VZ reduces to zero during shoot-through 

states. Therefore, the maximum value of VZ becomes smaller. This experiment proves 

that the output phase voltages could be regulated when input voltage changes within a 

certain range. 

In conclusion, the experiment results match the proposed control theory and 

simulation results. The sine variable closed-loop control method for three-phase Z-

source inverters proves voltage-boosting capability with little harmonics and 

uncomplicated control algorithm. When the reference voltage changes, the output 

voltage could track and catch the change of reference smoothly and quickly. The 

control method is also capable of stable operation under the disturbance of load 

resistance and input voltage. 

 

6.3 Bidirectional Operation in Grid-connected Mode 

 

In previous sections, principle and analysis of three-phase Z-source inverter are 

presented with simulation and experimental verification. The inverter is connected to 

a balanced three-phase resistive load in star connection. In practices, a bidirectional 

three-phase converter is more commonly connected to a power grid. In a microgrid 

system, bidirectional three-phase converters are utilized in lots of applications such as 

bidirectional EV chargers, energy storage units and energy management systems. 

Therefore, this section investigates the operation of three-phase Z-source converter in 

grid-connected mode. As shown in Fig. 6.1, the circuit breaker S2 is open when the 
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inverter operates in islanded mode, while it is closed when the inverter operates in 

grid-connected mode. 

 

6.3.1 DC-AC Inverter Operation 

 

Firstly, the DC to AC inverter operation of a three-phase Z-source inverter in grid-

connected mode is studied. The proposed closed-loop sine variable method of three-

phase Z-source inverter could be incorporated into a coordinated control method for 

hybrid microgrid as shown in Fig. 6.27. The key parameters a and B are calculated 

based on the calculated Vabc reference signals as shown in the yellow block.  

If the block of deriving a and B is removed, then the remaining parts in Fig. 6.27 

show a popular coordinated control method for a hybrid microgrid with traditional 

three-phase full-bridge converter [176]. Since the Z-source topology is added in front 

of the full-bridge inverter, the coordinated control method must be modified in order 

to make use of shoot-through states. In grid-connected mode, not only the voltage 

amplitude but also the frequency of the converter’s AC side should be controllable. A 

Phase-Lock-Loop (PLL) is needed to catch the phase of the grid. 

As shown in Fig. 6.27, the grid voltage Eabc and current Iabc is measured and 

collected. Then d-q transformation is conducted to obtain Ed, Eq, Id and Iq. The error 

between voltage amplitude and reference is used to generate reference Iq-ref with a PI 

block. The error between measured grid frequency and frequency reference is used to 

generate reference Id-ref with another PI block. Parameter Id determines the active 

power flow through the Z-source converter, and Iq determines the reactive power flow 

through the converter. Equation (6.6) and equation (6.7) shows the relationship 

between each parameter in the circuit, where Δd and Δq are the adjusting signals 

generated by the PI blocks to adjust reference values of Vd and Vq. Lastly, switching 

signals are generated by SPWM based on the calculated values of a and B. 
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Figure 6.27 Control Diagram of a Grid-connected Bidirectional Three-phase Z-source 

Converter 
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Simulation in Matlab Simulink is conducted and the waveforms are presented in 

Fig. 6.27 and Fig. 6.28 respectively. In Fig. 6.28, the three-phase output current of the 

Z-source inverter shows good quality with little distortions and harmonics.  
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Figure 6.28 Output Current Waveforms of the Three-phase Z-source Inverter in Grid-

connected Mode 

 

6.3.2 AC-DC Rectifier Operation 

 

In AC-DC rectifier operation mode, the AC side connected to the grid is regarded 

as an ideal infinite bus. The control target is only the DC output voltage of the converter. 

Circuit breaker S1 is turned on as shown in Fig. 6.29. Similar to the operation of single-

phase Z-source rectifier as described in Chapter 5.6, the traditional three-phase PWM 

rectifier control method could also be adopted here. 

 



146 
 

DC 

load

Cf

Vz

T1 T3

T2 T4

LZ1

LZ2

CZ1 CZ2

Dr
T5

T6

Circuit Breaker S2

Grid

Local Load

vLa

vLb

vLc

Lg

Circuit Breaker S1

+

-

PI
+

-
Vdc-out

Vref

x
x

id ref

ωLg

vq ref

x
x

0.1

x
x

iq ref

+
-

abc
dq

Ed

vd ref

Lf

iq/id

abc
dq

SPWM

Vabc

Eabc

Eq

E

Sabc

 

Figure 6.29 Control Diagram of a Grid-connected Bidirectional Three-phase Z-source 

converter in Rectifier Mode 

Simulation results are presented in Fig. 6.30(a), the red curve represents the 

output DC voltage. In Fig. 6.30(b), the green, red, blue curves represent the input 

current Ia, Ib and Ic respectively. The ripple and harmonics of input current depend on 

the parameters of the LC filter. 
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(a) 

 

(b) 

Figure 6.30 Simulation Waveforms of Three-phase Z-source Converter in Rectifier Mode 

(a) Output Voltage (b) Input Currents 
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6.4 Summary 

 

The theoretical analysis, simulation and experimental results in this chapter prove 

that the proposed methods of inserting shoot-through states to operate the single-phase 

Z-source inverters are also applicable for three-phase Z-source inverters. Output 

voltage could be boosted and the harmonics are maintained within a low level. 

Constant variable method, sine variable method and cosine variable method are 

proposed in this chapter in order to achieve better performance. They are more suitable 

for three-phase Z-source inverters. Sine variable method produces least harmonics and 

is further developed into closed-loop control methods. Steady-state waveforms in 

experiments result prove the effectiveness of voltage boosting, and all circuitry 

waveforms match the theoretical analysis. Transient waveforms show the dynamic 

response and output phase voltage could catch the reference smoothly. The proposed 

control method is also capable of stable operation under the disturbance of load 

resistance and input voltage. 

Further research includes the operation of three-phase Z-source inverter in grid-

connected mode and the bidirectional operation as a rectifier. The closed-loop cosine 

variable method could be modified accordingly and combined with traditional control 

methods of a grid-connected three-phase inverter or rectifier to operate the three-phase 

Z-source inverter. Simulation proves the control theory of three-phase Z-source 

converter working in grid-connected mode and rectifier mode. 

In short, control methods of bidirectional three-phase Z-source converter are 

proposed and testified. The converter is capable of boosting output voltage in both 

resistive-load-mode mode and grid-connected mode, and also capable of bidirectional 

operation as a rectifier with the closed-loop control method. The future work mainly 

include dynamic response analysis of the Z-source converter in grid-connected mode. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 

 

This thesis investigates the control methods of bidirectional power electronics 

converters in microgrid applications. Phase-shifted full-bridge converters are studied 

for DC to DC conversion. Both single-phase and three-phase Z-source bidirectional 

converters are investigated for DC to AC inversion and the bidirectional operation. 

Traditional phase-shifted DC-DC converters suffer from problems of limited load 

range and low efficiency at light load condition. Although some control schemes have 

been proposed in literatures to solve this problem, they are quite complicated and could 

not extend the load range effectively or sacrifices the simplicity. The proposed new 

control method for phase-shifted DC-DC converters in this thesis enables the dual 

features of bidirectional power flow. It is built on a mathematical model to ensure soft 

switching can be realized especially at light load condition. It utilizes two identical 

full-bridge converters and inverters in conjunction with new control logic for gate-

driving signals. Moreover, the proposed control method also has the advantage to give 

the converter a linear output voltage relationship with the phase shift. 

Experimental test of the proposed control method on a 1.5kW DC-DC converter 

verified the capability of load range extension. The efficiency at light load, i.e. output 

power ranges from 82W (5.5% full load) to 268.2W (17.8% full load), is 

approximately 5% higher than the efficiency of the conventional phase-shifted control 

method. The experiments also demonstrated the capability of bidirectional power flow 

and linear output voltage with phase shift. Future work includes further efficiency 

improvement especially at light load and higher power density by more sophisticated 
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soft-switching control algorithm and the application of new materials such as silicon 

carbide switches. 

Bidirectional Z-source DC-AC converters are capable of boosting output voltage 

with a single-stage topology and eliminates the need of dead time, but the problems of 

high output harmonics and complicated control algorithm proposed in literatures 

restricted their development and application. Since the control of switches that insert 

shoot-through states always plays a crucial role in the overall performance irrespective 

of the Z-source topology and how it is connected to various types of converters, control 

methods of fundamental single-phase Z-source inverters are investigated in this thesis. 

Five new open-loop modulation schemes are proposed, analyzed and compared 

with each other. Both theoretical analysis and simulation results prove that the 

asymmetric methods lead to high 2nd order harmonics, while the symmetric “a+b” and 

“a×b” methods lead to high total THD when the voltage boost ratio is high compared 

to semi-symmetric “a+b” method because of their inconsistence of sinusoidal 

switching pattern. Therefore, semi-symmetric “a+b” method shows better overall 

performance than the others. It is modified into a closed-loop PI control method. 

The proposed control method was verified by simulation in Matlab Simulink and 

demonstrated in a 1kW prototype. Experimental results proved that the output voltage 

magnitude could catch the reference very well and accurately with a wide load range. 

The total harmonic distortion of output voltage is lower than 4% when the output 

voltage gain is smaller than 2, which is much smaller than typical simple boost control 

method and a recent adaptive tuning method in the same power level. When the 

reference voltage changes, the output voltage could catch the new reference magnitude 

within five cycles smoothly. Moreover, an optimized control strategy to reduce 

harmonics is introduced which adjusts parameter a automatically. This method is 

capable of maintaining its simplicity while satisfactory results can be achieved without 

any additional circuitry or algorithm. It is also capable of bidirectional operation as a 

rectifier or composing a Z-source DC-DC converter by adding a rectifier bridge easily. 
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The proposed control theory of inserting shoot-through states is successfully 

applied and extended to three-phase bidirectional Z-source converters. Sine variable 

method, cosine variable method and constant variable method are proposed and tested 

when the converter is connected to a balanced three-phase resistive load. Sine variable 

method shows lower output harmonics than the others because of its sinusoidal 

distribution of shoot-through states insertion. A closed-loop PI control method is 

obtained based on the sine variable method. Experiments conducted on RT-Lab 

platform based on the OPAL-RT 4570 real-time simulator proved that the three-phase 

output voltages could catch the reference voltage magnitude smoothly within five 

cycles with low harmonics. The proposed control method is also applicable to be 

modified for the bidirectional operation in grid-connected mode by regulating id and 

iq, i.e. active power and reactive power. The proposed method remains its simplicity 

to achieve a satisfying result without any additional circuitry or algorithm. 

Future work includes the analysis of power loss and efficiency improvement by 

soft-switching technology while maintaining the simplicity of the circuitry. Moreover, 

power density, thermal management, input current spike, unbalanced load, voltage and 

current stress of each device deserve further consideration and improvement. Overall 

speaking from the system-level perspective, a sophisticated, coordinated control 

method of a hybrid microgrid with both bidirectional phase-shifted full-bridge DC-DC 

converters and bidirectional Z-source DC-AC converters is preferred. 
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