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Abstract 

This thesis investigates the use of a three-phase forced-commutation series capacitor (FCSC) 

for power factor correction in stand-alone variable-voltage variable-frequency (VVVF) 

systems. Two environmentally-friendly applications are chosen to represent the VVVF 

systems. The first application is a renewable energy resource as a direct drive wave energy 

conversion (WEC) buoys. The second application is the more electric aircraft (MEA). 

In such systems, permanent magnet PM generators are most commonly used. A generator-set 

generally consists of a three-phase generator connected directly to a conventional three-phase 

diode bridge rectifier for simplicity and cost reduction. Due to the high inherited inductance 

of the PM generators used in such applications, this configuration suffers from a poor power 

factor as a result of commutation overlap.   

Several controlled series compensator (CSC) topologies have been employed for decades in 

power systems where the voltage levels and frequency are fixed.  However, in applications 

such as WEC and MEA, the voltage and frequency vary. Therefore, in this work, a variable 

switched capacitor is used in order to inject a capacitive reactance and therefore compensate 

the inductive reactance of the generator, which prevents power factor degradation. In a VVVF 

system, it is important to inject variable capacitive reactance since the inductive reactance 

changes with frequency variations.  Five commonly used CSC circuits are compared and the 

FCSC is considered as the most suitable circuit topology which is able to cope with a range of 

frequency variations. 

This research mainly investigates the performance of the three-phase FCSC circuit when 

controlled by novel control strategy, in terms of power factor, output voltage, and output 

power under various load conditions, including constant and variable load. The harmonic 

content of the three-phase FCSC is also investigated in order to propose this topology for 

MEA power system.  In an aerospace system, the power quality is required to meet high 

standards and harmonic distortion should not exceed the limited level set by aerospace 

industry authorities. Therefore, several types of conventional power factor corrector (PFC) are 

excluded from aerospace systems, due to the associated distortion levels.  
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In this thesis, a novel symmetrical duty cycle control (SDCC) scheme is proposed in order to 

qualify the three-phase FCSC converter to be employed in different ranges of frequency 

variation, including 1-3 Hz for wave energy and 50-500 Hz as part of aircraft frequencies. The 

approach is simple to implement, with no need for a sophisticated controller design. The 

switch duty cycle is a function of the supply frequency and this allows the FCSC circuit to 

cope with frequency variation.  

The modes of operation for both single and three-phase circuit topologies are presented. The 

three-phase FCSC circuit is designed and tested in the laboratory environment. The 

performance of the three-phase FCSC circuit when using SDCC is tested experimentally and 

assessed by comparison of its performance with that of the conventional three-phase diode 

bridge rectifier. Experimental and simulation results validate the capability of the three-phase 

FCSC- rectifier to improve the power factor to approximately unity in addition to increasing 

the output voltage and power at higher voltage and frequency values. However, only limited 

improvements are achieved at the lower values of the frequency spectrum.   
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Chapter 1. Introduction 

 

1.1 Introduction 

Climate change represents a significant environmental threat to the world. Such change can be 

observed in the rapid increase in global warming, which causes severe weather patterns such 

as extremely high sea levels and abnormal precipitation events including flooding, droughts, 

heat waves and wildfires [1]. These threats increase in proportion to the discharge of 

greenhouse gases such as carbon dioxide and methane. Many nations are devoting 

considerable effort to reducing the emission of greenhouse gases by developing new power 

and energy technologies. Moving toward carbon-neutrality for power and transport fuel plays 

a key role in the reduction of pollution and emission control.  

Recently, the transition to renewable energy has dramatically accelerated and these sources of 

energy are replacing fossil fuels to provide services such as heating, cooling, electricity, 

transport fuel, and chemicals. Renewable energy provides secure energy supplies for many 

countries in two ways: firstly, due to the variety of renewable sources, including wind, solar, 

wave, tidal, hydro, and biomass; and secondly it is independent of imported oil [2]. Many 

governments are intensively investing in developing renewable energy industry to avoid fuel 

crisis and environmental problems.  

The energy of the oceans is a massive untapped renewable energy source, and is considered to 

represent an infinite source of energy which can provide energy security. Different types of 

ocean energy systems are available, including wave energy, tidal energy, ocean thermal 

energy, and osmotic energy systems. Based on a report by the European Renewable Energy 

Council (EREC), ocean energy has been theoretically estimated to be able to satisfy the global 

demand for electricity of 16000 TWh/year, and wave energy could contribute 8,000-80,000 

TWh/year [2]. In Europe, wave energy and marine currents are the best ocean energy 

resources which could satisfy an important part of electricity demand. In comparison with 

other renewable energy resources, wave energy offers significant advantages, including the 

highest energy density and limited environmental interference, since most converters are 

located offshore. Only small energy losses are typically observed, and power generation can 
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be expected up to 90 of the time [3, 4]. In addition, wave energy is more predictable and 

persistent than wind energy. However, ocean energy conversion systems face many technical 

challenges to achieving high reliability and maintain low costs, due to the harsh marine 

environment [5]. 

Another way of reducing carbon emissions is to improve the aerospace industry as a part of 

the overall automation industry. According to the Intergovernmental Panel on Climate 

Change (IPCC), the transportation industry contributes 20% of the world’s carbon emissions, 

and an estimated 2% of global CO2 emissions are caused by commercial and military aviation. 

Commercial aviation is responsible for 80% of this total [1].  

In order to achieve cleaner skies, several targets for air transportation have been set by the 

Advisory Council for Aeronautics Research in Europe, to be realised by 2020. These targets 

include reducing fuel consumption dramatically to 50% of present CO2 emissions, reducing 

emissions of NOx by 80%, and reducing external noise by 50%. In addition, a green life cycle 

for products is required, including for design, manufacturing, maintenance, and disposal. 

Therefore, a significant challenge faces the aerospace industry in order to reduce emissions 

and fuel dependency by moving toward more environmentally-friendly aircraft, such as the 

more electric aircraft (MEA) [6]. MEA can play an important role in reducing pollutant gases 

by reducing fuel burn. It also helps to improve the reliability of the aircraft, and reduce the 

operating and maintenance costs. 

1.2 Variable-Voltage and Variable-Frequency (VVVF) Applications  

In some applications, such as the wave energy converter (WEC) and MEA, the electrical 

generator provides an output with a variable-voltage and variable-frequency (VVVF). In 

direct drive WECs, the voltage levels, frequencies, and linear motion of the generator are 

related to the wave movements. The waves vary in height and period, and this produces a 

variable back EMF and variable frequency from the generator. In MEA, the voltage levels and 

frequencies are related to the thrust power of the turbine jet engine. In both applications, a 

conventional diode bridge rectifier is typically used to provide AC to DC rectification. The 

diode rectifier is considered to be the cheapest and simplest power electronics circuit, since 

there is no control requirement [7-9]. The electrical generator is commonly connected directly 

to a diode bridge rectifier to supply several DC loads, such as for electronic equipment and 
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DC drives [10, 11]. This general configuration is called the generator-set. A brief overview of 

WECs and MEA is provided in Appendix A. 

Due to the long wavelength of water waves and the electrical machine design, WECs 

commonly produce low output frequencies in the range between 1-3 Hz. Due to fluctuating 

voltages and frequencies, the power produced varies accordingly. However, for MEA 

applications, higher frequencies in the range 360-720 Hz are achieved. This is because the 

generator output is a function to the thrust of the engine power. In aircraft electrical power 

systems, moving toward either variable frequency (VF) AC power systems, as an alternative 

to constant frequency (CF) three-phase AC power, or to a hybrid system seems to represent 

the future. The use of VF power in the MEA architecture has been proposed to improve 

overall efficiency and reduce volume and weight [12].   

In both applications, the inherent inductance of the PM generator is very high due to the 

generator design. Therefore, the generator-set suffers from a poor power factor due to 

commutation overlap. This increases losses and consequently reduces the DC output voltage 

and output power over the full operational range. 

1.3 Research Motivations and Objectives  

Several existing power electronic converters can be used to adjust the load with wide 

speed/frequency variations. However, many of these power converters are not specifically 

optimized for these applications, and may pollute the power bus with harmonics [12, 13]. 

Harmonics can cause malfunctions in some avionics and marine equipment, especially when 

using an uncontrolled rectifier to supply electronic and other DC loads. Therefore, it is 

important to develop power electronic converters which meet the realistic requirements of 

electrical equipment for aircraft and marine buoys, such as the direct interfacing with a VVVF 

source, with a high power factor and high DC output voltage level. In addition, one of the 

most challenging issues in aerospace power systems is developing a power electronic 

converter which can meet the regulatory requirements for commercial aircrafts, such as the 

Radio Technical Commission for Aeronautics (RTCA) DO-160 [14]. RTCA DO-160 defines 

a strict operational capacity for the power converter, and includes tight limits for current 

harmonic distortion [12, 15].   

Different types of power electronics conversion and control methods have been investigated 

and compared in aircraft systems and WECs. These include the 12-pulse rectifier, and two-
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level and three-level active three-phase pulse width modulation (PWM) rectifiers [10, 16]. 

However, the commonly used PWM converter, which already uses a complex control strategy, 

can cause unstable operation in high voltage AC and DC power systems which are considered 

to be the likely future trend in the aerospace industry  [17, 18]. 

In order to reduce harmonic distortion by compensation, an active power filter (APF) has been 

proposed for non-linear loads. However, this requires a sophisticated control scheme. Full 

details have been presented elsewhere of the modelling and characterisation of the variable 

speed constant frequency (VSCF) cyclo-converter aircraft system and the supply of non-linear 

load [19-22].  

Moreover, many conventional power factor correction (PFC) topologies have been excluded 

from employment in aircraft systems due to the resulting high levels of distortion which arise 

from zero crossing distortion. Therefore, a new PFC topology with no zero-crossing distortion 

is a crucial requirement for such systems [23-26].    

In power systems where frequency and voltage are fixed, series compensators based on 

power-electronics have been employed for decades in order to control the current in the 

transmission line network. The series compensation is implemented in the power system 

network using one of two approaches: either a variable reactance impedance implemented 

using a controlled series capacitor, or controlled voltage source using a static synchronous 

series compensator (SSSC) [27].  

In VVVF systems, the supply frequency varies and hence the machine’s inductive reactance 

varies accordingly. Therefore, variable capacitive reactance is needed to compensate for the 

effect of inductive reactance. As a result, in this research, the CSC is proposed for use as a 

compensation approach in the VVVF system.  

The forced-commutation controlled series capacitor (FCSC) circuit (named GCSC when 

using the GTO-thyristor) is one of the existing CSC circuits in power transmission networks 

where the frequency is fixed at 50 Hz [28]. In the transmission network, the compensation 

level is limited to be less than 30% due to concerns about the occurrence of sub-synchronous 

resonance (SSR) [27]. This will be further explained in Chapter 2. The FCSC circuit is 

controlled by adjusting the GTO switches off-time governed by the value of the turn-off angle 

. A transcendental equation is used to express the relationship between this angle and the 
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effective capacitive reactance of the GCSC circuit. In such a fixed frequency system, and 

because of the compensation level limitation, the value of  does not need to vary 

continuously. Different control strategies have been used to control the FCSC capacitive 

reactance by predicting a suitable value of angle  according to the operating condition. 

Moreover, a simulation-only evaluation of the FCSC circuit has been presented for another 

fixed frequency three-phase system where the operating frequency is higher and fixed at 300 

Hz, such as in series hybrid electric vehicles (SHEVs). This simulation is based on a 

comparison between system performance when employing the FCSC circuit and when using 

conventional rectifiers, including uncontrolled and fully controlled diode bridge rectifiers; the 

diode rectifier with a boost DC-DC converter, and a PWM voltage source current-controlled 

rectifier [29].  

In 2009, the FCSC circuit was used at Newcastle University for a stand-alone wave energy 

conversion buoy where the frequency varied between 1-3 Hz. By interfacing the single-phase 

linear generator with FCSC circuit, the overall power factor of the system improved. The 

circuit is controlled using the same transcendental equation used for transmission networks. 

Therefore, the IGBT switches are kept ON for a period equivalent to /2+ [30], which means 

that the switch will be ON for most of the time where the switch is active, thus limiting the 

range of variation in , and consequently capacitive reactance. This limitation does not affect 

the use of the FCSC in wave energy conversion buoys, since the frequency variation is limited 

in the range between 1-3 Hz (i.e. the frequency range is 3 p.u). 

Furthermore, since the value of the turn-off angle is based on the transcendental equation, 

which requires significant processing time, real-time calculation of  is not possible in 

systems where the operating frequency is continually changing. For this reason, the value of  

must typically be pre-calculated and stored in a look-up table.  

Therefore, this thesis contributes to current knowledge by proposing symmetrical duty cycle 

control (SDCC) to control the FCSC circuit in a VVVF system with a wide frequency range. 

The proposed control method should provide continuous variation in the capacitive reactance 

required for each operating condition by controlling the duty cycle of the switches in 

accordance with operating frequency variations. In addition, it is better to avoid the need to 

perform a pre-calculation process and storing the data in a large look-up table, as used 

previously in WECs. This helps avoid the need for a large memory sized microcontroller. 
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Furthermore, since a three-phase generator is commonly used in VVVF systems, it is 

important to investigate the performance of the three-phase FCSC circuit compared to the 

single-phase circuit topology. This is because there is no previous academic research that has 

yet assessed the behaviour of the three-phase FCSC circuit in a VVVF system. 

The aims of this research are to propose, investigate, evaluate, simulate, and build a suitable 

CSC circuit with a novel control strategy to be employed in low-and medium-frequency 

applications such as wave energy converters and more electric aircraft. The performance 

evaluation in this work focuses mainly on power factor correction. 

The main objectives of this research are to: 

 Provide a general overview of certain stand-alone variable-voltage variable frequency 

systems, especially the wave energy converter and more electric aircraft.  

 To review common series compensators. In particular, the thesis will review in detail 

the controlled series capacitor circuit topologies employed in power transmission 

systems, in relation to their advantages, disadvantages, and limitations. 

 Propose the most suitable CSC circuit for stand-alone variable frequency systems, 

including a low frequency range of 1-5 Hz, and a medium to high frequency range of 

50 Hz up to 800 Hz.  

 Determine whether or not the FCSC circuit can be used in VVVF systems with a wide 

range of frequency variation. 

 Investigate numerically the performance of the FCSC circuit in its single-phase and 

three-phase form, including an assessment of power factor, output voltage, and total 

harmonic distortion.  

 Identify the effect of load variation on the performance of the single-phase and three-

phase topologies for the FCSC circuits. 

 Propose a new control strategy for single-and three-phase FCSC circuit topologies to 

cope effectively with both small and wide frequency ranges and to validate the 

strategy both numerically and experimentally. This is one of the key contributions to 

knowledge within this thesis. 

 Investigate numerically and experimentally the harmonic distortion level of the 

converter to determine its suitability for employment in MEA applications. 
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1.4 Contributions to Knowledge 

The key contributions to knowledge from this research are as follows: 

 Proposing a variable reactance CSC circuit for the first time to be employed in aircraft 

systems. 

 Identifying a CSC circuit for both low and medium frequency applications, with a 

wide range of frequency variation. The range of frequency variation in this thesis is 

believed to be much higher than that considered by existing literature; here, 10 p.u, 

frequency changes are investigated. 

 Proposing a novel control technique so that the FCSC circuit can effectively cope with 

low and high frequency ranges in both single-and three-phase topologies. 

 Examine the ability of the proposed control technique in controlling the FCSC circuit 

with a wide range of frequency variation such as 50-500 Hz (i.e 10 p.u. of frequency 

variation range).  

 Investigating the employment of SDCC on both single-phase and three-phase circuit 

topologies and highlighting the difference between both topologies in terms of the 

commutation overlap and output voltage. 

 Investigating comprehensively the performance of the three-phase FCSC circuit in 

terms of power factor, output voltage, and harmonic level, under different variable 

frequency systems such as wave energy converter buoys (1-5 Hz) and more electric 

aircraft (50-500 Hz). 

 Introducing the FCSC converter behaviour according to the duality principle. 

  Identifying and analysing the impact of load variation on the behaviour of the FCSC 

circuit in both single and three-phase circuit topologies in a VVVF system. 

 Simulating and experimentally validating the performance analysis of the three-phase 

FCSC circuit with a widely varying operating frequency and voltage, in addition to 

various load conditions.  

1.5 Publications Arising From This Research 

The research conducted in this thesis has resulted in three international conference papers 

listed below: 
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1- T. Al-Mhana, V. Pickert and B. Zahawi, "Impact of load variations on the operating PF of 

an FCSC converter applied to wave energy systems," in IEEE Energytech 2013,  Cleveland, 

Ohio, United States of America, May 2013, pp. 1-6. 

2- T. Al-Mhana, V. Pickert and B. Zahawi, "FCSC converter with symmetrical short duty 

cycle for variable frequency applications," in 7th IET International Conference on Power 

Electronics, Machines and Drives (PEMD), Manchester, United Kingdom, April 2014, pp. 

1-5. 

3- T. Al-Mhana, B. Zahawi and V. Pickert, "Symmetrical duty cycle control for FCSC 

converter for wave energy applications," in 9th International Symposium on 

Communication Systems, Networks & Digital Signal Processing (CSNDSP), Manchester, 

United Kingdom,  July 2014, pp. 56-60. 

1.6 Thesis Overview 

The thesis consists of eight chapters and eight appendices. A brief description of each chapter 

is given below:  

Chapter 1 provides a general introduction to stand-alone variable-voltage variable-frequency 

(VVVF) applications and focuses on wave energy converters and more electric aircraft. It 

explains the terminology used for both applications, and presents a general overview of series 

compensation techniques. The research objectives and contributions to knowledge are 

presented, and a thesis overview is also provided. 

Chapter 2 reviews the common controlled series compensator (CSC) configurations 

described in the literature. This includes the CSC circuit topologies employed in power 

systems. It presents a theoretical comparison of several common CSC circuit configurations 

in terms of their advantages, disadvantages, and limitations, with a particular emphasis on 

limitations in cases of frequency variation. The chapter proposes the FCSC circuit as the most 

promising types of CSC circuit to serve in stand-alone variable-voltage variable-frequency 

applications.  

Chapter 3 presents details of the performance analysis of the single-phase FCSC circuit in 

terms of power factor, output voltage, output power, efficiency, and the total harmonic 

distortion (THD). The power factor is investigated in terms of displacement factor (DPF) and 

distortion factor (DF). Details are provided of the single-phase FCSC-rectifier’s principle of 

operation and various modes of operation. A SABER-based model is developed and the 
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behaviour of the single-phase FCSC converter is tested by simulation at a low frequency 

value of 3 Hz which is a typical wave energy application frequency. The chapter also 

describes the impact of load variations on the performance of the single-phase FCSC circuit. 

The chapter concludes with the idea that there is a minimal impact of load capacitance 

variation on circuit performance.  

Chapter 4 investigates the behaviour and performance of the three-phase FCSC circuit 

topology to be proposed for stand-alone three-phase systems. It describes the three-phase 

FCSC converter and the principle of operation. The chapter also analyses circuit performance 

numerically by simulation in terms of power factor, efficiency and THD. The simulation 

analysis covers two rectifier circuit topologies: the three-phase six-pulse diode-bridge rectifier 

and the three-phase FCSC-rectifier operating at 500 Hz. It also describes the ability of the 

three-phase FCSC-rectifier to correct the power factor to almost unity and to reduce the effect 

of current commutation. An in-depth harmonics analysis is also provided in order to assess 

circuit performance according to the power quality requirements of aerospace systems. 

Simulation results are presented for both fixed and variable load. An overview of the DC load 

types which can be supplied by the rectifier output and its effect on the AC side of the circuit 

is also provided. 

Chapter 5 presents the novel symmetrical duty cycle control (SDCC) technique which is 

proposed to enable the FCSC-rectifier to cope with frequency variations. The chapter explains 

the technique for both single and three-phase topologies. The simplicity of the IGBT 

switching pattern is also explained. The relationship between the switch duty cycle and the 

supply frequency is formulated, and the new control scheme is tested and validated by 

simulation. The FCSC-circuit operation under this approach is simulated at various frequency 

ranges, including 1-5 Hz and 50-480 Hz for both topologies. A description of different modes 

of operation is also presented. The current harmonics components are analysed to evaluate the 

distortion level of the three-phase FCSC-rectifier under fixed and variable load. The 

simulation results show how the three-phase FCSC is capable of correcting the power factor 

and maintaining low current distortion between the maximum frequency and half of its value.  

Chapter 6 briefly describes the experimental set-up for testing the performance of the three-

phase FCSC-rectifier with SDCC and operating in VVVF system.  
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Chapter 7 presents and analyses the experimental results achieved from testing the effect of 

applying the proposed control scheme on the three-phase FCSC converter. The results are 

recorded at various voltage and frequency values. It concentrates on providing a practical 

evaluation of the employment of the SDCC for the three-phase FCSC-rectifier in a variable 

voltage and frequency system. To evaluate converter performance, the experimental results 

are presented for both the three-phase conventional diode bride rectifier and the FCSC-

rectifier under the same operating conditions. The results are compared for both circuit 

topologies in terms of output voltage, output current, output power, power factor and the total 

harmonic distortion under both fixed and variable resistive load. The ability of the three-phase 

FCSC-rectifier to improve the power factor, output voltage and output power against the 

diode bridge rectifier is validated.  

Chapter 8 presents the conclusions of this research. It highlights the main findings described 

in this thesis and the concordance between simulation and experimental results. Possible 

suggestions for the future work are also summarised in this chapter. 
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Chapter 2. Review of Controlled Series Compensator (CSC) Circuits 

 

In variable-voltage, variable-frequency applications, it is important to employ a power 

electronics converter that is able to cope effectively with the variable input voltages and input 

frequencies generated by power sources such as electric generators operating in stand-alone 

systems. In addition to the efficient operation of the power converter, a power converter 

should also optimise the power flow from the source to the load at all source and load 

conditions. An efficient power flow is measured in terms of the power factor. An electrical 

system that operates with a poor power factor requires higher currents to deliver to the load. 

With a system which has a low power factor, the generator efficiency is reduced due to the 

increase in the copper losses. If the power converter is able to operate the generator system 

with a unity power factor, the generator kW capacity will increase. Therefore, the electric 

machine can be smaller and lighter for the given active power rating [31]. 

This work investigates the use of controlled series compensator (CSC) circuits applied to 

stand-alone generator-set known for their variable output voltages and frequencies. In such a 

system, the CSC is normally positioned between the generator and a conventional diode 

bridge rectifier, where the latter is considered to be the simplest and cheapest rectifier solution.  

This chapter introduces the basic configurations of common types of controlled series 

compensators, after providing a brief description of the role of series and shunt compensation 

techniques in power transmission networks. In order to achieve a better understanding of 

compensator operation, a comprehensive comparison between the different topologies of 

CSCs is also carried out based on the available literature, including consideration of the 

effectiveness and drawbacks of each type of series compensator. In addition, the limitations of 

these topologies are highlighted to determine their suitability for different applications. The 

results of this comparison will help in the selection of the most suitable CSC topology to be 

used in VVVF systems with a wide variation of frequency range. It will also help determine 

the extent to which the FCSC circuit, which has been proposed for a very small range of 
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frequencies, is the most suitable CSC topology for use in such systems or if there is a need to 

propose another type of series compensator.  

2.1 Series and Shunt Compensation 

Flexible AC transmission system (FACTS) devices are used in power transmission systems 

for reactive power compensation using electronically controlled reactive devices [32]. Series 

and shunt compensation methods have a long history as important techniques in electrical 

power systems. Shunt compensators are highly effective in regulating the desired voltage at a 

substation node under various loads, by injecting/drawing current into the transmission line 

[7]. However, actual transmittable power cannot be controlled effectively using a shunt 

compensator, since it is governed by the series impedance of the transmission line and the 

angle between the sending and receiving end voltages. On the other hand, a series 

compensator controls reactive power by merely supplying or consuming VARs in electrical 

systems, and so it functions as controlled voltage source. Therefore, series compensation is 

more powerful than the shunt controller in controlling the current and power flow and 

damping oscillation in the transmission network [27]. Series compensation techniques were 

introduced several decades ago in power transmission systems to control power transfer 

capability by reducing line impedance and the phase angle between the sending and receiving 

end voltages. The transmittable power can be increased by series capacitive compensation, 

which reduces the reactive line impedance. In general, controlled series compensation is 

considered to be an effective technique to control the power flow in the transmission lines and 

to improve system stability [33]. Therefore, in this research, the series compensation 

technique is adopted in order to correct the power factor through controlling the line current in 

the system. 

2.2 CSC Applications 

CSCs have been employed in different power networks, including in power transmission 

systems where the amplitude of voltage and frequency are constant [27, 34]. One CSC circuits 

has also recently been introduced to applications where the supply voltages and supply 

frequencies varies. For example, Pickert et al. [30] proposed an FCSC with a single-phase 

stand-alone wave energy conversion buoy, where the amplitude of voltage and its frequency 

vary with wave movements. In such a system, the frequency is very low and varies within a 

small range between 1-3 Hz. In addition, CSCs have been also proposed for wind farm 

applications [35-41]. 
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CSCs have been well established to operate for fixed input voltages and frequencies.  

However, fewer advances in development have been undertaken so far for CSCs with variable 

input voltages and frequencies. In these cases, the power is usually generated from a stand-

alone generator as described in [30, 35-38]. Due to the design of stand-alone electric 

generators, most variable-voltage, variable-frequency systems suffer from poor input power 

factors, which cause a reduction in output power and efficiency. One possible solution is to 

propose a power electronic converter which is able to offer better utilization of the electric 

generator with different supply voltages and frequencies. This means that such a converter 

will be able to achieve a high power factor at various frequencies and increase the output 

power and efficiency of the system. Therefore, the need to find a proper converter to interface 

the generator and load to improve the power factor is crucial.  

2.3 Overview of Controlled Series Compensator Circuits 

Controlled series compensators can be classified in two different categories based on the basic 

approaches used. The variable reactance controlled series compensator (VRCSC) determines 

the capacitive reactance of the compensator using specific switching patterns to control a 

passive element. At the same time, the switching power converter series compensator (SPCSC) 

represents a controllable synchronous voltage source in series with the transmission line [27].  

The VRCSC controls the capacitive reactance of the compensator using specific switching 

patterns. These can be split into two sub-categories based on the passive components used: 

the C-group and LC-group. The LC group is represented by the so-called thyristor-controlled 

series capacitor (TCSC) circuit, whilst the C-group comprises three different topologies: the 

forced-commutation controlled series capacitor (FCSC; also called the GCSC or gate-

controlled series capacitor); the thyristor switched series capacitor (TSSC); and the switched 

variable series capacitor (SVSC)). However, the converter-based series compensators can 

control reactive power by circulating current in the system without a need for an energy 

storage element [27]. These include the magnetic energy recovery switch (MERS), which 

dumps the reactive power using a DC capacitor, the static synchronous series compensator 

(SSSC), and the dynamic voltage restorer (DVR). A family tree of the most common 

controlled series compensators is illustrated in Figure 2.1. 
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Figure 2.1 Family tree of common static controlled series compensators  

Most of the common VRCSCs employ an AC capacitor connected in series with the system, 

which is needed to control the reactive power by using a fundamental frequency switching 

(FFS) pattern where the switching devices are turned ON and OFF once in one cycle. This 

reduces switching losses and, therefore, it is a preferred approach with higher utilization of 

VRCSC 
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the switches. However, the SPCSC compensators generally employ a DC capacitor as energy 

storage and control of the reactive power is achieved using various switching modulation 

techniques, such as PWM techniques, which cause high switching losses in the system [32].  

It is worth mentioning that, based on the concept of converter-based series compensation 

(SPCSC), the impedance-frequency relationship plays no role in achieving the desired 

compensation level in the transmission system since it controls the system’s voltage 

amplitude and phase. In contrast, the concept of VRCSC depends on the relationship between 

frequency and impedance which characterises the system by improving the transient stability 

and providing it with immunity to SSR [27]. It is important to note that the use of VRCSC is 

the preferred technique in this research for two reasons. Firstly, the present work focuses 

mainly on correcting the power factor at wide frequency variations by cancelling the inductive 

reactance. Secondly, the ability of the CSC capacitor to work at a fundamental frequency over 

PWM switching frequency promises a reduction in losses. Hence, a wide-ranging 

investigation of comparing various VRCSC types is carried out in this chapter. However, a 

description of the most common SPCSC is presented later to provide a complete picture of 

controlled series compensators.  

Furthermore, Kalpaktsoglou and Pickert [42, 43] conducted a simulation which was limited in 

comparing MERS and other different VRCSC circuits, to be employed for power factor 

correction in a single-phase wave energy conversion buoys. In WEC, the frequency is very 

low between 1-3 Hz. This means that the range of frequency variation is very narrow. The 

comparison showed that MERS is not considered to be the most effective device to implement 

with this scale of frequency variations. Based on their findings, MERS will not be proposed 

as a power factor correction circuit for this work.  

2.3.1 Variable Reactance Series Compensator (VRCSC) 

The most common types of VRCSC can be categorized as follows:  

1) Thyristor Switched Series Capacitor (TSSC) 

The basic TSSC configuration consists of a number of identical capacitors (CTSSC) connected 

in series, as shown in Figure 2.2. Each capacitor is connected in parallel with a switch which 

consists of two anti-parallel thyristors, where each thyristor will be active for half of the cycle 

of the line current. 



Chapter 2         Review of Controlled Series Compensator (CSC) Circuits 

 

16 

 

The degree of series compensation and the value of effective capacitance are controlled by 

decreasing or increasing the number of bypassed capacitors. This is achieved by turning ON 

or OFF the corresponding thyristor switch. By turning the appropriate switch ON, the 

capacitor is short-circuited, while it is inserted with the line when the switch is in blocking 

state. 

i
+ -+ - + -

CTSSC CTSSC
CTSSC

SW1

VC1 VC2 VCn

SW2
SWn

 

Figure 2.2  TSSC circuit diagram (only one-phase is shown) 

If all thyristor switches are conducting, the total equivalent capacitance is (Ceq) = 0 F. 

However, when all the switches are blocking, the total equivalent capacitance can be 

determined from equation (2-1): 

𝐶𝑒𝑞 =
𝐶𝑇𝑆𝑆𝐶  

𝑛
 (2-1) 

 where n represents the number of inserted capacitors.  

The TSSC uses the thyristor as a switch. When the line current crosses zero, all the thyristors 

turn OFF naturally, because thyristors are natural commutated switches. The capacitor can be 

inserted into the line only at the moment when the line current is at the instant of zero 

crossing, which means only at zero current switching (ZCS). As a result, the inserted 

capacitor can be charged to its maximum voltage during the full half cycle of line current. For 

the opposite polarity half cycle of the line current, the capacitor discharges its voltage from 

the maximum value to zero [7, 27].  

The thyristor should be ON only when the capacitor voltage is zero, to reduce the initial surge 

current and transient voltage which can be calculated as: 
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𝑖𝐶 = 𝐶
𝑑𝑣𝐶

𝑑𝑡
 (2-2) 

The main problem in this configuration is the possible occurrence of sub-synchronous 

resonance (SSR) which is similar when employing a fixed capacitor [44]. SSR is a 

phenomenon induced in the system due to the interaction between the mechanical system and 

the electrical system in the power generation, as represented by the turbine-generators set and 

series capacitors. It occurs as a reaction to any change in the electrical power system which 

leads to a response from the mechanical system at a given frequency. This includes any 

system variations, which can affect the energy at certain sub-synchronous frequencies such as 

the series capacitor in the compensated transmission lines. This sub-synchronous frequency 

can interact with the specific torsional mode of the turbine-generator shaft which results in 

damage to the shaft [45]. In 1973, Ballance and Goldberg reported the sub-synchronous 

resonance SSR phenomenon in a compensated transmission line with a fixed capacitor due to 

resonance in the series transmission line coupled with a synchronous generator. A photograph 

of the failure of the shaft at the MOHAVE generating station in Southern Nevada caused by 

SSR has been published in [46]. A detailed analysis of solutions in dealing with SSR was 

introduced within a NAVAJO project in 1977 [47].   

An additional drawback of this arrangement in practice is the necessity of connecting a 

current limiting reactor in series with the TSSC in order to hold the high current; this is due to 

the physical constraints of the thyristor such as di/dt and the magnitude of the surge current 

[27].   

Furthermore, an adaptive controller with a continuous approach has been proposed for a 

power system network to achieve continuous reactance control [48]. This controller attempts 

to damp power oscillations to improve transient stability without the limitation of the 

common linear control approach by using a generic system model. In general, most power 

system control models with a linear control approach lose their power damping when the 

system’s operating point is changed. This occurs after a large disturbance in the system, and a 

controller can also be used to control a system with a TCSC compensator [48]. 

2) Thyristor Controlled Series Capacitor (TCSC) 

In 1988, Vithayathil et al. proposed a basic arrangement of the TCSC which was introduced 

as an approach for “rapid adjustment of network impedance” [49, 50]. An analytical study of 
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the control interaction between TCSC and an existing device in the power system, such as the 

Static Var Compensator (SVC), was produced in [51]. In 1999, the first TCSC was 

established in Sweden for 400 kV grids to mitigate the (SSR) problem. Figure 2.3 shows the 

basic scheme of the TCSC. It consists of a series of fixed capacitors shunted with a thyristor 

controlled reactor (TCR) circuit. The TCR circuit is comprised of an inductor connected in 

series with a switch (SW) which includes two anti-parallel thyristors.   

The TCSC is the only VRCSC which is able to supply the line with inductive or capacitive 

reactance as needed. This depends on the conduction and blocking intervals of the thyristors 

through their firing angle α. The TCSC can be modelled as fixed capacitive impedance XC in 

parallel with variable inductive impedance XL(α). 

i

+ -

CTCSC

SW

VC (α)

iL(α)

L

iC (α)

 

Figure 2.3 TCSC circuit diagram (only one-phase is shown) 

Equation (2-3) represents the effective impedance of the TCSC (XTCSC (α)) as: 

𝑋𝑇𝐶𝑆𝐶(𝛼) =
𝑋𝐶 × 𝑋𝐿(𝛼)

𝑋𝐿(𝛼) − 𝑋𝐶
 (2-3) 

where XL (α) represents the variable inductor of TCR  which can be calculated as follows [27, 

52]:  

𝑋𝐿(𝛼) = 𝑋𝐿 ×
𝜋 

(𝜋 − 2𝛼 − 𝑠𝑖𝑛 𝛼 ) 
              for  𝑋𝐿 ≤  𝑋𝐿(𝛼) ≤ ∞ (2-4) 
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where α is the delay angle which can be measured from the zero crossing point of  the line 

current or equivalently the instant of peak capacitor voltage, and:   

𝑋𝐿 = 𝜔𝐿 = 2 × 𝜋 × 𝑓 × 𝐿 (2-5) 

𝑖𝐶  (𝛼 ) = 𝑖 + 𝑖𝐿(𝛼) (2-6) 

Depending on the delay angle α, XL is varied between a minimum value (XL (α) = ω L) and a 

maximum value. Therefore, XTCSC (α) will behave as a tuneable LC circuit to compensate for 

the line with the required reactance passing through internal resonance. Internal resonance 

occurs when Xc is equal to XL(α), which leads to XTCSC (α) theoretically being infinity, as 

expressed in equation (2-3). Therefore, α needs to be within certain limits to avoid the 

occurrence of internal resonance [7, 27]. Figure 2.4 illustrates the dependency of the TCSC 

impedance to the firing angle α and demonstrates the modes of operation. In general, TCSC 

has three modes of operation [52-54]:   

1. Bypassed-thyristor mode: In this mode, the thyristors continuously conduct the current 

with a firing angle of 180º. This leads the effective reactance XTCSC to be a function of 

parallel L and C. However, based on the typical values of reactor and capacitor 

susceptances, the current is inductive.   

2. Blocked-thyristor mode: This mode occurs when the thyristors are not conducting at 

all since the valve is turned OFF when their current is reduced to zero. The line current 

only flows through the series capacitor. Therefore, the effective TCSC reactance XTCSC 

is capacitive and equal to XC. 

3. Vernier mode: TCSC behaviour is a function of the phase control of the thyristors 

delay angle  in this mode. Therefore, the TCSC can operate either as controllable 

inductive reactance or controllable capacitive reactance. There are two basic regions 

for TCSC operation, the capacitive and inductive regions. When α is large, the TCSC 

operates as capacitive reactance, while a lower firing angle delay makes TCSC  

behave as inductive reactance.  is measured from the crest of the capacitive voltage, 

as shown in Figure 2.4.The figure also shows that the smooth transition between the 

capacitive and the inductive region is not permitted because of the internal resonance. 

Different models for the TCSC were derived to improve power system stability and 

design a proper controller for this purpose, as well as develop a better understanding of 
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this compensator during its operation. The steady state and dynamic characteristics of 

TCSC have been analysed for all three modes of operations [55-59]. 

 

         Figure 2.4 Impedance characteristics of TCSC  [52] 

A controller for the TCSC has been designed based on mathematical modelling and the 

transfer function [60]. Optimized values of the capacitor and inductor of the TCSC have been 

selected as a function of the degree of series compensation to avoid the occurrence of the SSR 

problem and series and parallel resonance [61].   

In 1966, Kimbark [62] analysed the improvement of transient stability in long transmission 

lines by using a switched series capacitor for the first time. His analysis controls the degree of 

series compensation according to fault occurrence in the transmission system such as a three-

phase fault. 

The TCSC is able to improve power quality by applying a specific arrangement for poles and 

zeros [63]. It is also able to enhance power quality by preventing voltage sag and limiting the 

current during faults by changing the TCSC mode to bypass mode during a disturbance [64, 

65]. Furthermore, the TCSC is considered to be one of the most effective FACTS devices for 

use in mitigating the risk of SSR, that is why the TCSC is referred to as SSR neutral [66, 67]. 

A detailed analysis of the TCSC performance when used in long transmission lines showed 

that the TCSC is free of the risk of SSR when a 60% compensation ratio is added [68]. The 
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SSR in the system can be suppressed by the appropriate selection of the thyristor delay angle 

α so that the power damping becomes zero [69]. Several other control methodologies have 

also been proposed to mitigate SSR. Pillotto et al. [70]  analysed the system with the three 

control methodologies of constant current control, constant power control and constant 

impedance control, using a first IEEE benchmark model in their investigations in addition to 

the effect of firing control techniques. The IEEE benchmark is a benchmark model used to 

study and simulate the SSR in a transmission network with two tests [71]. It was concluded 

that TCSC power control loops respond slowly to oscillation, while the current controller 

responds quickly to any disturbances. 

Different control strategies have also been proposed to control the effective reactance of the 

TCSC, improve transient stability and damp power oscillations. An adaptive controller using 

backstepping methods based on second and third order non-linear system models has been 

introduced and the derivation of system models discussed in several studies [72-75].  

3) Forced-Commutation Controlled Series Capacitor (FCSC) 

A forced-commutation controlled series capacitor can be described as a series fixed capacitor 

in parallel with a switch, as shown in Figure 2.5. The switch is bidirectional and consists of 

two anti-parallel forced commutation type devices such as a GTO or an IGBT. The only 

difference between FCSC and TSSC circuit configuration is the use of the forced 

commutation switch type to control the instant at which the device is turned OFF. This 

configuration is called GCSC when the switches are GTOs. By using the phase control 

technique with this arrangement, the voltage across the capacitor Vc, can be controlled by 

varying the turn OFF angle of the GTO switch at a specific line current. The major advantage 

of FCSC over TCSC is that the former offers the fast and continuous control of series 

compensation by using one passive component only, CFCSC.  

Figure 2.5 illustrates clearly that the capacitor is bypassed when the switch is turned ON and 

Vc is zero. Conversely, the voltage across the capacitor is at its maximum value when the 

switch is turned OFF [44]. The capacitor voltage, Vc, is controlled by closing and opening the 

switches in each half cycle in synchronism with supply frequency. In addition, the forced 

commutated switch is turned ON whenever the capacitor voltage crosses zero to avoid 

emerging current or voltage transient, and it is turned OFF at a certain turn OFF delay angle 

(γ), which indicates the turn OFF instant. The turn OFF angle (γ), is referenced to the crest of 
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the line current and can be varied within the range 0 ≤ γ ≤ π/2. Figure 2.6 demonstrates the 

relationship between the line current and the capacitor voltage with the turn OFF angle γ. 

i

+ -

CFCSC

SW

VC

 

Figure 2.5  GCSC circuit configuration (only one-phase is shown) 

During the positive half cycle of the supply voltage, when γ equals zero, the voltage across 

the capacitor, and hence the capacitor reactance will be at its maximum value. However, Vc is 

reduced to a minimum value when the switch is turned OFF at a certain γ value. The current 

will pass through the capacitor when the switch is OFF for the duration of δ. Identical 

behaviour occurs during the negative half cycle with the corresponding switch ON and OFF. 

As the capacitor voltage is non-sinusoidal, the fundamental capacitor voltage can be 

expressed in the following equation: 

𝑉𝐶1(𝛾) =
𝐼𝑚

𝜔𝐶𝐹𝐶𝑆𝐶
(1 −

2𝛾

𝜋
−

𝑠𝑖𝑛2𝛾

𝜋
) 

(2-7) 

 

where Im is the maximum of the line current and ω is the angular supply frequency.  

The effective capacitive impedance XFCSC is a function of γ:  

𝑋𝐹𝐶𝑆𝐶 =
𝑉𝐶1(𝛾)

𝐼𝑚
= 𝑋𝐶(1 −

2𝛾

𝜋
−

𝑠𝑖𝑛2𝛾

𝜋
) (2-8) 

Equation (2-8) shows that the FCSC is considered to be variable capacitive impedance. XFCSC 

is varied from a maximum value (XFCSC = XC = 1/ωC) when γ equals zero to a minimum value 

of zero when γ is at its maximum value (i.e γ= π/2) [27, 76].  
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Figure 2.6 Line current and capacitor voltage waveforms as a function of γ during the positive half 

cycle 

Therefore, the control of γ leads to continuous variation of the capacitive reactance XCFCSC. 

The switch transition between the OFF and ON states occurs only when the voltage is zero, 

which means that it is a zero voltage switching (ZVS) device. ZVS is a significant advantage 

for the device in series connection systems, especially in high power applications [77-79]. 

The GCSC was introduced for the first time in 1973, by Karady et al. [80]. A new method 

was proposed for the smooth variation of series compensation in a transmission network, by 

employing a bi-directional switch with anti-parallel connection such as GTO and controlling 

the ON and OFF time of the GTO switches with two different arrangements. One arrangement 

is by series connections of switch pairs with a bank capacitor, while the second arrangement 

is by parallel connection of the switches with a bank capacitor. Fault performance and a 

snubber design circuit, along with its advantages with the GTO-CSC, were subsequently 

investigated [81]. 

One of the main advantages of the GCSC is that it is able to mitigate SSR effectively without 

any specific control system or with a simple controller. It was shown through simulation and 

using the IEEE First Benchmark model that, by adjusting the generation of turn OFF angle γ 

as a function of zero crossing detectors, SSR can be naturally avoided in addition to power 

oscillation being damped [82-84].  

From the available literature, the TCSC and GCSC are highly competitive regarding the 

power system since they share many advantages. Both devices are employed in power 

transmission systems to control power flow in long transmission lines. Therefore, a 

VC (=0) 

VC () 
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comparison between both FACTS devices in terms of sizing and capacitor rating has been 

conducted [79], and it was concluded that the capacitor megavolt-ampere in the TCSC is 

higher than that in the GCSC because the current flowing in the capacitor in the latter is 

always lower than in the TCSC. With regards to the switch rating, the forced commutated 

switch current rating is lower than the thyristor rating in the TCSC. It has been argued [79] 

that the GSCS promises to be the most effective solution for series compensation. However, 

for Power Oscillation Damping (POD) (where the FACT device is used to damp the low 

frequency power oscillation initiated for different reasons, including any sudden change in the 

output of the generators or transmission line fault), each  capacitor’s rating in either device is 

approximately the same. Nonetheless, the TCSC is considered to be a desirable device for 

POD since circuit protection is simpler.  

Furthermore, the major crucial feature of FCSC that enables it to be considered as an effective 

FACTs device is the capability to improve dynamic stability at high efficiency when using a 

damping controller [85]. Moreover, different modern control methodologies have been 

proposed to overcome the risk of SSR and in the design of a damping controller such as a 

fuzzy logic controller [86, 87].     

In addition, the FCSC is capable of mitigating the effect of low frequency power system 

oscillations to enhance the stability margin by using Particle Swarm optimization (PSO) 

algorithm to design a damping controller [88, 89]. This algorithm attempts to find the 

optimized value of the parameters of the damping controller through Eigenvalue analysis of 

different operating conditions. 

4) Switched Variable Series Capacitor (SVSC) 

The basic arrangement of the SVSC circuit consists of two capacitors C1 and C2 connected in 

parallel through two bidirectional switches S1 and S2, as shown in Figure 2.7. The value of C2 

is larger than that of C1. The average capacitor value Cav is a function of a duty factor. The 

switches S1 and S2 alternate with each other. This can lead to the production of an interval 

where both switches are in the OFF state. Therefore, the resistor RSVSC is connected in parallel 

with the capacitors to ensure the continuity of current during the transition period between the 

ON and OFF state of the switches. The value of RSVSC is chosen to be larger than the 

capacitors impedance [90, 91].  
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It is important to maintain the alternating operation of the switches S1 and S2 within a specific 

control scheme, such as those utilizing PWM control. The PWM technique should ensure that 

S1 and S2 are not working simultaneously. At high frequency, the controller allows the current 

to pass through S2 and C2 only (with S1 in the OFF position). However, S2 is in the OFF state 

at low frequency and S1 and C1 carry the current at this frequency. Both capacitors are 

switched alternately with a specific PWM technique for frequencies in between these values 

[29, 92].    

C1

C2

S1

S2

RSVSC

 

Figure 2.7 Switched variable series capacitor circuit arrangement (only one-phase is shown) 

2.3.2 Switching power converter series compensator (SPCSC) 

Common types of the SPCSCs are as follows: 

1) Magnetic Energy Recovery Switch (MERS) 

The magnetic energy recovery switch (MERS) is considered variable series compensation. 

Figure 2.8 illustrates the MERS circuit configuration, which is similar to a single phase full 

bridge. It consists of four forced commutation switches such as IGBT or MOSFET, four anti-

parallel diodes and a DC capacitor. Each switch is shunted by a diode. This arrangement 

therefore has the highest number of switches in comparison with VRCSC compensators.  

The MERS implies a different approach to reactive power compensation. In this approach, the 

system can be compensated without any variation in the reactive impedance, but instead by 
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the absorption of the inductance stored magnetic energy. The DC capacitor is positioned in 

the middle of the two legs.  

The small DC capacitor absorbs the magnetic energy stored in system inductance through 

forced LC resonance in the system [43, 93]. The MERS is normally located between the 

voltage supply and the load.  

Generally, the control method for MERS depends on the application. However, the typical 

control method is by turning a pair and another pair of switches ON/OFF. There are three 

modes of operation. When S1 and S3 are ON while S2 and S4 are OFF, the charging current 

passes through the capacitor and there is a voltage across the capacitor; this mode is called 

non-continuous. The DC-offset mode occurs during the conduction of S2 and S4 and the 

blocking of S1 and S3 when there is an offset in the capacitor voltage. When the capacitor is 

by-passed for a certain interval (because the current flows through the switches only), this 

mode is named the by-pass mode [94]. 

It has been suggested that the MERS improves synchronous generator output power, by 

injecting series voltage, which is able to compensate the voltage drop across synchronous 

reactance. This series voltage is produced by absorbing the magnetic energy stored in the 

generator reactance. 

The direction of current flowing through the DC capacitor is controlled by turning a pair of 

switches ON and OFF. S1 and S3 represent the first pair while the second pair are S2 and S4 

C

S1

S2

S4

S3

+

-

 

Figure 2.8  MERS configuration (only one-phase is shown) 
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[95]. By turning the first pair (S1 and S3) ON, the current flows from the supply to the load. 

When S1 and S3 are turned OFF, the stored magnetic energy in the inductance is recovered to 

the capacitor. The capacitor discharges its energy through the load when S2 and S4 are turned 

OFF. To achieve a unity power factor, the switching phase angle of S1 and S3 is advanced by 

90º, which can make the inductive generator voltage fully compensated by the capacitor 

voltage [93, 96]. 

As mentioned earlier, by applying different switching techniques, the MERS is able to 

generate a pulse current for a pulsed power supply in certain applications, such as magnetizers 

and synchrotron accelerator bending magnets [97]. 

Nevertheless, a major drawback of the use of the MERS is the high number of switches 

needed. For a single-phase system, four forced commutated switches with four anti-parallel 

diodes are required. For three-phase system, 24 switches are needed, 12 forced commutated 

switches (such as IGBTs) and 12 anti-parallel diodes. This also requires a more complicated 

control algorithm to adjust the switching pattern for this high number of switches in 

synchronism with the supply frequency. Furthermore, the switching losses will be very high. 

For the above reasons, the MERS compensator will not be discussed in any detail in this 

thesis. 

2) Dynamic voltage restorer (DVR) 

This is a static VAR device used to inject an AC voltage into the power distribution grid to 

overcome some power quality issues such as voltage sags and swells and harmonic currents 

when a disturbance or voltage dip occurs in the power network [32, 98]. Voltage sag is 

considered to be a common voltage disturbance which is caused by a fault and leads to a 

phase angle jump in the distribution system. A DVR is often used to protect a sensitive load 

from voltage sag, a transient current and any disturbance in converter operation caused by the 

phase jump [99, 100]. However, the use of the DVR requires the employment of a large DC 

link capacitor to satisfy the requirements for high active power, which eventually leads to a 

substantial increase in the cost and the size of the compensator [101].  

Basically, the DVR is comprised of four parts: a voltage source converter (VSC) with at least 

six IGBT switches; a DC link capacitor as energy reservoir; a harmonic filter to prevent the 

harmonics generated by the converter switching being injected with the injected voltage into 

the power grid; and finally, a connecting transformer to connect the DVR to the system as 
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shown in Figure 2.9 [32, 101]. When the system is healthy, the DVR will remain in stand-by 

mode, whereas it will inject an AC series voltage when a voltage dip occurs, to maintain the 

required voltage level.  

Recently, a two-cascaded three-phase inverter instead of one VSI has been proposed for the 

regulation of the voltage at the load side, using a specific PWM control approach. This 

configuration has the benefit of reducing harmonic distortion, the power switch voltage rating, 

and converter losses. A comparison with other conventional VSI has also been presented 

[102]. Based on the purpose of using the DVR, different control strategies have been 

proposed. A fast and effective DVR response to compensate for voltage sag has been 

achieved by controlling the amplitude of the injected voltage and the phase angle of each 

phase separately without the need to use phase lock loop (PLL) method [103]. 

VDVR
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Figure 2.9 Schematic description of dynamic voltage restorer (DVR) 

On the other hand, to mitigate the voltage sag and swell, an in-phase method has been adopted 

[104]. A multifunctional DVR control method has also been presented using a closed-loop 

control system to prevent steady state error and enhance the transient response by employing 

a Posicast and P+Resonant controllers [105]. 

It can be concluded, therefore, that the DVR is mainly used for voltage regulation and load 

protection purposes in a distribution network with a complex control and circuit topology. 
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3) Static synchronous series compensator (SSSR) 

In 1989, the static synchronous series compensator was proposed for the first time by Gyugyi 

as a converter-based series compensator [27]. It mainly consists of a voltage source inverter 

(VSI), which can employ different switches controlled by a controller, a DC capacitor for 

energy storage, and a coupling transformer, as shown in Figure 2.10. The basic function of the 

SSSC is similar to most converter-based series compensators which control the amplitude and 

phase of the voltage across the transmission system [106, 107]. The SSSC is also able to 

mitigate SSR phenomena in the transmission system by implementing a controller which is 

able to increase the damping of the network at the frequencies which induce the SSR [108].  

In addition, a combination of the SSSC and a passive series capacitor has been presented for 

faster power flow control, increasing the transmittable power and reducing the risk of SSR 

occurrence [109]. In addition, the SSSC has also been introduced into wind farms for the 

same purpose [110].  
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Figure 2.10 Schematic of the SSSC circuit  

Based on the above information, it seems that the converter-based series compensators have 

the highest numbers of switches and circuit components and large DC link capacitors (such as 

in the DVR) and mostly need an interfacing transformer to be used. In addition, the control 

methods associated with employing various PWM techniques are very complex and have the 

drawbacks of high switching losses and electromagnetic interference (EMI) problems. This 

will lead to the increased size, cost, and complexity of a converter to be employed in a VVVF 

system. In addition, these compensators are mainly used for series compensation based on a 

voltage regulation approach rather than the dependency of the impedance-frequency 
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relationship. Therefore, the present study focuses on the most promising circuit topology of 

CSCs that is able to cope effectively with a wide range of frequency variations at acceptable 

complexity and cost, without a corresponding increase in size associated with the use of large 

circuit components and system protection.  

2.4 Comparison of Different CSC Topologies    

This section presents a comprehensive comparison of the most common VRCSC circuit 

topologies based on the available literature, to highlight the general performance levels, and 

advantages and disadvantages of different circuit topologies in power transmission systems, 

as shown in Table 2-1.  

Table 2-1 Comparison of VRCSC topologies in transmission systems network  

TSSC TCSC FCSC SVSC 

General Specifications 

Consists of a number 

of identical 

capacitors, each 

shunted by two 

thyristors 

Uses fixed single 

capacitor and single 

inductor with two 

thyristors 

Consists of fixed single 

capacitor with two 

anti-parallel switches 

(GTO or IGBT) 

Consists of two AC 

capacitors with four switches 

and a resistor 

Number of thyristors 

equal to double 

number of capacitors 

Employs two 

thyristors only 

Two forced 

commutated switches 

only 

Four forced commutated 

switches 

Control is a function 

of firing angle 

Capacitance is fixed 

while inductance 

can vary by 

controlling the 

firing angle 

Control is a function of 

turn OFF angle γ  

Capacitors are connected 

depending on the frequency 

range. C2 and S2 will be ON 

at high frequency, while C1 

and S1 are ON for low 

frequency 

Due to thyristor 

constraint, the 

capacitor is inserted 

only at the zero 

crossing of the line 

current 

The use of thyristor 

leads to restrictions 

on the ON time 

intervals 

The use of forced 

commutated switches 

provides flexible 

control for varying ON 

and OFF intervals 

Use of forced commutated 

switches provides flexible 

control for varying ON and 

OFF intervals 
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TSSC TCSC FCSC SVSC 

Advantages 

Higher power 

ratings and lower 

cost due to use of 

thyristors 

Higher power ratings and 

lower cost since it 

employs thyristors 

 

Fast and continuous control of 

the degree of series 

compensation 

Can be employed 

for high and low 

frequency 

applications 

Is able to control 

the power flow and 

oscillation damping 

with moderate 

speed response 

The capacitor reactance 

can be controlled 

smoothly by varying the 

delay angle α 

Has a unique ability for the 

direct control of capacitor 

reactance by controlling the 

turn OFF angle γ  

 

 Continuous control of the 

degree of series 

compensation 

Has been proposed as an 

economic and simple solution 

for series compensation in 

power control applications 

 

 Can provide the 

transmission line with 

inductive or capacitive 

compensation 

Component ratings for 

capacitors and switches are 

lower than for the TCSC 

 

 Has the ability to mitigate 

SSR problems 

Has the ability to prevent SSR 

without a controller or with a 

simple controller  

 

 Increases energy transfer, 

and improves transient 

stability in long 

transmission lines by 

damping the power 

oscillation 

Increases energy transfer, and 

improves transient stability in 

long transmission lines (TL) 

by damping power oscillation 

with a simple controller 

 

 Is capable of controlling 

power flow in TL and 

limiting fault currents as 

well as enhancing power 

quality 

Effective in controlling the 

power flow in long TL where 

it is considered a simpler and 

more economical solution 

 

  Can improve the system 

stability margins by 

mitigating power system low 

frequency oscillations.  

 

  A ZVS device which can be 

used in high power 

applications 
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  Able to improve dynamic 

stability due to its high 

efficiency 

 

 

 

TSSC TCSC FCSC SVSC 

Disadvantages 

Offers discrete control of the 

degree of series 

compensation 

Indirect control of 

XC value, since XC 

varies as a function 

of XL (α) 

In POD 

applications, the 

scheme of GCSC 

protection is 

important 

Care needs to be taken to 

ensure alternative 

operation of the switches 

The need to connect a 

current limiting reactor in 

series due to the thyristors 

physical constraints  

The major 

drawback is the 

probability of 

parallel resonance 

between its L and 

C, which leads to 

infinite reactance 

 It is challenging to 

decide appropriate values 

of capacitors C1 and C2 

Use the thyristor, which is 

naturally commutated switch  

  RSVSC is added to provide 

the current path during 

switch transitions 

Not suitable for high 

compensation levels because 

of the risk of SSR  

  Many components, two 

capacitors and four 

switches 

The characteristics of SSR 

are similar to those of a 

fixed capacitor 

   

The degree of compensation 

varies in a step-like way 

   

The aforementioned comparison clearly shows that the TCSC and FCSC can be considered 

the most significant FACTS devices used so far, and they have been employed effectively and 

successfully in power transmission systems. Furthermore, the availability of many detailed 

investigations of these devices in terms of performance analysis and modelling, in addition to 

the actual deployment of both types of device, increases the likelihood of them being 

proposed for employment in stand-alone systems. 

 It is obvious from the above comparison that selecting the most suitable series compensator 

circuit which can cope effectively with a wide range of voltage and frequency variation 
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requires the exclusion of the TCSC circuit from employment in any system where the 

frequency is expected to vary over a wide range, which is the case with the system proposed 

in this thesis. The reason for this is the increased risk of dangerous intrinsic parallel resonance 

occurring between L and C in the TCSC, which requires the frequency range in the operating 

region to be limited, as mentioned in Table 2-1. Furthermore, this table shows that, in general, 

the advantages of the FCSC outnumber those of the TCSC.    

The SVSC may also be considered a promising circuit which can deal effectively with various 

frequencies. However, the large numbers of switches and capacitors, which would be even 

more numerous in the three-phase topology, makes it an inappropriate choice for such 

systems. This is due to the higher switching losses which would be involved and the greater 

complexity of the control method required which would increase the cost of the converter. 

Although many studies have investigated the behaviour of CSC circuits in power systems 

with a fixed frequency and voltage amplitude, only a limited number have demonstrated the 

use of the CSC with generator-set systems [29, 43, 76]. An example of the application of a 

CSC to a generator-set is described in the next section.  

2.5 FCSC-Rectifier in Wave Energy Buoys 

In stand-alone wave energy conversion buoys, the frequency is very low due to the nature of 

the long wavelength of water waves which vary over a small range between 1-3 Hz. Generally 

in such systems, the generator is connected to a diode bridge rectifier to achieve AC to DC 

conversion. 

A single-phase FCSC circuit for wave energy conversion buoys has been introduced to 

improve the overall power factor of the system [42]. In this work, a single-phase FCSC circuit 

is connected to the single-phase linear generator to improve the power factor. The FCSC 

output is then fed to an uncontrolled single-phase diode bridge rectifier, as shown in Figure 

2.11. Two IGBT switches were used in this configuration. As explained earlier, each switch is 

ON for half of the supply voltage cycle. In the control scheme used in this work, the switch is 

ON when the voltage crosses zero and is kept ON until the delay angle γ is reached which is 

measured from the current waveform peak, as illustrated in Figure 2.12. Therefore, each 

switch is ON for π/2 + γ and OFF for the rest of the half cycle of the generator voltage. This 

means that each IGBT switch will always be ON for π/2 before any control action and, 
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therefore, each of these switches has already lost half of its active region. As a consequence, 

the ability of the controller is limited to a small change in the operating conditions.  

 

Figure 2.11 Single-phase FCSC circuit 

Although the three-phase generator is commonly used in such systems, the investigations in 

previous research were carried out only for a single-phase FCSC topology and without any 

consideration of load variation [30, 92]. The control method used for the single-phase FCSC-

rectifier in wave energy buoys with a small range of frequency variations 1-3 Hz is illustrated 

in Figure 2.12.  

 
Figure 2.12 Switching pattern of the single-phase FCSC in wave energy buoys 
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Therefore, it is important to investigate the three-phase topology of the FCSC circuit to 

examine its operating performance and behaviour during wide range of voltage and frequency 

variations in a three-phase system. The limitations of considering a small range of frequency 

variation should be overcome and, thus, it is crucially important to find a new control method 

to be able to control the circuit in single and three-phase FCSC circuits to cope with the wide 

operating frequency values.  

2.6 Summary 

The above sections have investigated the available CSC circuit topologies for different 

applications. Generally, CSCs are mainly used in power transmission systems where the 

amplitude of voltage and frequency are fixed. CSCs used in power transmission are 

considered FACTS devices. In such systems, the CSC is able to increase the transferred 

power, improve system stability and enhance power quality. This chapter has provided an 

overview of the family tree of VRCSCs. A theoretical comparison between different circuit 

configurations is presented to provide a better understanding of the strengths and weaknesses 

of each type of configuration. This helps in selecting the most suitable compensator circuit 

topology able to cope effectively with variable-voltage variable-frequency systems. Based on 

the above investigation and comparison, it is concluded that the FCSC circuit is the most 

suitable circuit topology for implementation in such systems.  

Generally, in many stand-alone variable-voltage, variable-frequency systems such as wave 

energy converters, the high inductance of the generator-set leads to deterioration in the overall 

system power factor. It is one important target of this research to develop a power electronic 

converter able to improve the power factor over wide frequency and voltage variations. This 

requires an investigation into whether combining the FCSC circuit with a simple uncontrolled 

diode bridge rectifier, and developing a new control technique for the FCSC converter that 

allows wide frequency variations, is able to correct the operating power factor with low 

harmonic levels. A high power factor ensures a better utilization of electric generator output, 

which will enhance the power transferred to the load. 

The next two chapters describe the implementation and performance behaviour of both single-

phase FCSC converter and three-phase FCSC converter by simulations. 
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Chapter 3. Single-Phase FCSC Converter 

In Chapter 2, it was concluded that the FCSC circuit represents the most promising CSC 

circuit topology to be employed in stand-alone systems operating at variable-voltage and 

variable-frequency with wide ranges of frequency variations, to achieve a high power factor 

and high output power. This chapter investigates the behaviour of the single-phase FCSC-

rectifier. Firstly, the system is described analytically, including various modes of operation, as 

presented in Section 3.1.5. Secondly, a numerical simulation for the converter is carried out 

(in Section 3.3) using SABER as a circuit simulator for modelling and simulation. A SABER 

model for the single-phase topology is developed to provide a better understanding of how the 

converter behaves in a stand-alone system. The operation of the single-phase FCSC under 

different load conditions is also investigated and simulation results are presented in this 

chapter. Furthermore, system performance in terms of the power factor and total harmonic 

distortion (THD) is also described in the final section.  

The major concerns of this thesis mainly lie in proposing and developing a new control 

strategy to be employed for the three-phase FCSC-rectifier which is able to cope effectively 

with wide variations of supply voltages and frequencies. Circuit performance when employed 

in a three-phase stand-alone system is described in Chapter 4. Therefore, in this chapter, the 

single-phase topology is investigated merely to develop a basic understanding of both the 

performance of the FCSC converter and the novel control strategy presented in Chapter 5. 

Moreover, the single-phase FCSC circuit has been investigated previously, as mentioned in 

Chapter 2, for a very small range of frequency variations. However, previous work has not 

considered the impact of load variations on the behaviour of the single-phase FCSC-rectifier 

and therefore it will be covered in this chapter. 

3.1 Analytical Description 

In a stand-alone system, a single-phase FCSC converter is positioned between a single-phase 

variable-voltage variable-frequency electrical generator and a single-phase diode bridge 

rectifier feeding a DC load, as shown in Figure 3.1.  
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3.1.1 FCSC-rectifier topology 

As explained in Chapter 2, the FCSC circuit employs a series compensation capacitor, Cc, 

connected in parallel with two anti-parallel forced commutated IGBT switches, S1 and S2. 

Each switch will be ON for half a cycle of the voltage supply waveform, depending on the 

voltage polarity of the electrical generator through two driving circuits. 

Single phase 

electrical 

generator

Driving 

circuit

Cc

S2

S1

Controller

DC 

load

Single phase 

rectifier

Single phase FCSC 

circuit

Driving 

circuit

 

Figure 3.1 Single-phase FCSC converter configuration in stand-alone system 

These driving circuits are controlled to vary the ON and OFF times of switches S1 and S2. 

During each half cycle of the generator output voltage, S1 and S2 are controlled to vary the 

effective capacitive reactance by controlling the turn-off angle  of the two switches, as 

expressed in equation (2-8). This means that the FCSC represents a controllable reactance 

compensator which can be used to compensate for the reactive power in electrical power 

systems. 

3.1.2 Electrical generator 

The electrical generator is represented by its back EMF, Vs, the internal machine resistance, 

RS, and the internal machine inductance, LS. In this chapter, a single-phase linear permanent 

magnet generator is utilised to supply the variable amplitude of the back EMF with a variable 

frequency. 
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3.1.3 Single-phase diode bridge rectifier 

In many stand-alone systems, the electrical generator output is fed to a rectifier circuit. A 

single-phase diode bridge rectifier is used to rectify the AC power to DC power and keep cost 

and complexity at a minimum. However, the use of conventional diode rectifiers has a 

deleterious effect on the source power quality, since it pollutes the AC power supply with 

harmonics. Therefore, it is important to employ a high-quality rectifier which ensures a high 

power factor, high efficiency and low harmonic generation [111, 112].  

This thesis investigates the performance of the FCSC-rectifier to determine if it can qualify as 

a high quality rectifier. The load consists of a parallel RC circuit, with RL and CL representing 

the load resistance and load capacitance respectively. The load is fed from a single-phase full-

wave diode bridge rectifier (D1 to D4).  In the conventional diode bridge rectifier, CL is used 

as a DC filter to reduce the ripple in the output voltage. This ripple will be very small when 

the time constant (RL CL) is sufficiently larger than the line voltage period. At a very large 

value of CL, the circuit operates in the discontinuous current mode (DCM). This is because, 

when the instantaneous rectifier input voltage is higher than the capacitor voltage, the current 

passes through the conducting diode and charging CL to the peak of the input voltage. 

However, when the instantaneous input voltage falls to a value lower than VL, the diodes are 

reverse-biased, no current passes through them, and the capacitor discharges through the load 

resistance [113, 114], as shown Figure 3.2. This figure shows the input voltage and the 

voltage across the capacitor when the diode rectifier is connected to a sinusoidal voltage 

source and feeding RLCL load with a very high CL (neglecting any inductance in the circuit), 

and the current in the circuit is in discontinuous mode.  

In this thesis, the DC load is modelled as a resistance which is defined by Ohm’s law (RL= VL/ 

IL). The actual DC load may include not only the resistive load, but also non-linear loads, 

switching converters and regulators which, at certain operating points, can be defined by the 

ratio between the average voltages to the average currents which represent RL. 

3.1.4 Principles of operation 

In stand-alone variable-voltage variable-frequency systems, the role of the FCSC is to 

compensate the inductive reactance of the electrical generator by matching its capacitive 
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reactance to cancel out the effect of machine inductance, which otherwise causes a reduction 

in output voltage and a poor power factor (PF). 

 

Figure 3.2 Voltages and current in single-phase full-wave rectifier connected to stiff voltage source 

and feeding RC load  

In essence, as explained previously, the FCSC capacitor voltage and hence capacitive 

reactance can be varied by controlling the turn-off angle () of the two switches. This angle 

corresponds to the peak input current value and the zero crossing point of the capacitor 

voltage. By controlling (), the capacitive reactance of the FCSC can be controlled. 

Theoretically, when Xc=XL, the voltage waveform is in phase with current waveform, this 

means that the system is operating at unity power factor. Therefore, if the controller is capable 

of adjusting the system reactance, in this case the FCSC-rectifier will operate with a power 

factor of unity because there will be no phase difference between the current and voltage 

waveforms.  

3.1.5 Modes of operation of single-phase FCSC converter 

As the FCSC circuit employs two IGBT switches, the circuit configuration changes 

periodically according to the switch states. Assuming the utilized circuit is a pure inductor and 
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capacitor and only two rectifier diodes will conduct in each half cycle, which means that the 

commutation period is zero. 

As explained earlier, each IGBT switch is ON for a half voltage waveform cycle. S1 

represents the only active switch which controls the voltage and current during the positive 

half cycle of the generator’s back EMF, while S2 will be the active switch during the negative 

half cycle. Figure 3.3  illustrates the conventional IGBT’s switching pattern in terms of turn-

off angle for a power transmission system. This means that during each half cycle of the 

generator back EMF, one switch will be permanently OFF. There are two subintervals during 

the half cycle of the voltage waveform regarding to the switching state. This leads to four 

modes of operation per generator frequency cycle. Each two modes are identical due to the 

identical switches ON and OFF state per half cycle. Therefore, two different circuit 

configurations describe the system during one switching cycle of CCM. S1 and S2 are driven 

by two driving circuits which are controlled to vary values of , as illustrated in Figure 3.1. 

 

Figure 3.3 Conventional turn-off angle control for FCSC converter 

Figure 3.3 shows the conventional control method when the GTO switches are turned off at a 

value of . In this figure, 

𝑇 =
1

𝐹𝑆
 (3-1) 

where Fs is generator frequency; and 

𝑇𝑂𝑁 = 𝐷 𝑇 (3-2) 
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𝑇1 = 𝑇2 =
1

2
 𝑇 (3-3) 

1) Mode 1: S1 OFF, S2 OFF, D1 and D2 conducting at t=TOFF 

During the positive half-cycle of the generator back EMF, T1, S1 is opened permanently until 

the controller provides the required pulse to turn S1 ON for a certain time through a driving 

circuit, and returning to OFF for the rest of the period T, and S2 is permanently OFF in this 

interval. A representative diagram for the current path flow when S1 is OFF during the 

positive half cycle is shown in Figure 3.4 . The current path is highlighted by the red line.  
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Controller
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Figure 3.4 Schematic circuit diagram when S1 is OFF 

For this interval when both switches are in their OFF state during time t = TOFF, the equivalent 

circuit configuration is given in Figure 3.5. As the switch S1 across the capacitor CC is opened, 

the capacitor is able to fully compensate the inductor voltage with a certain voltage value. 

This voltage is a function of the switch OFF time. The two conducting diodes in the rectifier 

circuit are simply regarded as short-circuit and named DT in the equivalent circuit diagram. 

The generator voltage polarity changes during each half cycle in addition to the active switch 

which alternates with its polarity. Therefore, the generator back EMF is represented by VS (t) 

to indicate the generator voltage regardless of its polarity. 

In this mode, two capacitors are present in the circuit with two different functions. The output 

capacitor (CL) works as a smoothing capacitor, while the series capacitor acts as a 
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compensator by resonating with the generator’s inductor. The equations which can describe 

the system in this mode are based on Kirchhoff’s voltage and current laws as follows: 

vR (t) vL (t) vCC (t)
DT

CL

RL

RS

|VS (t)|

LS iRL (t)

vCL (t)

iCL (t)

id (t)

CC

vO (t)

is (t)

 

Figure 3.5 Effective FCSC equivalent circuit: mode1/mode 3 

|𝑉𝑆(𝑡)| = 𝑣𝑅 (𝑡) + 𝑣𝐿 (𝑡) + 𝑣𝐶𝐶  (𝑡) + 𝑣𝐶𝐿(𝑡)  (3-4) 

Rewriting equation (3-4) gives 

|𝑉𝑆 (𝑡)| =  𝑖𝑆(𝑡)𝑅𝑆 + 𝐿𝑆  
𝑑𝑖𝑆 (𝑡)

𝑑𝑡
+ 𝑣𝐶𝐶(𝑡) + 𝑣𝐶𝐿(𝑡) (3-5) 

From Figure 3.4 we can write: 

𝑖𝑠(𝑡) = 𝑖𝑑(𝑡) 

 

  (3-6) 

𝑣𝑜(𝑡) =  𝑣𝐶𝐿(𝑡) 
(3-7) 

𝑖𝑑(𝑡) = 𝑖𝐶𝐿(𝑡) + 𝑖𝑅𝐿(𝑡) 
(3-8) 

 Referring to equation (3-6), this yields: 

𝑖𝑆(𝑡) = 𝐶𝐿  
𝑑𝑣𝐶𝐿(𝑡)

𝑑𝑡
+

𝑣𝐶𝐿(𝑡)

𝑅𝐿
 

(3-9) 

2) Mode 2: S1 ON, S2 OFF, D1 and D2 conducting at t= TON 

During the second interval of the positive half-cycle of the generator back EMF, T1, S1 is 

closed at t = TON (S2 is always opened during T1) and remains ON for a period of  which is 

adjusted by the controller.  

Figure 3.6 illustrates the current flow (shown in red) during the  period of time when S1 is in 

its ON state. The capacitor Cc is shorted by closing S1 for a  period; again the two conducting 
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diodes in the rectifier circuit D1 and D2 are simply represented by a short circuit DT, giving 

the equivalent circuit configuration as shown in Figure 3.7. During this subinterval of TON, the 

circuit is configured differently as shown in the figure.  
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Figure 3.6 Schematic circuit diagram when S1 is ON 
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Figure 3.7 Effective FCSC equivalent circuit: mode 2/mode 4 

From Figure 3.7: 

𝑖𝑠(𝑡) = 𝑖𝑑(𝑡) (3-10) 

 

|𝑉𝑆(𝑡)| = 𝑣𝑅 (𝑡) + 𝑣𝐿 (𝑡) + 𝑣𝐶𝐿(𝑡) 

Re-writing equation (3-11) produces 

(3-11) 

 

|𝑉𝑆 (𝑡)| =  𝑖𝑆(𝑡)𝑅𝑆 + 𝐿𝑆  
𝑑𝑖𝑆 (𝑡)

𝑑𝑡
+ 𝑣𝐶𝐿(𝑡) 

(3-12) 
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And  

𝑖𝑑(𝑡) = 𝑖𝐶𝐿(𝑡) + 𝑖𝑅𝐿(𝑡) 

Re-arranging  (3-13) gives: 

(3-13) 

𝑖𝑆(𝑡) = 𝐶𝐿  
𝑑𝑣𝐶𝐿(𝑡)

𝑑𝑡
+

𝑣𝐶𝐿(𝑡)

𝑅𝐿
 (3-14) 

3) Mode 3: S2 OFF, S1 OFF  D3 and D4 are conducting at t =TOFF 

During the negative half cycle of the voltage waveform, S2 is closed (S1 opened) at t = TOFF, 

giving the equivalent circuit shown in Figure 3.5. Circuit operation is again described by 

equations (3-4) to (3-9). 

4) Mode 4: S2 ON, S1 OFF, D3 and D4 conducting  

For the remainder of the negative voltage half cycle, the system equivalent circuit is as shown 

in Figure 3.7 and operation is described by equations (3-10) to (3-14). 

The above equations show that the variation in load voltage is a function of load resistance in 

all modes of operation. Therefore, the effect of load variation on the FCSC-rectifier behavior 

is investigated in this research and verified in the next section by simulation. 

3.2 Performance Consideration 

I. Power factor (PF)  

The operating power factor of a circuit is a measure of the effectiveness of drawing real 

power from the supply and transferring it to the load. In other words, it is an indicator of the 

effective utilization of an electric power supply. Therefore, the power factor can be defined as 

the ratio of real power (P) to apparent power (S) as expressed in the following equation  [112]:  

𝑃𝑜𝑤𝑒𝑟 𝐹𝑎𝑐𝑡𝑜𝑟(𝑃𝐹) =
𝑅𝑒𝑎𝑙 𝑃𝑜𝑤𝑒𝑟

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑃𝑜𝑤𝑒𝑟
=  

𝑃

𝑆
=

1
𝑇 ∫ 𝑣(𝑡) 𝑖(𝑡)𝑑𝑡

𝑇

0

𝑉 𝐼
 

(3-15) 

In a linear sinusoidal single phase system, real power (P), apparent power (S) and the reactive 

power (Q) can be computed using the following equations: 

𝑃 = 𝑉  𝐼 𝑐𝑜𝑠 ∅ (3-16) 
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𝑆 = 𝑉 𝐼 (3-17) 

𝑄 = √𝑆2 − 𝑃2 (3-18) 

where V and I represent the RMS values of voltage and current. 

The angle ϕ is the phase angle between the sinusoidal current and voltage waveforms. Unity 

power factor load reduces the losses caused by the current drawn from the electrical power 

source, as the current is inversely proportional to the power factor, shown in equation (3-15). 

For non-sinusoidal waveforms, a Fourier series may be used to express the voltage and 

currents as:                                                                                                                                   

𝑣(𝑡) = 𝑉0 + ∑ 𝑉𝑛

∞

𝑛=1

cos(𝑛𝜔𝑡 − 𝜑𝑣𝑛) 
(3-19) 

𝑖(𝑡) = 𝐼0 + ∑ 𝐼𝑛 cos(𝑛𝜔𝑡 − 𝜑𝑖𝑛)

∞

𝑛=1

 
(3-20) 

where φvn, φin  represent the phase delay of voltage and current waveforms respectively.  

By substituting equations (3-19) and (3-20) in equation (3-15), the power factor can be 

calculated. However, since the voltage source is purely sinusoidal in the simulation analysis, 

equation (3-15) can be re-written to calculate the power factor with non-sinusoidal current as 

follows:  

𝑃𝐹 =
𝑃

𝑆
=

𝑉1 𝐼1 cos(𝜑𝑣1 − 𝜑𝑖1)

𝑉 𝐼
=

𝐼1

𝐼
cos 𝜑 

(3-21) 

where I1  is the RMS value of the fundamental current component. The angle φi1 is the phase 

angle between I1 and the voltage. The power factor can be re-formulated as: 

𝑃𝐹 = 𝐷𝐹 × 𝐷𝑃𝐹 (3-22) 

𝐷𝐹 =
𝐼1

𝐼
 (3-23) 

𝐷𝑃𝐹 = 𝑐𝑜𝑠𝜑 (3-24) 

where DF and DPF are the distortion and displacement power factor, respectively. The DF is 

defined as the ratio of the RMS fundamental current to the RMS current. Equation (3-21) 

shows that large distortion in the current waveform yields a small distortion factor and, hence, 

a low power factor even with a high DPF. The DPF represents the phase shift between the 
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fundamental current (I1) and supply voltage, as shown in Figure 3.8. This is unity when the 

fundamental current is in phase with the voltage waveform [115, 116].  

II. Efficiency 

The efficiency of an electrical system can be defined as a ratio of the output power (Pout) to 

the input power (Pin) as follows: 

% 𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
× 100% (3-25) 

It is an indicator of the amount of power dissipation in any power system. Low efficiency 

means a large amount of heat resulting from dissipated power [113]. 

 

Figure 3.8 Supply voltage, supply current and first harmonic current relationship 

Therefore, the total power loss (Ploss) can be defined as: 

𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 (3-26) 

The switch total losses (Pst) are a part of the total system losses, and Pst can be divided into 

switching losses (Psw), conduction losses (Pcond) and fixed losses (Pfix) as expressed by the 

following equations: 

𝑃𝑠𝑡 = 𝑃𝑠𝑤 + 𝑃𝑐𝑜𝑛𝑑 + 𝑃𝑓𝑖𝑥 (3-27) 

The switching losses are comprised of turn-ON losses (Pturn-ON) and turn-OFF losses 

(Pturn_OFF), which are both a function of switching frequency. They can be expressed as: 

Time (s)

V

I

I1

ϕ
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𝑃𝑠𝑤 = 𝑃𝑡𝑢𝑟𝑛−𝑂𝑁 + 𝑃𝑡𝑢𝑟𝑛−𝑂𝐹𝐹 (3-28) 

𝑃𝑡𝑢𝑟𝑛−𝑂𝑁 =  
1

2
 𝑉𝐶𝐸𝐼𝐶  𝑓𝑆(𝑡𝑐(𝑂𝑁)) (3-29) 

where VCE is the voltage appearing across the switch before the transition to the ON state or 

after transition to the OFF state. IC represents the current flowing through the IGBT switch 

during its ON state and tc(ON) is the switch transition interval to ON state. 

𝑃𝑡𝑢𝑟𝑛−𝑂𝐹𝐹 =  
1

2
 𝑉𝐶𝐸𝐼𝐶  𝑓𝑆(𝑡𝑐(𝑂𝐹𝐹) ) (3-30) 

tc(OFF) represents the switch transition time to be in OFF state. Substituting equations (3-29) 

and (3-30) in equation (3-28) leads to:    

𝑃𝑠𝑤 =  
1

2
 𝑉𝐶𝐸𝐼𝐶  𝑓𝑆(𝑡𝑐(𝑂𝑁) + 𝑡𝑐(𝑂𝐹𝐹)) (3-31) 

However, the conduction loss can be expressed as:  

𝑃𝑐𝑜𝑛𝑑 = 𝑉𝑂𝑁𝐼𝐶  
𝑇𝑂𝑁

𝑇
 (3-32) 

where VON  is the voltage across the switch during the (ON state) and the ratio of  TON/T is the 

duty ratio D. According to this equation, the conduction loss is a function of duty cycle. On 

the other hand, Pfix is classified as a constant loss because it is not affected by load and 

switching frequency variations. Pfix includes the switch control circuit power requirement, 

which is typically small. Therefore, it is neglected here [112, 114].  

III. Total harmonic distortion (THD) 

Essentially, harmonic analysis is a technique that can be useful to analyse voltage and current 

waveforms arising in the presence of  non-linear loads [117]. 

THD is an index of the distortion of the waveforms which can be used to describe the 

deviation of non-sinusoidal waveforms from a sinusoidal form. Therefore, THD is the ratio 

between the RMS values of the harmonics to the RMS value of the fundamental component 

[111, 112]: 

% 𝑇𝐻𝐷𝑖 =
√𝐼2 − 𝐼1

2

𝐼1
× 100 (3-33) 

The aforementioned information shows that both power factor and THD are functions of 

distortion in the waveform, which helps in formulating the relationship between them as: 
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𝑃𝐹 =
𝐷𝑃𝐹

√1 + (
% 𝑇𝐻𝐷

100 )
2
 (3-34) 

 

It is always required to keep the waveform distortion at a minimal level. A high current 

distortion has deleterious effects in electrical power systems, including utility power loss. 

3.3 Numerical Analysis and Simulation Results  

In this section, the numerical analysis is carried out using a simulation package. In this thesis, 

the SABER from Synopsys is employed as a simulation platform to perform the numerical 

analysis and model the system. SABER version I-2013-12 is used in this work. SABER is a 

powerful platform which is able to simulate physical systems. For a power electronic 

converter, SABER is an effective platform which is able to model different semiconductor 

switches in ideal and non-ideal cases. This helps the designer to predict the performance of 

the power converter, including the switching losses. In addition, it has a huge number of 

datasheets for actual devices from different manufacturers which are modelled in a MAST 

language to achieve a proper estimation by the designer of system performance. Furthermore, 

the user can characterize different semiconductor switches such as IGBT, MOSFET and 

DIODE through its modelling tool to provide accurate predictions of switch behaviour in 

terms of switching speeds, losses and thermal impedance if needed. Therefore, it was decided 

to use SABER as a platform for simulation to model, simulate and analyse the single-phase 

FCSC-rectifier in this chapter and the three-phase FCSC-rectifier in the next chapter.   

In the following subsections, a general overview is presented to highlight major performance 

measurements which can characterise system behaviour, followed by relevant circuit 

simulations.  

3.3.1 Single-phase FCSC- rectifier in wave energy converter 

The single phase operation is investigated for low frequency applications only, such as wave 

energy conversion. 

With wave energy converters (WECs), it is required to capture and convert mechanical power 

into electrical power as efficiently as possible. Therefore, the mechanisms of power take-off 

(PTO) represent a main focus of much research into wave energy because it plays an 
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important role in cost, including infrastructure costs and energy efficiency in terms of output 

power.  

The PTO mechanisms can be categorized into four different types as follows [118-120]: 

oscillating water column (OWC); hydraulic-pump converters, including Pelamis [121]; 

overtopping devices such as the wave dragon [122]; and direct drive converters. Different 

electrical generator topologies exist in these categories which are classified mainly as fixed-

speed and variable-speed electrical generators. The generator selection and design have been 

investigated by many researchers to improve system efficiency in addition to reduce cost and 

size, which are considered as major concerns in marine technology. The direct drive converter 

has been proposed as a promising PTO technique in terms of efficiency and reliability, since 

the mechanical parts are removed. Polinder el al. [123] compared different generator 

topologies, such as the conventional three phase PM generator, switched reluctance generator 

and induction generator. Electric generators from the variable reluctance permanent-magnet 

VRPM family, such as the transverse-flux permanent-magnet generators (TFPM) have been 

proposed as a promising generator topology suitable for employment in such applications due 

to their high efficiency, small size and lower cost [123-125]. However, these generators have 

the significant major drawback of poor power factor due to the high inherent inductance of the 

generator, which has a deleterious effect on power factor. The power factor has been 

calculated to be as low as 0.31 [123-125]. Therefore, the need to provide the required reactive 

power is crucially important to improve the power factor. Due to frequency variations, Muller 

[124] described the necessity of using a variable capacitance during one wave cycle to 

maintain high output power and achieve optimum performance. As the frequency and induced 

voltage vary in wave energy applications, the use of fixed capacitor assisted excitation for 

voltage regulation  proposed by Chen in  [126] will not be effective.  

In general, in direct drive wave energy conversion schemes, the output of the electrical 

generator is a variable-frequency, variable-amplitude voltage waveform, as the generator is 

directly coupled with the reciprocating motion of the waves. Due to the nature of the long 

wavelength of water waves, linear electric generator topologies generate low electric 

frequencies between 1-3 Hz [92]. 

Moreover, the electrical generation system in a wave energy converter consists generally of 

an electrical generator and a power converter. Different rectifier topologies form the 

interfaces between electric generator and the load in such a system. Common rectifier circuits 
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include the diode bridge rectifier, PWM rectifier and DC-DC boost rectifier. A comparison of 

these topologies has been published [29, 127] for series hybrid vehicle (SHEV) applications 

with a constant frequency of 300 Hz. The authors therein addressed the weaknesses and 

strengths of each topology in terms of power flow, power factor and output voltage control. 

They highlighted that the PWM rectifier has the best performance, at the expense of high cost 

and complex control circuitry. On the other hand, the diode bridge rectifier represents the 

simplest topology with the downside of it having no control on power flow and power factor. 

In addition, a small change in the DC output ripple voltage results in large variations in the 

AC current waveforms [112].   

The single phase FCSC-rectifier is used to interface the linear generator in wave energy buoys, 

to overcome the degradation of the power factor in such systems; this will be demonstrated in 

the following sections. Beside the ability of stand-alone wave energy buoys to generate 

energy, they are used as a navigation-warning device in addition to having the ability to 

monitor any seismic activity. The electric generator is employed in order to power up the 

buoy’s electronic parts. Several electronic devices are included in the buoy, such as a central 

processing unit (CPU), lights, and transmitters to send a warning signal when sea conditions 

change during activity such as a tsunami.  

3.4 SABER Model of the Single-Phase FCSC-Rectifier   

The simulation is carried out using the SABER platform. In this simulation, parameters of the 

linear generator, shown in Table 3-1, have been taken from a previous study [42]. This linear 

generator was introduced and tested originally by Ran et al. [128] for direct drive wave 

energy conversion as a three phase generator. A 2.8 kW single-phase linear PM generator 

feeds a single phase FCSC-rectifier which provides the load with DC power. This generator 

has 16 air-cored coils per phase which are configured to have only eight active coils at any 

moment, while the other eight coils are inactive. The maximum induced voltage in each coil is 

60 V, which provides a maximum back EMF voltage of 480 V per-phase with a maximum 

current of 75 A. The coil inductance and resistance are 24 mH and 0.4 , respectively, which 

gives a total inductance of 384 mH per phase and a resistance of 6.4  per phase. 

Figure 3.9 illustrates the model developed for the system, where the linear generator is 

represented by its back EMF (Vs), and the generator internal resistance and inductance are Rs 

and Ls, respectively. 
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Table 3-1 Single phase linear PM generator parameter 

Back EMF (Vs) Inductance (LS) Resistance (RS) 

480 V 384 mH 6.4  

The same representation will be used later on a per-phase basis for a three-phase generator. 

The FCSC circuit is modelled as series capacitor Cc, with two anti-parallel IGBT switches 

available in the SABER library of components. A fast speed IGBT from International 

Rectifier (irgpc20f) is employed, which is represented as S1 and S2 in the figure. The IGBTs 

were characterized on physical devices by performing laboratory measurements within the 

software library. This helps to develop a proper understanding of the circuit behaviour with 

non-ideal IGBT switches.  

Power diodes D5 and D6 are used in series with S1 and S2, respectively. D5 is forward- biased 

during the positive half cycle of back EMF, which ensures that the current is passing through 

S1 only when S1 is in its ON state, D6 is reverse biased. The DC load is modelled as a resistor 

RL in parallel with the smoothing capacitor CL as explained in section (3.1.3). During the 

negative polarity of the back EMF, D6 conducts, which ensures that the current flows through 

S2 when it is in the ON state. Both switches are driven by a classic driving circuit to provide 

the required pulses for turning the switches ON and OFF for certain intervals.  

In order to provide S1 and S2 with the required pulses for ON and OFF intervals, two driving 

circuits are modelled. Each consists of a gate resistor, Rg, connected in series with a 

programmable square wave generator, Vg. The numbers 1 and 2 in indices refer to the driving 

circuits for S1 and S2, respectively. A simple single phase full-diode bridge rectifier is 

connected to the FCSC output to perform AC to DC conversion. Diodes D1 and D2 are 

conducting during the back EMF’s positive half cycle, while D3 and D4 conduct during the 

negative half cycle as usual. The smoothing capacitor CL (sometimes called the reservoir 

capacitor) is connected in parallel with the load resistor RL to store energy when the rectifier 

voltage is around its maximum value, and it supplies the load for the rest of the time. A high 

capacitance is important to reduce the ripple component in the output voltage [7, 129]. All of 

the simulation circuit parameters are listed in Table 3-2. Same diodes and IGBTs are used to 

simulate the three-phase FCSC circuit in the next chapters. 
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Figure 3.9  SABER model of a single phase FCSC converter 

All simulation results assume that the controller is continuously adjusting the FCSC reactance 

to match the machine inductive reactance Xcc = XLS, implying that =0 at a frequency of 3 Hz. 

The simulation results clearly show that, by using the FCSC, the power factor is high at 0.986 

as the current waveform is approximately sinusoidal and almost in phase with the machine 

voltage waveform, as shown in Figure 3.10. 

The output voltage is 243 V with an RMS ripple value of 1.356 V. It is always recommended 

that the time constant of CLRL should be much larger than the duration of the line frequency 

cycle, to reduce output voltage variations (i.e. to reduce the ripple) [7, 114]. 

It should be mentioned that, to fully compensate the generator inductance, a single-phase 

FCSC circuit needs to use a high capacitance value of 7 mF. This means that, in the single 

phase topology, both the compensation capacitor and smoothing capacitor are large. 

The power factor is calculated in two ways in this simulation; firstly, in terms of real and 

apparent power as expressed in equation (3-21); and by using SABER measurement tools to 

measure P and S, the power factor is high with a value of 0.986.  
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Table 3-2  Simulation circuit parameters for single-phase topology 

Circuit parameter Value 

VS max 576 V 

Fs 3 HZ 

RS 6.4 Ω 

LS 384 mH 

Cc 7 mF 

Rg1=Rg2 50 Ω 

Vg1=Vg2 15 V 

CL 300 mF 

RL 10 Ω 

 
Von  

 
0.7 Ω 

gon= 1/Ron  10 kmho 

goff = 1/ Roff  0.001 mho 

 

VCES  600 V 
 

VCE (sat)  ≤ 2.8 V 

Ic  9 A 

Pdmax_Ja 60 W 

Iamax 64 A 

Vgkmax 20 V 

rth_ja 40  

Rth_jc 2.1  

Secondly, the power factor is calculated for the distortion and displacement factor. As the 

current is not purely sinusoidal, as shown in Figure 3.10, it is important therefore to calculate 

the distortion in the input current waveform. Using Fast Fourier Transform FFT analysis will 
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help in identifying the contamination of the input current waveform by harmonics. The results 

show that the total power factor is high as both DF and DPF are high (DF=0.991, DPF= 0.995, 

PF = 0.985) as given by equations (3-23), (3-24) and (3-22), respectively. Both methods result 

in approximately the same values of power factor. 

 

Figure 3.10 Single phase FCSC converter waveforms, input voltage (Vs), input current (is) and load 

voltage (VL) when  = 0 at Fs=3Hz. 

In order to calculate the current harmonic contaminations in the system, FFT (Fast Fourier 

transform) analysis is carried out by using SABER. The harmonic content of the current 

waveform is shown in Figure 3.11. This figure demonstrates the peak value of each harmonic. 

It is clear that the dominant harmonic is the third order harmonic. The percentage current at 

this frequency is 13.048% with the harmonic order until the 11
th

 harmonic order included in 

the THD calculation.  

The efficiency is calculated as the ratio of the DC output power to the AC input power to the 

FCSC-rectifier (=93%) using equation (3-25). In this case, the conduction loss and switching 

loss are zero as  =0.  

3.5 Operations at Various Load Conditions 

This subsection investigates the behaviour of a single-phase FCSC-rectifier at different load 

conditions to assess converter performance during load variations [130]. The investigation is 

divided into two parts. 
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Figure 3.11 Frequency spectrum of peak input current harmonics 

The load resistance RL is varied in part A, while the load capacitance CL is kept constant at a 

value of 300mF. Conversely, in part B, only the load capacitor is changed with a fixed value 

of RL at 10 . It is assumed that the controller is continuously tuned in such a way as to keep 

the phase angle between the voltage waveform and the fundamental component of the current 

waveform at zero. The simulation results have been taken with an initial voltage of 209V on 

the reservoir capacitor. 

The results show that the variations in load resistance have an impact on the performance of 

the FCSC which verifies the equations which describe the system during each modes of 

operation. However, a minimal effect on FCSC-rectifier behaviour occurs during variations in 

CL. The distortion factor in the FCSC-rectifier will be affected by load variations as a result of 

the dependency of the input current on the load, as stated earlier in (3-9) and (3-14). 

A. Variation of load resistance (RL) 

The circuit is simulated with increasing ratios of RL/RS from 0.1 to 50, by varying RL only and 

maintaining Rs at 6.4 . Figure 3.12 shows that the power factor drops slightly as the load 

resistance is increased.  

The distortion in the input current waveform and the phase shift between the back EMF and 

the fundamental component of the machine current are lower at higher values of RL, 

decreasing the overall value of the power factor. The DPF is maintained at a high level at 
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different values of load resistance, which leads to improvements in the power factor value 

even when the distortion in the input current is high. This shows that both factors affect the 

total power factor.  

 

Figure 3.12 Displacement, distortion and power factor as a function of RL/RS 

When the converter load is changed to be a light load, the percentage current total harmonic 

distortion THDi is affected. As shown in Figure 3.13, the THDi is higher at higher values of 

load resistor. However, at heavy loads, there is a dramatic reduction in THDi. 

 

Figure 3.13 Percentage current total harmonic distortion as a function of RL/RS 
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B. Variation of load capacitance  

By following the same procedure and increasing the ratio between load capacitor CL and CC 

by keeping CC at 7 mF and increasing CL from 70 μF to 700 mF, the simulation results 

demonstrate that CL has a slight effect on FCSC-rectifier performance. Figure 3.14 illustrates 

the total power factor, the distortion factor and the displacement factor as a function of CL/CC.  

 

Figure 3.14 Distortion, displacement and power factor as a function of CL/CC 

The high displacement factor is a result of the controller adjusting the back EMF in phase 

with the machine current. The distortion factor is also high for all CL values. Although the 

value of CL varies, the power factor is almost constant at about 0.99 with a slight drop at low 

capacitance values. This drop can be ignored in practice as the output voltage is highly 

unstable in this region. 

Figure 3.15 describes the variation in the current total harmonic distortion when CL is varied. 

As the value of CL increases, the ripple content in the system waveforms is reduced, 

improving THD. 

The results clearly show that although the controller is able to maximize the value of DPF, the 

power factor is still affected by the value of DF. The results also demonstrate that the power 

factor of the FCSC converter is reduced with increasing load resistance but is hardly affected 

at all by changes in load capacitance. This is because the input current is affected by variation 

in load resistance and less so when changing CL. Overall, it can be concluded that changes in 
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the power factor are relatively small when the load is varied within a certain practical range of 

values. 

 

Figure 3.15 Current total harmonic distortion as a function of CL/CC 

3.6 Summary 

This chapter describes the use of a single-phase FCSC-rectifier in a wave energy converter. 

As water buoys operate at low frequencies in addition to the high generator inductance value, 

the effects of commutation overlap in the rectifier circuit is significant, reducing the operating 

power factor of the system. Several generator topologies and designs have been presented in 

the literature. However, this cannot prevent the degradation of the power factor in such 

applications. Therefore, the need to employ a power electronic converter which is able to 

provide better generator utilization is important.  

The modes of operations of the FCSC converter are also described and its performance is 

analysed numerically using SABER. Simulation results show that the FCSC is effective in 

improving the power factor in such systems to a high value of up to 0.99.  

The impact of variation in load on power factor is also investigated. The simulation results 

show that the increase in load resistance will reduce the operating power factor of the circuit, 

driven by a drop in the distortion factor. This effect appears despite the capability of the 

controller to stipulate a zero phase shift between the machine voltage and machine current. It 

is also shown by simulation that changes in load capacitor value have a minimal impact on the 

total power factor.  
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From the results presented in this chapter, it can be concluded that the turn-off angle () 

corresponding to the maximum total power factor of the FCSC circuit is not only a function of 

generator inductance (i.e. the phase angle between machine voltage and fundamental current 

as a result of rectifier commutation overlap), but is also influenced by the loading of the 

circuit, including the resistance of the load. Nonetheless, the variation in power factor is very 

limited with a maximum change of around 2%. 

As mentioned earlier, the main focus of this research is the three-phase of FCSC converter; 

thus no further investigations will be performed for the single-phase circuit topology. 

However, the novel proposed control technique presented in Chapter 5 is initially tested on 

the single-phase FCSC circuit to achieve a basic understanding before implementing it in the 

three-phase FCSC circuit configuration. 

In the next chapter, the same procedural approach as that used for the single-phase FCSC-

rectifier will be followed for the three-phase FCSC-rectifier circuit. However, based on the 

simulation results in Chapter 3, only load resistor variations will be investigated in the next 

chapter. 
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Chapter 4. Three-Phase FCSC Converter  

 

This chapter describes the performance and behaviour of the three-phase FCSC circuit in 

stand-alone variable-voltage variable-frequency systems, which are typically three-phase 

systems. Based on the principles and simulation results for a single-phase FCSC circuit which 

were presented in Chapter 3, this converter is able to maintain a high input power factor and 

high output power in its single-phase topology. Similarly, the operation of the three-phase 

FCSC circuit is investigated in this chapter to assess its performance.  

The suitability of the three-phase FCSC circuit for employment in a variable-voltage variable-

frequency stand-alone system is investigated in this thesis. One such application is an 

aerospace system where the operating frequency is varied between 350-800 Hz (named the 

wild frequency [11, 131]). This chapter investigates the three-phase FCSC converter in a 

stand-alone system with an operating frequency of 500 Hz, which is considered to be within 

the more electric-aircraft (MEA) frequency range. All simulation results in this chapter 

assume that the resonant frequency is 500 Hz, which is equal to the maximum frequency.  

This means that in this investigation the maximum frequency of the aircraft application is 

reduced to 500 Hz in order to be compatible with practical constraints, as discussed later in 

Chapter 6. The frequency variation range is investigated in the next chapter. 

As explained in earlier chapters, the three-phase FCSC-rectifier has only been simulated 

previously in comparison with certain PFC converters and some CSC circuits when operating 

at a fixed frequency of 300 Hz [29]. However, this previous work did not investigate the 

operation of the three-phase FCSC converter at the various operating conditions of a VVVF 

system. Therefore, this chapter analyses the converter topology by introducing the circuit 

principle of operation in order to understand the circuit behaviour in such system at a 

resonance frequency, followed by numerical investigations of the system with and without 

employing the FCSC circuit in order to evaluate the impact of using three-phase FCSC 

converter in such a system. The investigation is also including a discussion for the circuit 

behaviour based on the duality concept, which has not been discussed before for either single-

phase or three-phase FCSC circuit. Furthermore, as this converter is proposed for employment 

in an aerospace application, an overview of existing PFC converters employed in aerospace 
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applications is also presented, and the problem of zero crossing distortion in different 

converters is highlighted. 

The system is modelled and simulated in order to observe the performance of the three-phase 

FCSC converter at a medium frequency of 500 Hz.  In addition, the simulated model will be used 

in the design and implementation of the three-phase FCSC-rectifier. The other advantage of the 

simulation is that its results are used as a base in order to compare it with the practical 

implementation results in Chapter 6. The simulation results show that the three-phase FCSC-

rectifier is capable of improving the power factor in addition to being able to comply with the 

current distortion requirements in such application. 

The impact of load variations on the performance of three-phase FCSC is also investigated in 

this chapter. However, as a result of the findings in Chapter 3, where it was demonstrated that 

the load capacitor has a minimal impact on the behaviour of a single-phase FCSC converter in 

a stand-alone VVVF systems, the investigation is limited to variation in the load resistance 

only. 

In this thesis, as the three-phase system (a, b and c) is assumed to be a balanced system, most 

of the results will be presented for one phase such as phase a, because the other phases are 

assumed to be identical. 

4.1 Power Electronics Converter Topologies for Aircraft Applications 

AC to DC conversion plays an important role in MEA power systems, and is important as it 

provides DC power for different DC loads and electrical drives. Power quality, size, weight, 

cost and reliability are trade-offs for different aerospace applications. In airborne applications, 

on-board equipment should be strictly compatible with the manufacturer’s guidelines and 

regulatory limits such as DO-160 (environmental conditions and test procedures for airborne 

equipment). DO-160 is a guideline for the standard procedures and criteria of environmental 

tests for airborne hardware, including electrical and electronic avionics and mechanical 

systems, published by the Radio Technical Commission for Aeronautics (RTCA). This 

document also defines the input harmonics distortion limits caused by various loads, due to 

the recognition of the negative impact of harmonics on aircraft power systems caused mainly 

by the intensive use of uncontrolled rectifiers in airborne systems. Therefore, one of the most 

important requirements for an on-board converter is the maximum allowance of the input 

current harmonic distortion [10, 12]. In general, different power electronics converter 
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topologies are proposed to interface the aircraft power grid, including the permanent magnet 

alternator (PMA), with different electrical loads. Therefore, the employment of a power factor 

correction (PFC) converter is very important. However, the selection of a suitable converter is 

very challenging, because most conventional PFCs pollute the input current with harmonics. 

The active PFC technique is able to improve the power factor and reduce the harmonics; 

however, it causes distortion in the input current at the zero crossing point of the input voltage, 

which becomes higher at medium frequencies of 360-800 Hz [26, 132]. For example, the 

boost PFC AC-DC topology suffers from zero crossing distortion (also called crossover 

distortion), which is low at a frequency of 50 or 60 Hz, but much higher at a frequency of 400 

Hz or higher. The latter is the frequency range of commercial aircraft, especially when the 

aircraft adopts a variable frequency range such as wild frequencies [133]. Sun [23, 24] 

summarized the limits for the even, triplen and non-triplen harmonics set by the RTCA DO-

160G for a single phase system, and showed clearly that this topology had a high distortion 

level when employed in a system at a frequency of 400 Hz. Furthermore, this distortion 

increased proportionally with frequency at aircraft frequencies, which means that the topology 

exceeds the allowable harmonic level set by RTCA DO-160G and thereby it cannot be 

employed in airborne applications. The high current distortion levels of the boost PFC 

topology are mainly caused by cusp distortion and the discontinuous conduction mode (DCM) 

of the boost inductor. Cusp distortion arises as soon as input voltage crossover occurs with a 

limited voltage across the inductor. This distortion is a function of boost inductor size [25]; 

however, reducing the inductor size affects the DCM interval. The input current distortion due 

to DCM occurs before the zero crossing point and is mainly related to the phase displacement 

between the current and the input voltage. The low frequency input current distortion can be 

avoided by increasing the ratio between the switching frequency and line frequency, at the 

expense of the power level. However, a good current loop design can reduce the DCM 

distortion. Therefore, different approaches have been proposed by many researchers to 

overcome this problem in the single-phase topology in the higher frequency range of 350-800 

Hz. Sun [23] proposed a phase delay technique for a single-phase topology to reduce or 

cancel the distortion from the existing phase lead according to DCM distortion, while Xiaohui 

and Xinbo [133] proposed a single-phase boost multi-level (ML) converter to reduce this 

problem at the wild aircraft frequency. Comparisons between different existing converter 

topologies have also been performed by several researchers. In 2011, Zhang et al. [25] 

presented a comparison of different single-phase PFC topologies, including the traditional 
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single-phase PFC, the diode-assisted single-phase PFC, three level single-phase PFC, and 

bridgeless single-phase PWM rectifier. They concluded that the PWM rectifier with a bi-

directional current is able to eliminate zero-crossing distortion, with the downside of high 

switching losses, a large boost inductor and a complex control loop, which meant increasing 

the cost of the system. ML-PFC and diode-assisted PFCs are able to reduce the zero-crossing 

distortion to the different levels at the expense of complex control circuity. Furthermore, a 

switched capacitor scheme using two directional switches to minimize the zero-crossing 

distortion has also been presented [25]. Brombach et al. [10] analysed and tested three 

conventional PFC topologies, including a PFC with boost converter, a PFC with a flyback 

converter and a PFC with passive filters. They concluded that none of them fulfilled the 

requirements of aircraft power quality. On the other hand, an evaluation of the three-phase 

PFC converter topologies according to efficiency, volume and weight has also been published 

[16]. 

The aforementioned information clearly shows that the need to employ high performance PFC 

converters is crucial in aircraft applications. 

4.2 Description of the Three-Phase FCSC Converter 

In three-phase stand-alone VVVF systems, the three-phase FCSC circuit is located between 

the AC variable-voltage and variable-frequency electrical generator and the three-phase six-

pulse diode bridge rectifier which feeds the DC power to a DC load, as shown in Figure 4.1.  

4.2.1 Three-phase FCSC-rectifier topology 

Similar to the single-phase FCSC-rectifier, the three-phase FCSC-rectifier also employs a 

series capacitor CC shunted by two anti-parallel IGBTs in each phase. In order to feed the DC 

load, a three-phase six-pulse diode bridge rectifier is used. The DC load is modelled as a 

resistor for simplicity in this research and shunted by a filtering capacitor as explained earlier 

in Chapter 3. Any unregulated DC load which obeys Ohm’s law could be used as a load, such 

as heating equipment and certain types of DC-DC converter. For clarity, the DC load is 

modelled as an equivalent resistor in this thesis. 

In order to maximize the utilization of the PM generator, the power factor should be 

approximately unity. Therefore, the FCSC circuit is used to cancel out the effect of generator 
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inductance by the effect of the FCSC series capacitor CC. The effective capacitive reactance is 

a function of the ON time of IGBT switches.  
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Figure 4.1 Three-phase FCSC-rectifier in stand-alone variable-voltage variable-frequency 

The IGBT switches are controlled using a DSP digital controller. The pulse is generated to 

turn the switch ON and OFF for certain periods during each half-cycle of the generator’s back 

EMF. Each IGBT switch will be ON for an interval of  and OFF for the rest of the half-cycle 

of the generator voltage waveforms. There is a phase shift of 120 between each IGBT pair of 

phase, which is compatible with the phase shift between the phase voltage waveforms. In 

other words, the switches S1, S3 and S5 are phase shifted by 120, and similarly S2, S4 and S6 

are also shifted by 120. However, the anti-parallel switches in each phase have a phase 

difference of 180 between them. This means, that there is a 180 phase shift between each 

pair such as S1-S2, S3-S4 and S5-S6, while the phase shifts between S1-S3, S3-S5, S2-S4, and S4-

S6 are 120. 
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It is worth mentioning that, in commercial aircraft, the load can be classified as AC and DC 

loads supplied by either constant-frequency (CF) or variable-frequency (VF), according to 

recent developments in aircraft power systems, which reduces the costs [12].  The AC loads, 

include the galley, electric motors and turbo-fans, whereas various DC loads are distributed in 

the aircraft which can be categorized as constant power, constant voltage, and constant current 

loads. These include the avionic systems, heating, and various controllers and actuation 

systems [20]. 

4.2.2 Three-phase electrical generator 

In general, a three-phase permanent magnet (PM) synchronous generator is used in VVVF 

systems, such as in aerospace applications. In this thesis, an aero engine generator presently 

under development at Newcastle University is used for simulation and practical 

implementation. As the inductance of this generator is considerably high, it has a poor power 

factor [134, 135]. In this research, the PM generator is represented as a series connection of a 

sinusoidal voltage source and stator inductance and resistance, on a per-phase basis. 

4.2.3 Three- phase six-pulse diode bridge rectifier 

The three-phase six-pulse diode bridge rectifier is used in the system to perform AC to DC 

conversion. In general, the modes of operation of the three-phase rectifier supplied by three-

phase balanced AC source are conceptually illustrated in Figure 4.2. In this figure, for the 

sake of simplicity, commutation overlap is neglected. In one AC supply cycle, commutation 

occurs every 60 [136]. At each commutation interval, the current passes through a different 

diode. This means that for every 60 the circuit configuration changes according to the line-

line voltage. 

The operation of the uncontrolled three-phase rectifier differs according to the type of DC 

load connected to the rectifier output [112]. For various applications, three common types of 

load are generally fed by the rectifier: including pure resistive load (R), series inductive load 

(RL), and parallel RC load. It is important to mention that, in this work, the load is parallel 

RC; however, RL load is described to provide an understanding of the duality principle of the 

circuit as described later. 
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Figure 4.2 Commutation sequences in the three-phase six-pulse diode rectifier  

I. Resistive load 

The ideal operation of the three-phase six-pulse rectifier supplied by a three-phase balanced 

AC source and feeding a pure resistive load is presented in Appendix B. This shows that 

when the load is a resistive load, the output voltage and current of the rectifier are comprised 

of six pulses during one AC frequency cycle, while the AC input current contains two pulses 

in each half-cycle of the phase current frequencies. The AC currents are symmetrical and 

shifted by 120 degrees. 

II. RL load 

Figure 4.3 shows that the three-phase rectifier is connected to a stiff sinusoidal three-phase 

supply, and feeds a series connection of RL. The filter inductor on the DC side is capable of 

absorbing the pulses (ripples) from the input AC current and also smooths the DC load 

current as shown in Figure 4.4. The figure also shows that the output voltage consists of six 

pulses per one AC frequency. Each ripple is in accordance with the AC line-line voltage, 

which varies every 60. The load voltage can be calculated in a similar way to the resistive 

load case as: 
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𝑉𝐷𝐶 = 1.35 𝑉𝐿𝐿 (4-1) 
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Figure 4.3 SABER model of the three-phase rectifier with RL load 

 

Figure 4.4 Voltage and current waveforms of the three-phase rectifier with RL load  
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In Figure 4.4, the average output voltage is measured using SABER measurement tools as 

279.1 V, and this agrees with the above expression, since the RMS of Vin_ab is measured as 

206.5 V after adding the two diode voltage drop. 

Based on the basic relationship of the inductor voltage, the slope di(t)/dt can be very small if 

the value of the inductor is large enough at a given voltage (the slope is zero when L is 

infinite), and the rectifier will operate in continuous current mode (CCM) and each diode 

conducts for 120 [112]. Therefore, if the value of the inductance in the rectifier circuit is 

sufficiently large, the load current has negligible ripple and is considered as a DC current.  

III. RC load 

When the rectifier output is connected to the capacitor-filter in parallel with a DC load 

(represented by equivalent resistor), it operates differently. This type of rectifier circuit is 

commonly used in various applications such as battery chargers and adjustable speed drives 

[137]. However, unlike the conventional inductor filter rectifier, limited literature analyses 

this rectifier comprehensively [138].  

The value of the filtering capacitor determines the value of the output voltage ripple. For a 

sufficiently large capacitor, the output voltage (VL) become a constant DC voltage based on 

the definition of capacitor current and the slope dv(t)/dt. Hence, if CL tends to infinity, the 

output voltage will be pure DC. Furthermore, as soon as the line-to-line input voltage (VLL) 

becomes larger than the load capacitor voltage, two diodes conduct (one from the top and one 

from the bottom). This forms one pulse from the six pulses in the output current, and two 

positive pulses and two negative pulses in the AC input current in accordance with the peak of 

the line-line voltage. During this interval, the capacitor will be charged to the peak of the 

input voltage. On the other hand, when VLL is lower than the capacitor voltage, the two 

conducting diodes are in blocking mode and the capacitor discharges its voltage through the 

load resistor so that the circuit will operate in a discontinuous current mode (DCM). In 

addition, the load resistance current (IL) is proportional to the load voltage (VL) [112, 139]. In 

such a case, the rectifier operates in discontinuous current mode and starts to peak-detect, as 

shown in Figure 4.5. 
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4.2.4 Principles of operation of the three-phase FCSC converter 

As explained earlier, the FCSC circuit is used to cancel out the effect of the generator 

inductance via the FCSC series capacitor CC.   

 

Figure 4.5  Voltage and current waveforms of the three-phase rectifier with RC load 

The same principle as in the single-phase case is applied for the three-phase system. All 

switches in all phases will be ON for an interval, while maintaining a phase difference 

between each other according to the phase sequences. Each phase is controlled by two IGBT 

switches, and each IGBT is active for a half-cycle of the PM generator voltage waveform. 

Figure 4.6 illustrates the circuit configuration every 60. The figure shows that the active 

switches and the conducting diodes change as a function of the VLL polarity. In each mode, 

two phases are connected together and the equivalent circuit includes circuit resistance and 

inductance with values of 2 Rs and 2 Ls, respectively. The grey colour in this figure represents 

the IGBT switches which have no effect on circuit behaviour in this interval, and the non-

conducting diodes in addition to the phase hold no current. Based on Figure 4.6, which shows 

the six circuit configurations, there are in addition two IGBT switching states in each half of 

the line-line voltage. Therefore, there are 12 modes of operation that can describe the circuit 

behaviour for one frequency cycle. 



Chapter 4         Three-Phase FCSC Converter 

 

70 

 

However, the circuit configurations are identical in several modes, except for the location of 

the active switches and conducting diodes.  
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Figure 4.6 Circuit configurations as a function of  line-line voltage polarity 

4.3 Performance Consideration 

In a similar manner to that with the single-phase FCSC converter, this analysis is performed 

in terms of the power factor, efficiency, and total harmonic distortion in the three-phase 



Chapter 4         Three-Phase FCSC Converter 

 

71 

 

FCSC-rectifier. A brief description of these performance measurements in a three-phase 

system is introduced next.   

I. Power factor (PF) 

In a three-phase sinusoidal balanced system, the relationship between the active P and 

reactive Q and apparent power S is similar to that in the single-phase circuit [134]. Recalling 

the information previously explained in Chapter 3, the three-phase voltage source is 

sinusoidal in the simulation and the power factor can be expressed as: 

𝑃𝐹 =  
𝐼𝐿1

𝐼𝐿
 cos 𝜑 (4-2) 

It is worth mentioning that, in the experimental test results presented in Chapter 7, the power 

factor is calculated according to equations (3-34) and (3-35), since the AC source voltage 

contains harmonics, as will be explained later. 

II. Efficiency () 

The efficiency of the three-phase FCSC converter in variable-voltage variable-frequency 

three-phase systems can be calculated based on the power flow in such systems. Therefore, 

the efficiency of the converter can be determined as in the following equations: 

% 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (
−

𝐹𝐶𝑆𝐶) =
𝑃𝑑𝑐

𝑃3𝑝ℎ
 (4-3) 

𝑃𝑑𝑐 = 𝑉𝑑𝑐(𝑎𝑣𝑒) × 𝐼𝑑𝑐(𝑎𝑣𝑒) (4-4) 

The three-phase power is calculated from the average of the instantaneous power in each 

phase, or it can be determined in terms of phase values as given in the formula:  

𝑃𝑖𝑛−
3𝑝ℎ = 3 × 𝑉𝑝ℎ 𝐼𝑝ℎ  cos 𝜑 (4-5) 

where Vph is the voltage between each phase and a neutral point, while Iph represents the phase 

current. 

III. Total harmonic distortion (THD) 

In a three-phase balanced system, the total current harmonic distortion is measured for one 

phase considering that identical currents are flowing through the other phases.  
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Equation (4-6) shows the total current harmonic distortion for one phase named a. 

 % 𝑇𝐻𝐷𝑖 =  
√𝐼𝑎

2 − 𝐼𝑎1
2

𝐼𝑎1
 × 100 (4-6) 

where Ia1 represents the fundamental harmonic of the distorted current in phase a.  

4.4 Numerical Analysis and Simulation Results  

This section presents the numerical analysis for the three-phase FCSC-rectifier employed in a 

stand-alone system with a higher frequency range of voltage and frequency variations such as 

in airborne applications. All the analysis is carried out under the assumption of a balanced 

system.   

In the next sections, a performance analysis is carried out to assess the behaviour of the three-

phase FCSC converter in such a system; this is followed by the simulation results. 

4.4.1 SABER model of three-phase FCSC rectifier 

The three-phase FCSC-rectifier is modelled and simulated as being controlled by the DSP 

controller, in conformity with the practical implementation of the system, as described below 

in Chapter 6. In addition, most of the circuit parameters are chosen in accordance with the 

practical implementation parameters. 

Figure 4.7 shows the SABER model of a three-phase stand-alone system with variable-

voltage variable-frequency generator output. In this thesis, the permanent magnet alternator 

(PMA) is emulated by its back EMF V, its internal resistance Rs, and its inductance Ls. The 

three phases are named as phase a, b and c. Each phase of the generator is represented by a 

pure AC voltage source with a phase delay of 120 between them. In this model, the three-

phase FCSC is represented by three series capacitors Cc connected in series with the generator 

inductance and distributed one for each phase. Six IGBT switches labelled from S1 to S6 are 

connected in parallel across the series capacitor and distributed in pairs per phase. These 

switches are driven by classic drivers to control the effective capacitance for each phase by 

controlling the IGBT ON times. Six diodes, D1 to D6, are used to perform AC to DC 

conversion. The diodes conduct in accordance with the line-line voltages. The smoothing 

capacitor CL is used to reduce the ripple content in the DC output voltage and hence the 

output current. The load is represented by load resistance RL. As this converter is proposed for 
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use in MEA applications, as one type of stand-alone variable-voltage variable-frequency 

applications, therefore an aero engine generator with a rated speed of 14000 rpm is adopted to 

supply the three-phase system with a three-phase FCSC circuit.  

In the simulation and practical implementation, the permanent magnet generator parameters 

are based on an aero engine generator presently under development at Newcastle University 

[140]. In the aerospace application, the PMA provides a redundant power supply to the full 

authority digital engine (or electronics) control (FADEC) which is used to control all the 

performance of aircraft engine by a digital computer. The PMA is powered from the engine 

gearbox via a dedicated low speed output and it must provide constant power across a wide 

speed range. The power is generated using a passive rectifier on the machine output which is 

connected across a fixed DC voltage, and when power is not required (when the DC link is 

fully charged and the DC link voltage is rising) the rectifier is shorted and the machine runs in 

short-circuit until the DC link voltage falls below the set point. Thus, the machine has a very 

high per unit inductance to limit the short circuit current to acceptable values. The machine is 

rated and sized for the low-speed (6% of rated speed) performance requirements, causing it to 

be heavily over-rated at the high speed performance specifications. This means that this 

machine suffers from a poor power factor. The full rated speed of this machine is 14,000 rpm. 

The performance requirement of the machine is shown in Table 4-1. 

Table 4-1 Performance requirement of PMA which feeds the FADEC engine control 

Speed (RPM) 970 1200 1500 4500 6000 8250 

Power (W) 40 48 57 90 100 120 

Therefore, the three-phase FCSC circuit is proposed to interface the PMA and the three-phase 

rectifier to overcome the power factor degradation problem caused by the very high 

inductance of this machine. This simulation model is verified by the practical 

implementations of the system in the subsequent chapters. The adopted PMA generator has a 

linear relationship between back EMF and frequency with speed. The generator parameters 

are tested as shown in Table 4-2. 

In this chapter, the simulation results are based on the assumption that the controller is set to 

adjust the effective FCSC reactance to fully compensate for the PMA inductive reactance.  



Chapter 4         Three-Phase FCSC Converter 

 

74 

 

Table 4-2 PMA parameters at a frequency of 300 Hz 

Speed(RPM) Frequency(Hz) EMFRMS(V) Rs () Ls (mH) 

2000 300 33.23 2.45 13 

In addition, all the measurements will be for one phase, as the system is assumed to be a Y-

connected balanced system which means that all three phases have the same electrical 

parameters. The simulation circuit parameters are listed in Table 4-3. The diodes and IGBT 

switches used in this simulation are similar to the devices used in the single-phase circuit as 

described earlier in Chapter 3, and their parameters are shown in Table 3.2.  

Table 4-3 Simulation circuit parameters for three-phase system 

Circuit parameter Value 

Van max 78 

Fs 500 

RS 2.45 

LS 13 mH 

Cc 7.8 u 

Rg1=Rg2 50 Ω 

Vg1=Vg2 15 V 

CL 500 F 

RL 20 Ω 

 

4.4.2 Simulation results 

The simulation results are divided into two parts. In the first part, the circuit behaviour is 

tested without using the three-phase FCSC circuit. Then the system performance is assessed 

when the FCSC circuit is employed in such a three-phase system. 
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4.4.2.1 Part A: Simulation results without three-phase FCSC circuit  

In this part, the system is operating without the three-phase FCSC circuit as shown in Figure 

4.8. As the PMA generator back EMF varies linearly with its frequency, and therefore the 

peak phase voltage at 500 Hz is 78V.  

By using simulator measurement tools, the RMS value of the phase-neutral voltage Van_RMS 

equals 55.15 V, which satisfies Vph_RMS = Vph_max/√2, and the RMS for line-line voltage is 

equal to 95.5 V, which also satisfies VLL_RMS = Vph_RMS * √3. The load capacitor is assumed to 

be charged with a 50 V. 
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Figure 4.8 SABER model for the system without FCSC 

Figure 4.9 presents the voltages and currents waveforms for phase a when the circuit is 

running without employing the FCSC circuit when the PMA frequency is 500 Hz.  

From the simulation measurements, the phase difference between the phase voltage and the 

phase current is 69.54. This means that the system has a poor input power factor of 0.35. The 

RMS value of the phase a current (ia) is 1.25 A. In addition, with Van_max equal to 78 V the DC 

load voltage (VL) equals 33.8 V, which is lower than the system input voltage. The rectifier 

input voltage (Vin_ab) is a quasi-square wave and it is clamped by the voltage which appears 

across CL in the DC side to have a maximum value of 35.2 V. The difference between Vin_ab 

and VL  is 1.4 V, which represents the diodes voltage drop. 
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Figure 4.9 Voltage and current waveforms for phase a when the system is working without the FCSC 

circuit 

In other words, the system input voltage has dropped to approximately half of its value. The 

main reason for this is the occurrence of the overlapping current commutation process due to 

the high inductance of the PMA. The commutation overlap prevents the instantaneous current 

transition between the present conducting diodes to the next conducting diodes; it is not 

instantaneous due to the effect of inductance. 

During the overlap period, three diodes conduct, either one from the top group and two from 

the bottom group or one from the bottom group and two from the top group [114, 127].  For 

example, when the diodes D1, D3 and D5 are conducting, the current transition waveforms 

flowing through diodes are as shown in Figure 4.10. In the three-phase bridge rectifier, the 

commutation occurs six times in one cycle. 

VL 
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The overlapping period is dependent on the value of machine inductance which can be 

expressed in terms of the commutation angle u. Assuming Rs is neglected, u can be expressed 

as: 

cos 𝑢 = 1 −
√2 𝜔𝐿𝑆 𝐼𝑑

 𝑉𝐿𝐿
 (4-7) 

where  is the angular frequency, LS is the machine inductance , Id is the average load current 

and VLL  is the RMS line-line voltage. And the average output voltage VL when Rs is ignored 

can be calculated in the equation below as: 

𝑉𝐿 = 1.35 𝑉𝐿𝐿 − ( 
3

𝜋
 𝜔 𝐿𝑆 𝐼𝑑  ) 

(4-8) 

It is important to mention that equations (4-7) and (4-8) are derived for a rectifier circuit 

supplied from a stiff high inductance sinusoidal voltage source, and the output of the rectifier 

is connected to a constant DC current source [114] which is not the same as the load in this 

work. However, it is used here for discussion purposes only. 

Equation (4-8) shows clearly that a high value of generator inductance reduces the average 

output voltage, because the voltage drop caused by the machine reactance is subtracted from 

1.35 VLL. This voltage reduction is increased when the machine inductance increases [136]. 

Figure 4.10 shows the overlap interval between the diodes. In addition, this figure illustrates 

how one diode conducts while the other diode is carries the current during the overlap period. 

Indeed, in this circuit, the diode conducts for a period of approximately 1 ms, which is equal 

to 180 as the period is T=2 ms. The phase shift between each diode is equal to 333.1 s, 

which is equivalent to 60, as shown in Figure 4.11. This is because the polarity of the line 

voltage varies every 60. Therefore, the circuit is operating at CCM. 

The results show that when the PMA is connected directly to a three-phase rectifier, the 

system suffers from both a significant reduction in the average DC load voltage due to current 

commutation overlap and poor input power factor. 
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Figure 4.10 Phase a current and diodes D1,D3 and D5 currents during commutation interval 

 

Figure 4.11 Diode current waveforms 
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4.4.2.2 Part B: Simulation results with the three-phase FCSC circuit  

The circuit is simulated with a series capacitor of 7.8 F to fully compensate for the effect of 

PMA inductance. The value of line capacitor is calculated based on equation (4-9), assuming 

that the resonant frequency (fr) is similar to the operating frequency (Fs) with a value of 500 

Hz and that L represents the PMA inductance in this case.  

𝑓𝑟 =
1

2𝜋√𝐿𝐶
 (4-9) 

This means that the turn OFF angle  is zero for all switches and, thereby, the IGBT’s ON 

time is zero. In other words, all the switches are permanently open during the generator 

frequency cycle. The ESR value of CC is 65.7 m. Figure 4.12 shows the voltage and current 

waveforms in all phases. The currents are in phase with the voltage waveforms in all phases in 

addition to the sinusoidal current shape due to the high inductor value of the PMA generator. 

 

Figure 4.12 Current and voltage waveforms in each phase 
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 The relationship between voltage and current in phase-a is shown in Figure 4.13 in addition 

to the output voltage in the DC side of the rectifier VL.  

 

Figure 4.13 Voltage and current waveforms in phase a and load voltage 

By comparing Figure 4.9 and Figure 4.13, it is clear that by using the FCSC circuit in series 

with the PMA generator, the phase difference between the voltage and current waveforms 

becomes approximately zero. This means that the FCSC is able to improve the power factor to 

be approximately unity in such system. Furthermore, there is a dramatic increase in the value 

of the average output voltage when employing the FCSC circuit to interface the PMA 

generator, as the output voltage increases from 35.2 V to 99 V. This results in increasing the 

DC load current dramatically, since the load current follows the load voltage in RC circuit as 

explained in Section 4.2.3. Figure 4.13 also shows that the rectifier input voltage (Vin_ab) is 

also a quasi-square wave and is clamped by the DC load voltage minus the diodes voltage 

drop.  

Figure 4.14 shows that the rectifier output current consists of from six pulses, and each 

current pulse is produced according to the line-line voltage, as explained earlier in this chapter. 
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The value of the rectifier peak current is equal to the peak of the input current in each phase. 

This is similar to the case of the rectifier output voltage in a rectifier circuit connected to the 

RL load and supplied from a sinusoidal voltage source. 

 

Figure 4.14 Average voltage and current in the DC output 

Therefore, it is important to mention that the circuit operation is in accordance with the 

duality principle in electrical systems. Duality can be described as the relationship between 

two separate circuits, where voltage behaviour of one resembles the current behaviour of the 

other and vice versa [141, 142]. For example, the series RL circuit supplied by voltage source 

is a dual to parallel RC circuit with current source injection. By invoking the duality principle, 

many expressions can be derived.  

Based on this concept, the average rectifier current can be calculated as follows: 

𝐼𝑑𝑐 =
1

𝜋/3
 ∫ 𝐼𝑚

𝜋/6

−𝜋/6

cos 𝜔𝑡  𝑑𝜔𝑡 (4-10) 

𝐼𝑑𝑐 =
3

𝜋
 𝐼𝑚 = 1.35 𝐼𝑅𝑀𝑆  (4-11) 

 where Im and IRMS represent the maximum and RMS values of the input AC current, 

respectively.  

This illustrates how the combination of the electrical PMA generator with the FCSC circuit 

connected in series constitutes a sinusoidal current source which is able to inject a sinusoidal 
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current into the three-phase rectifier, and, therefore, with the help of the duality concept, 

many relationships can be derived on this basis when needed. Furthermore, all diode currents 

are shown in Figure 4.15. Each diode conducts for an interval of 1 ms, which is equivalent to 

180 as the frequency is 500 Hz.   

 

Figure 4.15 Diode currents in all phases 

Figure 4.16 shows that the commutation overlap still exists through the current transition 

between the phases. This figure shows the currents passing through the three diodes in the top 

group (D1, D3 and D5). Comparing Figure 4.16 and Figure 4.10, it can be seen that both 

figures show that the current cannot commutate instantaneously between the diodes, which 

means that commutation overlapping exists in both cases. However, the use of the FCSC 

minimizes the reduction in output voltage caused by the commutation overlap, as the 

commutation interval is reduced. 

To employ the FCSC-rectifier in aircraft applications, the current distortion needs to be 

investigated in more detail. The input current in each phase is approximately sinusoidal, and 

therefore the fundamental harmonic is the dominant harmonic in the frequency spectrum of 

the current in phase-a, as shown in Figure 4.17. However, for aircraft applications, because of 

the strict distortion limits, all harmonics below the 40
th

 need to be considered to compare 



Chapter 4         Three-Phase FCSC Converter 

 

84 

 

them with current harmonics limits set by RTCA DO-160. Monroy et al. [143] presented the 

current harmonic distortion limits for balanced three-phase equipment set by RTCA DO-160 

as shown in Table 4-4. 

 

Figure 4.16 Overlap commutation interval between diodes  

This table shows the limits for each current harmonic component in terms of the maximum 

fundamental current.  

 

Figure 4.17 Frequency spectrum of the current in phase a when employing three-phase FCSC-

rectifier with PMA 

In this simulation, the FFT (Fast Fourier transform) analysis is carried out in SABER to 

calculate the total current harmonic distortion and the harmonic contents of the input current. 
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The FFT is performed for one frequency cycle of the current waveform with 1024 points and 

applying a simple rectangular windowing function with truncation error of 0.000001. This 

table shows the limits for each current harmonic component in terms of the maximum 

fundamental current. 

Table 4-4 Current harmonic limits for balanced three-phase electrical equipment as imposed by RTCA 

DO-160 [143] 

Harmonic order Limits 

3
rd

,5
th

,7
th

 I3, I5, I7= 0.02 I1 

Odd Triplen Harmonics(h= 9, 15, 21,…., 39) Ih=0.1 I1/h 

11
th

 I11=0.1 I1 

13
th

  I13=0.08 I1 

Odd Non Triplen Harmonics 17,19 I17 = I19= 0.04 I1 

Odd Non Triplen Harmonics 23,25 I23= I25=0.03 I1 

Odd Non Triplen Harmonics 29, 31, 35, 37  Ih=0.3 I1/h 

Even harmonics 2 and 4 Ih= 0.01 I1/h 

Even harmonics > 4( h= 6, 8, 10, …., 40) Ih=0.0025 I1 

where h is the harmonic order and Ih is the maximum harmonic current of order h. 

Figure 4.18 provides an example of an FFT analysis and the harmonic spectrum for the 

system by using SABER. The figure shows that higher order harmonics exist, which need to 

be compared with the harmonic limits. The 5
th

 and 7
th

 order harmonics exist with values of 

1.262% and 0.631% of I1 respectively; both are lower than the 2 value in Table 4-4. The 11
th

 

and 13
th

 order harmonics have values of 0.248% and 0.179%, respectively, which is less than 

10% and 8%, the values which are listed in the same table. By comparing all the current 

harmonics orders with the RTCA DO-160 limits defined in the above table, it can be 

concluded that all the current harmonics are within the limits for aircraft equipment.  

This means that the three-phase FCSC converter can be proposed for aircraft applications 

without suffering from zero-crossing distortion problems and without the risk of exceeding 

the allowable current distortion limits at fixed load. The next sub-section investigates the 

effect of load resistance variations on the three-phase FCSC converter performance. 
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Figure 4.18 Input current harmonics   

4.4.3 Operation at various load conditions 

The behaviour of the FCSC converter is also investigated under different load conditions. The 

investigation in this chapter concerns only varying load resistance from 10  to 30  to be 

compatible with the load variation in the practical test presented in Chapter 7. The load 

capacitance is kept constant at a value of 500 F as explained previously. All simulation 

results are presented for a maximum frequency of 500 Hz and measurements are taken from 

phase a, as the other phases are identical.  

By varying the load current, the results show that the three-phase FCSC converter is able to 

correct the power factor to approximately unity (0.999) even when the load is varied. The 

higher power factor is driven by a high displacement factor DPF and high distortion factor DF, 

both of which are slightly affected by changing the load condition from a heavy load to light 

load. Power factor is unity at the lower load resistance value of 10  as shown in Figure 4.19.  

As the system uses a three-phase rectifier, the THDi % is low. There is a slight change in 

THDi % values when the load condition is varied, especially at higher load currents, as shown 

in Figure 4.20. This figure shows the percentage efficiency of the FCSC converter _FCSC at 

different load conditions. The efficiency is calculated based on equation (4-3) after 

subtracting the power losses in the PMA resistance for the three-phases. 
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Figure 4.19 Displacement, distortion and power factor as a function of RL  

Based on the power flow in the circuit, the relationship between the three-phase input power 

Pin_3ph and the DC output power Pout can be formulated as:  

𝑃𝑜𝑢𝑡 =  𝑃𝑖𝑛−3𝑝ℎ − 𝑃𝑙𝑜𝑠𝑠−3𝑝ℎ (4-12) 

 where Ploss_3ph represents the total losses in the three-phase system, and these losses include 

the total losses caused by  PMA resistance PRs_3ph and the small amount of total losses in the 

CC in addition to the diode losses in this case. In this simulation, all IGBT switches are 

permanently open; therefore, the conduction losses and the switching losses are zero. 

Therefore, the total power loss Ploss_3ph in this case is given as: 

𝑃𝑙𝑜𝑠𝑠−3𝑝ℎ =  𝑃𝑅𝑆−3𝑃ℎ + 𝑃𝐶𝐶−3𝑝ℎ + 𝑃𝑑𝑖𝑜𝑑𝑒𝑠 
(4-13)  

 

Figure 4.20 FCSC converter efficiency and current total harmonic distortion 
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Figure 4.21 addresses the relationship between the three-phase input power and the DC output 

power in terms of power losses in the system at different load conditions. 

 
Figure 4.21 Input and output power and power losses in the three-phase system 

With the help of SABER, the average instantaneous power is calculated for each component. 

This figure shows that a large amount of power is dissipated at high PMA resistance Rs. 

However, the power dissipated in the ESR resistance of CC is very small. Similarly, a small 

amount of power is dissipated in the power diodes. When the load current is increased, the 

output power is increased and, thereby, the input power is also increased. Also, the total 

losses are higher at lower load resistance. As explained earlier, since the value of each input 

current harmonic is very important, the magnitude of the percentage maximum input current 

harmonic distortion is calculated to evaluate the effect of load variation on the current 

harmonics.  

By performing FFT analysis, Figure 4.22 illustrates the relationship between load variation 

and each harmonic order. In this figure, all the harmonics between the fundamental 

component until the 40
th

 component are included to cover all the RTCA DO-160 requirements. 

The figure shows that by increasing RL; the magnitude of the 5
th

 harmonic is dramatically 

increased with increasing RL, however, it does not exceed the limits presented in Table 4-4, 

because the maximum value of the 5
th

 harmonics is less than 2 %. Also, despite the increase 

in non-triplen harmonics values (7
th

, 11
th

 and 13
th

) when the load resistance is increased, they 

all remain well within limits.  
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According to the table limits, the 17
th

 and 19
th

 harmonics should not exceed 4% and when 

using three-phase FCSC their values are 0.15% and 0.12%, respectively as shown in the 

figure. The figure also shows that all the harmonic orders increase with increasing RL, 

although the higher harmonic orders have very small values.  

The simulation results clearly show that the performance of the three-phase FCSC-rectifier is 

affected by load resistance variations. The results also show that power factor and efficiency 

are slightly affected by load resistance variations. 

 

Figure 4.22 Percentage input current harmonics as a function of load variations 

4.5 Summary 

This chapter investigates the employment of the three-phase FCSC-rectifier to interface the 

electrical generator with an electrical frequency of 500 Hz, which is one of the operating 

frequencies used in airborne applications.  

In aerospace applications such as a commercial aircraft, the allowable distortion in the current 

is strictly limited. Most conventional PFC converters suffer from high zero crossing distortion 

and large distortion levels, which excludes them from serving in aircraft applications 

according to power quality requirements.  
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This zero crossing distortion is caused mainly by cusp distortion and DCM distortion. 

Therefore, it is very important to propose a new PFC topology which has no zero crossing 

distortion.   

The same procedure as presented in Chapter 3 was followed in this chapter to assess the 

performance of the three-phase FCSC when employed in a medium frequency range 

application. A description of the principles of operation of the circuit is presented in this 

chapter. Furthermore, the impact of type load (R, series RL and parallel RC loads) is also 

highlighted. In addition, simulation results for the PMA generator with the three-phase 

rectifier only and with the three-phase FCSC converter at a maximum frequency of 500 Hz 

are presented. A performance analysis is presented for the three-phase FCSC-rectifier 

operating at 500 Hz. The results show that using the three-phase FCSC-rectifier corrects the 

input power factor significantly from 0.35 lagging, when the PMA generator is connected 

directly to the diode bridge rectifier, to approximately unity power factor when the PMA is 

connected to the FCSC converter. In addition, there is a dramatic increase in the output 

voltage level from 36 V to 99 V even with the existence of commutation overlap. The 

efficiency of the FCSC-rectifier is high, at approximately 97%.  

It is important to mention that the simulation results show that the system behaves in 

accordance with the duality principle in electrical systems. The system operates in a duality 

with the three-phase rectifier supplied by a stiff voltage source. When the FCSC circuit is 

interfaced with a high inductance electrical generator and three-phase diode bridge rectifier, 

the FCSC converter injects a sinusoidal current to the three-phase rectifier.  

Furthermore, the simulation results demonstrate that the current waveforms in all phases are 

approximately sinusoidal and in-phase with the voltage waveforms at a frequency of 500 Hz. 

Therefore, the input current distortion is low and the dominant harmonic is the fundamental 

component with a small RMS value of the fifth harmonic order which is lower than the limits 

for aerospace systems. All of the required current harmonics are investigated by performing 

FFT analysis, and they are found to be lower than the limits set by RTCA DO-160G. This 

means that employing the FCSC in a medium frequency application as a PFC converter will 

not cause current distortion problems.  

This chapter shows clearly that the FCSC-rectifier can be proposed for employment in 

medium frequency applications such as aircraft applications without leading to the problem of 
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zero crossing distortion which occurs in conventional PFC converters. In fact, the simulation 

results show that the FCSC-rectifier is able to enhance the performance of the PMA generator 

without exceeding the power quality limits by improving the power factor. Furthermore, it 

minimizes the overlap current commutation intervals and, thereby, a minimal reduction in the DC 

output voltage can be achieved.   

The performance of the three-phase FCSC-rectifier under different load conditions is 

presented. The efficiency of the three-phase FCSC converter is maintained at a high level 

during load variations, and the converter is capable of maintaining a high power factor at 

different load conditions while a slight increase in the current THD occurs when load current 

is reduced. However, the simulation results show that, when the load is varied from heavy to 

light load, harmonics do not exceed the allowable limits which need to be considered for 

aircraft application. The performance of the FCSC-rectifier is experimentally tested and 

verified in a practical implementation in Chapter 7. To adopt the FCSC-rectifier in airborne 

applications when the frequency is varied, a proper control scheme needs to be proposed. The 

next chapter proposes a new symmetrical duty cycle control in order to help the three-phase 

FCSC-rectifier to cope effectively with a wide range of frequency variations such as wild 

frequency variations.  
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Chapter 5. Control of the FCSC Converter for Variable-Voltage Variable-

Frequency Applications 

Based on the simulation results in Chapter 4, the three-phase FCSC-rectifier is proposed for 

employment as a PFC converter at a maximum frequency of 500 Hz in applications such as 

aircraft. The simulation results show that the three-phase FCSC-rectifier is able to improve 

the power factor to approximately unity, and can maintain the sinusoidal current waveform 

without zero crossing distortion problems. However, in aerospace applications, electrical 

voltage and frequency usually vary. The frequency range is called the ‘wild frequency’, with a 

range of 350-800 Hz. Therefore, the FCSC converter needs to be controlled to cope 

effectively with both frequency and voltage variations.  

This chapter proposes symmetrical duty cycle control (SDCC) as the control method for the 

three-phase FCSC converter, in order to maintain high power quality performance over the 

complete range of frequencies and voltages. However, because this control technique 

represents a novel approach to the control of an FCSC circuit in stand-alone variable-voltage 

variable-frequency systems, the technique is initially presented and simulated on the single-

phase topology for simplicity. This is followed by the application and simulation of this 

approach for the three-phase topology. The same technique is implemented practically using a 

DSP controller for the three-phase FCSC converter. A full assessment of this approach is 

presented in the final section of this chapter. The conclusion marks the key research 

contribution of this work. 

5.1  Symmetrical Duty Cycle Control (SDCC) for the FCSC Converter 

In general, the operating power factor of a generator can be improved by matching the 

effective capacitive reactance of the FCSC circuit to the generator’s inductive reactance to 

mitigate the effects of the generator inductance. Symmetrical duty cycle control (SDCC) is a 

simple control method which does not require sophisticated calculations, and therefore it can 

be implemented with a low cost microcontroller. The principle of this method is based on the 

relationship between the effective reactance of the compensator as a function of the IGBT 

turn-off angle , as previously presented in equation (2-8). However, the new FCSC control 
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strategy can be applied by varying the switch ON time symmetrically around the maximum 

current point for an interval of  degrees in line with the frequency variations this allows the 

FCSC circuit to maintain a high power factor over a wide frequency range [144, 145]. The 

control technique presented in this thesis is able to extend the range of frequencies over which 

the FCSC converter can operate effectively to maintain a higher power factor, in contrast with 

the previously proposed technique [30], which can be used with only a very small range of 

frequency variations, as explained earlier in section 2.5. Figure 5.1 illustrates how the SDCC 

technique offers a wider margin to control and vary the IGBT ON time and consequently the 

effective capacitive reactance when the frequency is varied. However, the previous approach 

presented in [30] allows only a limited margin for varying the ON times of the switches, since 

half of the active cycle is uncontrollable as the switch will always be ON. Therefore, by 

employing the SDCC in the FCSC circuit, the converter can be used in a system with a much 

wider frequency range of 50-500 Hz.  

 

Figure 5.1 Turn-ON periods of FCSC switching devices: (a) SDCC technique (b) Previous technique 

In addition, this approach enables a simple calculation of the IGBT ON time using a new 

formula detailed in the following section, with no need to perform a pre-calculation of the 

value of  as in the previous method. 
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In this section, the technique is first adopted for the single-phase FCSC-rectifier, and then it is 

applied to the three-phase circuit topology. In both cases, the converter is simulated under 

different frequency ranges, including a low frequency variations range of 1-5 Hz, and a 

medium frequency range with wider frequency variations 50-500 Hz. 

5.1.1 Symmetrical duty cycle control for the single-phase FCSC converter 

By turning each IGBT ON for a certain interval , which is symmetrically centred around the 

maximum current instant with a value of , the effective FCSC reactance can be controlled. 

The switching pattern of the IGBTs in the single-phase FCSC converter using symmetrical 

duty cycle control is also illustrated in Figure 5.1. In this pattern, each switch will be ON for a 

period TON, which is equal to 2, and both are symmetrical around the maximum current 

waveform.  

The duty cycle (D), can be calculated as:  

𝐷 =
𝑇𝑂𝑁

𝑇
 

(5-1) 

𝑇 =  
1

2
 𝑇𝑆 

(5-2) 

where Ts represents the period of the generator output voltage. Equation (5-1) addresses the 

relationship between the duty cycle and the system’s electrical frequency. Simply, this 

technique can be described as follows: 

When the frequency varies, the inductive reactance changes in proportion to the frequency 

variation as expressed in the following equation: 

𝑋𝐿 = 2 𝜋 𝐹𝑆 𝐿𝑆 (5-3) 

In order to achieve a high power factor, the effective compensating reactance needs to be 

varied in accordance with the frequency variations. This can be achieved by controlling the 

duty ratio of the IGBT switches in conformity with the new frequency value.  

In this technique, the value of the series capacitance is chosen to match the generator 

inductive reactance at the maximum frequency of the operating spectrum, which is considered 

to be the resonance frequency fr, and then the value of Cc can be determined from the 

following formula: 
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𝑓𝑟 =  
1

2𝜋 √𝐿𝑆 𝐶𝐶

 (5-4) 

In order to maintain a high power factor when the operating frequency is reduced, the 

controller will increase the ON time of the switches to reduce the effective capacitive 

reactance XCC. This is achieved by increasing , and therefore Xc is reduced in line with the 

reduction of XL at the lower frequency. When the frequency is varied, the duty cycle (D) can 

be calculated from the following criteria: 

𝐷 =
(𝑓𝑚𝑎𝑥 − 𝑓)

𝑆
  (5-5) 

where fmax represents the maximum frequency in the frequency spectrum, f is the new 

operating frequency, and S is the scaling factor. The scaling factor is a function of the 

frequency spectrum and its value can be determined according to Table 5-1.  

Table 5-1 Scale factor as a function of frequency variations 

Frequency 

variation range 

Small frequency 

range 1-10 Hz 

Medium frequency 

range 10-100 Hz 

Large frequency range 

50-1000 Hz 

Scale factor (S) 10 100 1000  

5.1.1.1 Simulation results for the single-phase topology at various frequency ranges 

In order to assess the symmetrical duty cycle control technique in both topologies with 

voltage and frequency variations, different frequency spectra are used. In this simulation, for 

comparison purposes, the relationship between the time constant  and the generator operating 

frequency is maintained at a constant level when the frequency spectra are changed, in order 

to provide a reference for the assessment of circuit behaviour. At the minimum frequency this 

is in the range, = 3 T; however, for the maximum frequency it is = 15 T. In addition, since 

the input current of the single-phase rectifier is very sensitive to load variations, it is 

recommended that  should be greater than T [7, 114]. This is accomplished by selecting 

appropriate values of RL and CL when the frequency spectrum is modified, since   = RL*CL. 

However, in actual aircraft systems the load value represented by RL is dictated by passengers, 

and is predominantly based on the DC-loads fed by the FCSC converter, as previously 

discussed in Chapter 4.   
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1) Frequency range of 1-5 Hz 

For low frequency spectrum applications such as in a wave energy converter, the simulation is 

carried out with the circuit parameters shown in Table 5-2. The parameters of the classical 

driver circuit used in all the simulations are similar to that of Table 4-3. In this simulation, the 

maximum voltage and frequency values are varied simultaneously, maintaining the ratio of Vs 

/ Fs constant with a value of 100. 

Table 5-2 Circuit parameters at maximum frequency of 5 Hz 

Circuit 

parameter 
VS_max fS Rs Ls CC CL RL 

Value 500-100 V 5 Hz-1 Hz 6.4  384 mH 2.63 mF 300 mF 10  

In the single-phase topology, the discharging capacitor time  is maintained at a level larger 

than the frequency cycle in all frequency variations. Based on the above, the switches are 

permanently OFF at the maximum frequency of 5 Hz, which means that  is zero as shown in 

Figure 5.2. This figure shows how the current is in-phase with the voltage waveforms when 

the IGBTs are permanently OFF at a maximum frequency of 5 Hz.  

However, when the frequency is reduced, the controller should be adjusted to increase the 

switch ON time as  is increased. By applying symmetrical duty cycle control, the single-

phase FCSC converter is able to maintain a high power factor at various frequencies.   

The generator current (is), generator voltage (Vs), series capacitor voltage (Vcc), rectifier input 

voltage (Vin), rectifier output current (iR), IGBT currents (IGBT1 and IGBT2), load current (IL) 

and the switch timing signals (S1and S2) waveforms (referred to in Figure 3.9) at different 

frequencies are given in the following figures.   
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Figure 5.2 Single-phase FCSC converter waveforms at a frequency of 5 Hz 
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When the frequency is reduced to 4 Hz, the turn-off angle is increased to =18, and each 

switch is ON for an interval of 25 ms. The input power factor is high and is equal to 0.993 

lagging, as shown in Figure 5.3. In this figure, the results show that the voltage across the 

series capacitor Vcc is zero when the switches are ON. In addition, the peak rectifier output 

current is 27 A, which is similar to the peak of the input current is, and the average load 

current is 17 A which is equal to 0.9 Is (where Is represents the RMS value of the input 

current) according to the duality principle, which applies to a single-phase conventional 

rectifier circuit. The figure also shows that the rectifier input voltage is clamped by the value 

of the load capacitor voltage at 173 V. This means that the rectifier output voltage is reduced 

to 173 V even though the electric generator is supplying 400 V as a peak voltage. In addition, 

the transition of the rectifier input voltage from –VL to +VL is instantaneous without any 

overlap interval. This is because the current transition from diode D1 to D3 and D2 to D4 is 

instantaneous and there are no conducting diodes at the same leg. This means that there is no 

commutation overlap interval when applying SDCC for the single-phase FCSC-rectifier, as 

shown in Figure 5.4.  

As the frequency of the generated voltage waveform continues to be reduced to half of its 

maximum value, which is 2.5 Hz, the generator output voltage is reduced to 250 V. In this 

case,  is increased to 45, which increases TON to 100 ms, resulting in a power factor of 0.980 

lagging, as shown in Figure 5.5. Figure 5.5 shows that by increasing the ON time of the 

switches, the converter is able to maintain a high power factor even at half the operating 

frequency, since the current is in-phase with the generator voltage waveforms. All other 

waveforms have the same behaviour, as explained above. 

Figure 5.6 shows that the maximum ON time occurs when the frequency is reduced to the 

minimum value of 1 Hz with a  value of 72. In this case, the switch ON time is equal to 

400ms. The figure demonstrates that the current waveform is slightly distorted, producing an 

operating power factor of 0.947 lagging.  

By comparing all simulation results with the frequency reduction, the ripple in the output 

voltage is increased by reducing the frequency, which satisfies equation [113]: 

𝑓𝑟 =
𝑉𝑆𝑚𝑎𝑥

2 𝐹𝑆𝑅𝐿𝐶𝐿
 

(5-6) 

where fr is the ripple frequency of the output DC voltage, VSmax represents the maximum input 

voltage and FS is the generator output frequency. 
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Figure 5.3 Single-phase FCSC-rectifier waveforms and switches ON time at 4 Hz 
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Figure 5.4 Diodes current transitions in single-phase FCSC-rectifier 

To assess the impact of symmetrical duty cycle control on the performance of the single-

phase FCSC, the power factor in terms of the distortion and displacement factor over the 

entire operating frequency range (1-5 Hz) is shown in Figure 5.7. The simulation results show 

that the controller can ensure a very high power factor over the entire range of frequency 

variations. This is achieved by maintaining the displacement factor at approximately unity, 

with little distortion over the range of operating frequencies.  

In SABER, by using FFT analysis for one current waveform cycle with 1024 sample points 

and a rectangular widowing function, the corresponding percentage current total harmonic 

distortion (THDi) is calculated as shown in Figure 5.8. The figure shows that better values of 

THD are obtained at higher frequencies. 

2) Frequency range of 50-500 Hz 

To propose the FCSC-rectifier for employment in aircraft applications either in a single-phase 

or three-phase topology, symmetrical duty cycle control is used to control the FCSC-rectifier 

when interfacing with a generator with a variable frequency range of between 50-500 Hz in 

both topologies. 

In this section, the maximum voltage and frequency are varied simultaneously, maintaining 

the ratio of Vm/ Fs constant with a value of 1. The load circuitry is modified to maintain the 

relationship between T and  as explained in the previous section.  
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Figure 5.5 Single-phase FCSC-rectifier waveforms and switches ON time at 2.5 Hz frequency  
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Figure 5.6 Single-phase FCSC-rectifier waveforms and switches ON time at a 1 Hz 
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Figure 5.7 Power factor, distortion factor and displacement factor as a function of frequency variation 

of 1-5 Hz  in a single-phase circuit 

 

Figure 5.8 Single-phase converter total harmonic distortion as a function of frequency variation of 1-

5 Hz in single-phase FCSC circuit 

The simulation is carried out with the circuit parameters shown in Table 5-3.  

Table 5-3 Simulation circuit parameters for a frequency range 50-500 Hz 

Circuit 

parameter 
VS_max FS Rs Ls CC CL RL 

Value 500-50 V 500Hz-50 Hz 2.45  13 mH 7.8 F 1 mF 30  
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The reduction in load capacitance leads to an increase in the ripple content in the output 

voltage even at high frequency. However, the generator resistance and reactance are the same 

per phase PMA generator.  

Figure 5.9 shows that the converter reactance is able to cancel out the effect of machine 

inductance at the maximum frequency of 500 Hz without any control action ( is zero in this 

case); therefore, the input current is in-phase with the input voltage. Furthermore, the DC 

output voltage is reduced from 500 V to 352.24 V, and the same converter behaviour is 

achieved as previously in the low frequency spectrum. Similarly, the IGBTs ON time needs to 

be increased when the frequency is reduced to 400 Hz, to adjust the effective capacitive 

reactance to be equal to the reduced inductive reactance. Therefore, for both IGBT switches, 

the turn-off angle  is increased in each half cycle of the generator voltage. 

Figure 5.10 shows that the converter is able to maintain a high power factor, since the input 

current is in-phase with the input voltage and the current is sinusoidal. In addition, the average 

output DC voltage is 281 V, which is approximately equal to the input RMS value with a 

ripple component value of 2.844 V. All other voltage and current waveforms have the same 

behaviour similar to the waveforms presented earlier in the frequency range (1-5 Hz).  

For further frequency reduction, the ON time should be increased. Figure 5.11 shows that, in 

spite of a slight distortion in the input current waveform, the controller is able to maintain the 

phase shift between the generator output voltage and the input current at equal zero by 

varying the IGBT turn-off angle at half of the frequency (i.e. 250 Hz). The figure also shows 

that the ripple component in the output voltage increases, which is to be expected due to the 

reduction in the supply frequency. In addition, the rectifier output current is also distorted 

slightly, since it is a function of the input current. 

Moreover, the rectifier input voltage changes from –VL to +VL without any commutation 

overlap as in the small frequency spectrum case above. However, at the minimum frequency, 

which is 50 Hz in this case, the input current is significantly distorted although the controller 

is still able to adjust the phase shift between the input voltage and current waveforms to zero, 

as shown in Figure 5.12. A further increase in the ripple component over the DC output 

voltage is also achieved, with a value of 5.15 V.   
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Figure 5.9 Single-phase circuit waveforms and switch ON time at a frequency of 500 Hz 
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Figure 5.10 Single-phase circuit waveforms and switches ON time at a frequency of 400 Hz 
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Figure 5.11 Single-phase circuit waveforms and switches ON time at a frequency of 250 Hz 
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Figure 5.12 Single-phase circuit waveforms and switches ON time at a frequency of 50 Hz 
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Also, to evaluate the overall performance of the single-phase FCSC converter when the 

frequency is varied between 50-500 Hz and the input voltage is reduced in line with this 

variation, the power factor in terms of the distortion and displacement factors is presented in 

Figure 5.13. The figure shows that the power factor is lowest at 50 Hz with a value of 0.835, 

and it increases to 0.99 at the maximum frequency driven by the increase in displacement 

factor. It should be mentioned that the displacement factor is reduced further in this frequency 

range, in comparison to the low frequency range of 1-5 Hz (shown in Figure 5.7). However, 

the power factor is still high. 

 

Figure 5.13 Power factor, distortion factor and displacement factor as a function of frequency variation 

of 50-500 Hz in single-phase circuit in single-phase FCSC circuit 

The current total harmonic distortion is higher (by 41%) at lower frequency and reduces 

dramatically to 7% at the maximum frequency, as shown in Figure 5.14. Furthermore, it is 

worth noting that in both frequency ranges the current transition between diodes is 

simultaneous, which means that there is no commutation overlap interval. 

5.1.2 Symmetrical duty cycle control for the three-phase FCSC converter 

For the three-phase FCSC-rectifier, the aforementioned control technique is applied similarly 

to each pair of IGBT switches over the three phases while maintaining 120 has shift between 

the three phases. At the same time as retaining the phase shift, the switch ON time is 
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controlled in accordance with the variation in frequency for an interval of  (in degrees), and 

therefore the value of  is adjusted as a function of frequency.  

 

Figure 5.14 Total harmonic distortion as a function of frequency variation of 50-500 Hz in single-

phase circuit in single-phase FCSC circuit 

During the positive half-cycle of the three-phase generator voltage, the three active switches 

S1, S3 and S5 are ON for an interval of 2 around the maximum current of each phase, with a 

phase shift of 120 between all three switches. The negative half-cycle of the three-phase 

voltages S2, S4 and S6 are ON for 2 with a phase shift of 120 between them.  

The same principle is used to select the value of series capacitance at maximum frequency as 

explained for the single-phase topology. Equations (5-1) and (5-5) are also used to determine 

the switch ON time in this topology.   

5.1.2.1 Modes of operation of the three-phase FCSC-rectifier 

By implementing the SDCC with the three-phase FCSC-rectifier, the circuit configuration 

changes periodically in accordance with the generator line-to-line voltage (VLL). The reason 

for this is the change in the switch states and diode conducting times. The diodes conduct for 

180 in the three-phase FCSC converter, as illustrated in Chapter 4. Assuming a balanced 

three-phase system, the three-phase electrical generator has identical values of internal 

resistance (Rs) and inductance (Ls) in all phases. Figure 5.15 illustrates the diode conducting 

time and switching pattern of all IGBTs in a three-phase FCSC-rectifier when each switch is 

held ON for 30 around the maximum instant of the generator voltages.  
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Figure 5.15 Diodes and switching states for three-phase FCSC-rectifier assuming  equal /12 
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The line-to-line voltages are changed every /3. For one generator electrical cycle, there are 

24 modes of operation as a function of the line-to-line voltage. However, for each /6 of VLL, 

there are two different circuit configurations. In the first circuit arrangement, the inductors of 

two phases are compensated by two series capacitors. However, the third phase inductor is 

uncompensated, as the series capacitor of this phase is shorted by closing the corresponding 

IGBT switch, as shown in Figure 5.16 (a). In the second circuit arrangement, all the phases 

are resonating, since the IGBT switches are OFF, and all FCSC capacitors are connected in 

series to the corresponding phase, shown in Figure 5.16 (b). In the next 30 (/6) of the line-

to-line voltage the two circuit configurations are repeated, with some differences. These 

include the change in the conducting diode and the uncompensated phase, illustrated in Figure 

5.16 (c and d). For the next /3 interval, the circuit configurations are repeated with a 

different order corresponding to VLL. The figure illustrates that the circuit is operating in 

continuous current mode (CCM). In all modes of operation, the RC load is represented as a 

single unit for simplicity, which is driven by the load capacitor voltage (VL). This voltage 

represents the voltage across the smoothing capacitor in the rectifier DC side. Based on Figure 

5.15, the modes of operation from /6 to /2 of the phase voltage, such as phase-a, are 

described as follows: 

1) Mode 1: S4 is ON, D1 ,  D5 and D6  are conducting  

This mode occurs when t= /6 to /6+, the switch S4 is ON and therefore the series 

capacitor in phase b is shorted. Three diodes conduct at the same time, as shown in Figure 

5.17. This figure shows the simplified system model, where the two phases a and c are 

connected through the conducting diodes D1 and D5. Since the series capacitors in both phases 

a and c are connected, they are able to compensate both inductors in phases a and c. This is 

because Xc is adjusted by the controller to be equal to XL through the application of SDCC. In 

such a case, the voltage drop will be across Rs only and therefore the system model can be 

simplified by omitting both Cc and Ls.  

According to the duality concept, the system is similar in principle to the rectifier connected 

to a stiff sinusoidal current with a peak value of Imax and angular frequency of =2fs. The 

three-phase currents can be expressed as: 
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Figure 5.16 Equivalent circuit of three-phase FCSC converter as a function of Vab 
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Figure 5.17 A simplified system model with the three-phase FCSC converter during mode 1 

𝑖𝑎 = 𝐼𝑚𝑎𝑥 sin (𝜔𝑡) (5-7) 

𝑖𝑏 = 𝐼𝑚𝑎𝑥 sin (𝜔𝑡 − 2𝜋/3 ) (5-8) 

𝑖𝑐 = 𝐼𝑚𝑎𝑥 sin (𝜔𝑡 − 4𝜋/3) (5-9) 

In this interval, the system can be described as: 

𝑉𝑖𝑛𝑎𝑐 = 𝑉𝑖𝑛𝑎 − 𝑉𝑖𝑛𝑐 = 0 (5-10) 

𝑉𝑑𝑐 = 𝑉𝐿 = 𝐼𝐿 × 𝑅𝐿 (5-11) 

Using KVL and KCL 

𝑉𝑖𝑛𝑐𝑏 = 𝑉𝑖𝑛𝑐 − 𝑉𝑖𝑛𝑏 = 𝑉𝑑𝑐 (5-12) 

𝐼𝐿 = 𝑖𝑎 + 𝑖𝑐 (5-13) 

𝐼𝐿 = −𝑖𝑏 
(5-14) 

2) Mode 2: all IGBTs are OFF, and D1 ,  D5 and D6  are conducting  

This subinterval starts from t= /6+ to /3. Since all the IGBT switches are OFF, the 

voltage across the inductor in all three phases is compensated by the series capacitor and 

therefore the circuit model can be described as in Figure 5.18. The same diodes remain 

conducting in this subinterval. Therefore, the rectifier input voltage (VinLL) and the 

relationship between load current and the rectifier input current in all phases is similar to 

those in mode one and equations (5-11)-(5-14) can be used in this mode as well. 
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Figure 5.18 A simplified system model with the three-phase FCSC converter during mode 2 

3) Mode 3: all IGBTs are OFF, and D1 ,  D2 and D6  are conducting  

This mode occurs between t= /3 to /2-. When the line-to-line voltage (Vab) reaches its 

peak value, all the IGBT switches remain OFF. However, the current commutates between 

two diodes which are located in the same leg of the rectifier. In other words, the current 

commutates from D5 to D2, and D6 continues in its conducting state in this subinterval. Figure 

5.19 shows the system model for this interval with the three compensated phases. In this 

mode, the fundamental voltage relationships are: 
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Figure 5.19 A simplified system model with the three-phase FCSC converter during mode 3 

𝑉𝑖𝑛𝑐𝑏 = 𝑉𝑖𝑛𝑐 − 𝑉𝑖𝑛𝑏 = 0 (5-15) 

𝑉𝑖𝑛𝑎𝑐 = 𝑉𝑖𝑛𝑎 − 𝑉𝑖𝑛𝑐 = 𝑉𝑑𝑐 (5-16) 

𝐼𝐿 = −(𝑖𝑐 + 𝑖𝑏) (5-17) 

𝐼𝐿 = 𝑖𝑎 (5-18) 
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4) Mode 4: S1 is ON, and D1 ,  D2 and D6  are conducting  

From t= /2- to /2, phase-a is uncompensated since S1 is ON, while phase b and c are 

fully compensated and the same diodes are conducting. Again equations (5-15)-(5-18) can be 

used to express the relationships in this subinterval. 

These modes are repeated six times in different orders in accordance with the line-to-line 

voltage and the active IGBT switch. The above modes clearly show that the rectifier input 

voltages (VinLL) vary according to the line-to-line generator voltages. The values of VinLL 

change between + VL, zero and – VL and vice versa. This complies with the duality concept, 

since the input current is varying from –Id to +Id and vice versa in the conventional diode 

bridge rectifier with series RL load supplied from a sinusoidal voltage source.  
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Figure 5.20 A simplified system model with the three-phase FCSC converter during mode 4 

5.1.2.2 Simulation results for three-phase FCSC-rectifier 

Following the same procedure as that used for the single-phase FCSC-rectifier, the three-

phase FCSC converter performance and behaviour are simulated for two frequency spectra in 

order to determine if the three-phase FCSC converter is suitable to employ in wave energy 

converter and aircraft applications. Therefore, a small frequency range with narrow frequency 

variations, which is between 1-5 Hz, and a medium frequency range with a wider frequency 

variation of 50-480 Hz are investigated in this section. Again, as the system is assumed to be 

balanced, most of the results are presented for phase-a only since current and voltage 

waveforms for other phases will be identical with a phase shift of 120. 
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1) Frequency range of 1-5 Hz 

In this simulation, the same electric linear generator parameters as presented previously in 

Table 5-2 for the direct drive wave energy converter are used to simulate the three-phase 

FCSC in such an application.   

Figure 5.21 shows the circuit waveforms at the maximum frequency of 5 Hz when all IGBT 

switches are permanently OFF. The power factor is as high as 0.999 with an output voltage of 

379 V and an RMS voltage in phase-a of 353.55V. The rectifier input voltages (Vin) are 

clamped by the output load voltage (VL) to a maximum value of 379V, and the rectifier output 

current (iR) consists of six pulses for one cycle of generator voltage. Again, based on the 

duality concept, the average load current IL is equal to 37.9 A, and this complies with (4-11) 

as derived in Chapter 4, as the RMS current in phase-a is equal to 28 A. The series capacitor 

voltage (Vcc) is sinusoidal due to the OFF state of the IGBT switches.  

Since the frequency and voltage are reduced together, as explained earlier, the IGBT switches 

need to be ON for 2. The turn off angle  is increased with the frequency reduction to reduce 

the effective converter capacitor reactance in line with the reduction in the generator inductive 

reactance. By applying symmetrical duty cycle control for the three-phase FCSC converter 

connected to a linear transverse flux linear generator, the converter is able to maintain a high 

power factor of around 0.9 at all frequencies in addition to achieving a smooth output voltage, 

as shown in Figure 5.22- Figure 5.24. However, this electrical generator suffers from a very 

poor power factor of approximately 0.35 lagging when operating with the three-phase rectifier 

only. The voltage across the series capacitor is zero as long as the IGBT switches are in the 

ON state. Identical rectifier input voltage and rectifier output current behaviour is achieved at 

all frequencies. Furthermore, the current distortion is increased at the lower frequency of 1 Hz. 

In this low frequency spectrum, where the frequency varies between 1-5 Hz, the power factor 

in terms of distortion and displacement factors at different frequencies is shown in Figure 

5.25.  

The figure shows that the power factor is kept high as both distortion and displacement 

factors are high. A slight reduction in power factor occurs at the minimum frequency of 1 Hz, 

driven by slight reductions in both the distortion and displacement factors. 
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Figure 5.21 Three-phase FCSC converter waveforms at a frequency of 5 Hz (phase-a only) 
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Figure 5.22 Three-phase FCSC converter waveforms at a frequency of 4 Hz (phase-a only) 
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Figure 5.23 Three-phase FCSC converter waveforms at a frequency of 2.5 Hz (phase-a only) 
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Figure 5.24 Three-phase FCSC converter waveforms at a frequency of 1 Hz (phase-a only) 
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Figure 5.25 Power factor, distortion factor and displacement factor as a function of frequency 

 variation of 1-5 Hz in the three-phase FCSC circuit 

The percentage total current harmonic distortion is calculated by performing FFT with a 

rectangular window function. A lower current harmonic distortion is achieved at the 

maximum spectrum frequency of 5 Hz with a maximum harmonic distortion of 8.35% at the 

minimum frequency, as shown in Figure 5.26. 

 
Figure 5.26 Percentage total harmonic distortion of three-phase FCSC-rectifier operating in a 

frequency range of 1-5 Hz 
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2) Frequency range of 50-480 Hz 

For this frequency spectrum, to verify the simulation results by experimental testing, the 

circuit is modelled and simulated in accordance with the practical implementation (see Chapter 6), 

and therefore the maximum frequency in this spectrum is reduced to 480 Hz instead of 500 

Hz to comply with the maximum frequency in the practical test. The generator phase voltage 

is assumed to vary between 50-100 V to be compatible with the experimental test voltage 

variations. In this simulation, most of the circuit parameters are modified in accordance with 

the practical benchmark. 

These modifications are made to use the simulation results as a reference for comparison with 

practical test results. The circuit parameters are listed in Table 5-4. The generator parameters 

are based on the PMA generator parameters presented in Chapter 4. 

1) Three-phase FCSC converter operating with constant load  

At a maximum frequency of 480 Hz with a voltage of 100 V, all of the IGBT switches are 

permanently OFF, and the series capacitor is able to maintain the input current in-phase with 

the voltage waveform in addition to a sinusoidal current waveform, as shown in Figure 5.27. 

With the advantage of using the three-phase rectifier, the output DC voltage is smooth, and 

the magnitude of the average DC load voltage is 191.6 V. 

Table 5-4 Circuit parameters for frequency spectrum of 50-480 Hz  

Circuit 

parameter 
VS_max FS Rs Ls CC CL RL 

Value 100 V-60 V 480 Hz-50 Hz 2.5  13.75 mH 8 F 500 F 30  

This is higher than the maximum input voltage (127.2 V) at this frequency. Again the rectifier 

input voltage Vin is clamped by the load voltage and the rectifier output current (iR) consists of 

six pulses with a maximum value of 6.8 A, which is similar to the maximum phase current. 

The average load current also complies with the relationship IL= 1.35 IRMS. The voltage across 

the series capacitor is sinusoidal since all IGBT switches are permanently OFF. 
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Figure 5.27 Three-phase FCSC converter waveforms at a frequency of 480 Hz (phase-a only) 
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When the frequency is reduced to 400 Hz and the voltage is 90 V, the IGBT switches are ON 

for a certain period 2. This period is a function of the duty cycle and can be determined using 

equation (5-5) with a scaling factor of 1000.  

The circuit waveforms and the switch pulse sequences are illustrated in Figure 5.28. 

Obviously, the current is sinusoidal and there is no phase difference between the voltage and 

current waveforms, so that the power factor is maintained as high as 0.999. The average DC 

voltage is very smooth with an average value of 172.6V. The rectifier input current and output 

voltage follow the same behaviour addressed above. The voltage across the series capacitor is 

zero as long as the IGBTs are in the ON state. 

In the half of the frequency range with a phase voltage of 75 V, the power factor is maintained 

at a high level by applying this control approach and increasing the duty cycle in line with 

frequency variations. The output voltage in this case is 143.66 V and identical behaviour is 

also achieved as illustrated in Figure 5.29. 

At the minimum frequency and voltage values of 50 Hz and 50 V, respectively, the controller 

adjusts the IGBTs to be ON for a maximum duty cycle of 0.43. At this frequency, the output 

voltage is 90.9 V with a very small ripple small of about 0.8 V, as shown in Figure 5.30. The 

figure shows also that, in spite of the fact that the controller is capable of retaining a zero 

phase difference between the voltage and current waveforms, the current is distorted and this 

has a slight effect on the power factor.  

Since  is large at this frequency, the voltage across the series capacitor is maintained at zero 

for a long interval. The rectifier output current is also distorted since it is a function of the 

input current. However, its maximum value remains equal to the peak value of the input 

current. 

In order to evaluate the overall performance of the three-phase FCSC converter in this 

frequency spectrum. Figure 5.31 demonstrates the output voltage and the input current are 

increasing in proportion to frequency. In addition, Figure 5.32 shows the power factor at 

different frequencies. The power factor remains high with a minimum value of 0.95, driven by 

high distortion and displacement factors. 
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Figure 5.28 Three-phase FCSC converter waveforms at a frequency of 400 Hz (phase a only)  
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Figure 5.29 Three-phase FCSC converter waveforms at a frequency of 240 Hz (phase-a only)  
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Figure 5.30 Three-phase FCSC converter waveforms at a frequency of 50 Hz (phase-a only 
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Figure 5.31 DC output voltage and input current under as a function of frequency in FCSC-rectifier 

 

Figure 5.32 Power factor, distortion factor and displacement factor as a function of frequency in 

FCSC-rectifier  

The results also show that the three-phase FCSC converter is capable of maintaining high 

efficiency over a wide range of frequency and voltage variations, with a minimum efficiency 

of almost 95% at the minimum frequency of 50 HZ. In addition, the percentage total harmonic 

distortion is higher than in the low frequency scenario (Figure 5.26) and its value is lowest at 

a maximum frequency of 500 Hz, as shown in Figure 5.33. 
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Figure 5.33 Efficiency and percentage total harmonic distortion of the three-phase FCSC-rectifier 

operating in a frequency range of 50-480 Hz 

2) Three-phase FCSC-rectifier under various load conditions 

Here, the performance of the FCSC converter is analysed numerically under various load 

conditions by varying the load resistance between 10  and 30  in line with the voltage and 

frequency variations. The operating voltage is varied from 100-50 V and the operating 

frequency is simultaneously changed from 480-50 Hz. The output DC load voltage is reduced 

in proportion to the reduction in the input phase voltage, as shown in Figure 5.34. 

Figure 5.34 shows that the load voltage is higher at light load (RL=30 ). Since the load is an 

RC load, the output voltage increases proportionally to the load resistance (RL), according to 

Ohm’s law. As expected, the output current is reduced by increasing the load resistance as 

illustrated in Figure 5.35. 

As explained in Section 5.1.2.1, the input current is a function of the load current, and 

therefore it is also reduced by increasing the load resistance as shown in Figure 5.36. 
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Figure 5.34 DC output voltage of the FCSC converter as a function of supply voltage and frequency 

variations under various loads  

 

Figure 5.35 Load current of the FCSC converter as a function of supply voltage and frequency 

variations under various loads 
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Figure 5.36 Input current of the FCSC converter as a function of supply voltage and frequency 

variations under various loads 

Figure 5.37 clearly shows that the FCSC converter with SDCC in a VVVF system is able to 

maintain a high power factor under heavy load with a minimum value of 0.96 at various 

voltage and frequency values. However, the lower power factor value of 0.94 is achieved at 

the minimum value of Vs/Fs (i.e 50 V/50 Hz) under light load.  

Since this research sets out to investigate the impact of the three-phase FCSC converter in the 

proposed WECs and MEA applications, the assessment of the FCSC converter on the system 

performance in terms of load voltage, input current and input power factor is based on the 

three-phase conventional diode bridge rectifier as a reference. Appendix C presents the 

simulation results for the conventional three-phase diode bridge rectifier under different load 

conditions, including fixed and variable resistive load, along with variable-voltage variable-

frequency operating conditions. The simulation results of both rectifier circuits are validated 

experimentally in Chapter 7. 
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Figure 5.37 Input power factor of the FCSC converter as a function of supply voltage and frequency 

variations under various loads 

This is important due to the strict limits placed on individual harmonics in such applications. 

Different harmonics exist at different voltage/frequency values with variable load points. 

Therefore, an analysis of the harmonic input current is carried out using FFT analysis. In the 
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limits. In addition, at the same voltage and frequency range, although the 11
th

 order harmonic 

is 4.13 I1%, its value is lower than the limit set in Table 4-4 (i.e 8 I1%). Once again, at the 

minimum value of Vs/ Fs I5 and I7 exceed allowable values as illustrated in Figure 5.39. Figure 

5.40 illustrates that when the load current is reduced (at the maximum RL of 30 ), more 

harmonics exceed the allowable limits in half of the spectrum (75V/ 240 Hz). For example, 

the second order harmonic is bigger than the limit, as are I5 and I7. Similarly, at the minimum 

range values, I5 and I7 are higher than the limits. However, all the harmonics above half of the 

maximum frequency are within allowable limits. In conclusion, better performance of the 

three-phase FCSC converter can be achieved at heavy loads, and this needs to be taken into 

consideration when proposing the three-phase FCSC converter for aircraft applications. 

Furthermore, at the minimum values of the frequency and voltage ranges, although the three-

phase FCSC-rectifier is capable of correcting the power factor to a high value and increasing 

the output power, some current harmonics will exceed allowable limits.   

 
Figure 5.38 Input  current  harmonic spectrum as a function of VS/FS variations when RL= 10  
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Figure 5.39 Input  current  harmonic spectrum as a function of VS/FS variations when RL= 20  

 
Figure 5.40 Input  current  harmonic spectrum as a function of VS/FS variations when RL= 30  

5.3 Assessment of the Proposed Symmetrical Duty Cycle Control Strategy 

In order to assess the proposed control strategy in different applications which have different 

frequency and voltage spectra in both single and three-phase systems, the comparison 

presented in this section is based on the investigation of the behaviour of the FCSC in terms 

0

2

4

6

8

10

12

14

16

18

20

2 3 5 7 11 13 17 19 23 25 29 31 35 37

I h
/I

1
 (

%
) 

Harmonic order 

RL=20  RTCA 100 V/480 Hz 75V/240 Hz 50V/50Hz

0

2

4

6

8

10

12

14

16

18

20

2 3 5 7 11 13 17 19 23 25 29 31 35 37

I h
 /
I 1

 (
%

) 

Harmonic order 

RL=30 RTCA 100V/480Hz 75V/240 Hz 50V/50 Hz



Chapter 5 Control of  FCSC Converter for Variable-Voltage Variable-Frequency Applications 

 

136 

 

of the overall input power factor and the percentage of total current harmonic distortion over 

the entire range of operating frequencies.  

The comparison includes the behaviour of the single-phase FCSC circuit at both low and 

medium frequency ranges in addition to the performance of the three-phase FCSC circuit at 

the same two frequency ranges.  

When using symmetrical duty cycle control in the single-phase topology, maintaining similar 

values of the time constant  through varying load circuit values allows better values of power 

factor to be achieved with the frequency range of 1-5 Hz, with a minimum value of 0.94. 

However with the frequency range of 50-500 Hz, the minimum power factor value is 0.89, 

and both are achieved at the minimum frequency values in each range. This is because the 

displacement factor is lower in the frequency range of 50-500 Hz. Nevertheless, excellent 

results are achieved when using the proposed symmetrical duty cycle control even at very low 

frequencies. For example, the power factor at 1 Hz is improved from around 0.3 without any 

control action to a value of 0.947 with the new controller. The current total harmonic 

distortion is increased as the frequency is reduced, and higher distortion values occur in the 

frequency range of 50-500 Hz. 

The simulation results show that the controller can ensure a very high power factor over the 

entire range of frequency variations in both single-phase and three-phase systems. This is 

achieved by maintaining the displacement factor at approximately unity with little distortion 

over the range of operating frequencies.  

Applying this control method in a three-phase circuit at both the low frequency range of 1-5 

Hz and the medium frequency range of 50-480 Hz, the power factor in both cases is 

approximately identical; 0.995 for 1-5 Hz and 0.994 for 50-480 Hz. This means that better 

generator utilization can be achieved in both applications. Furthermore, by using the three-

phase FCSC, the total harmonic distortion is lower than in the single-phase system in both 

frequency spectra. However, the percentage THD values are lower for the low frequency 

range in the three-phase circuit.  

Surprisingly, the comparison of the SDCC in both topologies shows that circuit behaviour is 

different. For example, there is no commutation overlap in the single-phase topology while 

there is an overlap interval in the three-phase FCSC converter. In addition, the three-phase 
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circuit topology is able to boost the output voltage level; however, the single-phase circuit 

suffers from a low output voltage.    

5.4 Summary 

The symmetrical duty cycle control (SDCC) that is presented in this chapter is a novel 

approach to the control of the FCSC converter in both single and three-phase systems, which 

the author believes has never been considered in the literature before. This approach proposes 

a new control strategy for the FCSC converter to cope effectively with both small and wide 

frequency variations in stand-alone variable-voltage, variable-frequency systems. This new 

technique can be considered a simple approach to implement without any sophisticated 

control circuits and pre-calculations. The technique uses a symmetrical switching pattern 

across the maximum current position point. Compared to previously published work, this 

offers more flexibility in terms of the range of possible ON times and reduces the required 

ON time of the converter switches, allowing operation at much higher frequencies which can 

be applied in both single-phase and three-phase FCSC converter circuits.  

The technique is first applied on the single-phase FCSC converter for different ranges of 

frequency variations, including small frequency variations between 1-5 Hz, such as in wave 

energy applications where the operational frequency is very low, and medium frequency 

variations of 50-480 Hz, which is a typical part of an aerospace frequency spectrum.   

The simulation results demonstrate how the adoption of the symmetrical duty cycle control 

SDCC technique allows the FCSC converter to maintain a high input power factor over both 

ranges of input frequencies and voltage variations in both single-phase and three-phase FCSC 

circuits. In both cases, the power factor is improved from approximately 0.3 to 0.95.  

However, as expected, in the single-phase circuit topology, the input current is very sensitive 

to changes in load values; in addition, the FCSC converter cannot boost the output voltage to 

a higher level than the peak input voltage. 

On the other hand, besides the ability of the three-phase FCSC circuit topology to improve the 

power factor to a high level, it is also able to boost the load voltage to be larger than the RMS 

line-to-line voltage with a smooth DC output voltage within the selected load values. In 

addition the current distortion level is lower than in the single-phase FCSC circuit. 



Chapter 5 Control of  FCSC Converter for Variable-Voltage Variable-Frequency Applications 

 

138 

 

In general, better performance is achieved by applying the symmetrical duty cycle control 

with the three-phase FCSC converter.    

To validate the concept of the three-phase FCSC converter as a PFC converter in aerospace 

applications, this chapter presented a detailed description of the harmonic content of the input 

current, which is of crucial importance in such applications due to the strict limitations on 

harmonics. The results show that the three-phase FCSC-rectifier is able to correct the power 

factor over a wide frequency range and maintain low current distortion even at half of the 

maximum frequency. However, the minimum frequency spectrum value should be avoided if 

this converter is selected for applications due to the harmonics limitations.  

The impact of load variations has also been investigated in this chapter for the three-phase 

topology, and the simulation results show that, for employment in aircraft, lower harmonics 

components can be achieved at heavy load without exceeding the limits when the frequency is 

reduced even to half of its value. Again, the minimum value in the frequency spectrum should 

be avoided in such cases. Finally, the difference between the single-phase and three-phase 

circuit topologies in terms of the commutation overlap is also highlighted. 

The simulation results are validated by practical implementations and tests in the next two 

chapters, the first of which describes the practical set-up, and this is then followed by the 

practical results. 
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Chapter 6. Experimental Set up, Hardware and Measurement 

The ability of the three-phase FCSC converter to correct the power factor and increase the 

output voltage level and output power in a stand-alone variable-voltage variable-frequency 

application is experimentally tested via a laboratory test bench. The system requirements are 

designed to enable the employment of the three-phase FCSC converter in aircraft applications.  

This chapter briefly describes the platform used to test the practical performance of the three-

phase FCSC converter operating with a variable-voltage variable-frequency stand-alone 

system in a laboratory setting. The experimental test is designed to deliver approximately 3 

kW to a DC load, and the lab tests are carried out for 1 kW operation. The converter is tested 

over a frequency range of 50-480 Hz and a line-to-neutral voltage variation of 50-100 V.  

The software implementation and programming is performed using a Texas Instruments 

TMS320F28335 DSP controller and National Instruments LabView 
TM

 is used to monitor and 

control the system in real time. 

6.1 General Description of the Laboratory Test Platform  

The laboratory test platform is shown in Figure 6.1. The test hardware consists of four major 

parts. The first part represents the role of the PMA generator, which was emulated to provide 

the system with a variable-voltage variable-frequency output. The second part is the power 

stage, which consists of two main blocks. These blocks are a three-phase FCSC circuit and a 

three-phase six-pulse diode bridge rectifier. Six IGBTs are used to shunt the three capacitors 

in each phase. Six diodes were employed in the three-phase diode bridge rectifier to perform 

AC to DC conversion with a smoothing capacitor. Three dual-gate driver circuits are used to 

provide the six pulses which are required to drive the IGBT switches. The third part is the 

measurement circuit, and includes the sensor circuits, which are divided into three voltage 

transducer cards to sense the voltage in each phase, and three current transducer cards to 

detect the current in the three phases. A zero crossing detection (ZCD) card is also needed to 

detect the instant at which the voltage crossed the zero value point. 
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Figure 6.1 Experimental test bench arrangement 

The readings of the current sensors and the ZCD card are fed to the microcontroller to be 

processed. Finally, the controller, which represents the fourth part in this test platform 

configuration, is based on digital signal processing from the Texas Instruments 

TMS320F28335 DSP which was mounted on a general interface board. After processing the 

sensor readings, the DSP generates the required signals to correct the input power factor of 

the system. 

A host computer is required to provide an environment in which to debug the software. A 

USB connection is used to interface the laptop and the DSP controller. To program and debug 

the software, Code Composer Studio 
TM

 (CCS) software from Texas Instruments 
TM

 is 

installed to provide the required environment. Furthermore, a National Instruments LabView 

package is used to monitor and control the microcontroller. The communication between 

LabView and the microcontroller was set via an isolated RS232 serial channel. The resistive 

load was fed from the output of the three-phase rectifier. As mentioned earlier, the 

experimental prototype is designed to deliver approximately 3 kW of power to the load, but is 

tested for 1 kW operation only because of current limitations of the AC capacitors and the 
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reactors. In addition, several hardware components used in this test are designed to be used 

with an operating frequency of 50/60 Hz, for which it is recommended not to exceed ten times 

this frequency for safety reasons, because the losses become excessively high. This will be 

explained later in this chapter, since it has a material impact on some of the results and must 

be taken into consideration in the analysis.  

It is worth mentioning that, since the power source used in this test is an AC to DC to AC 

converter, which is based on a pulse width modulation control scheme, the unit suffers from 

high distortion in its output voltage due to its filter design problem. The output voltage is 

distorted by a harmonic with a frequency of 20 kHz, which is similar to the switching 

frequency of the inverter unit. After harmonic analysis is performed with the help of FFT 

analysis of the output voltage waveform, a 20 kHz harmonic is captured which pollutes the 

output voltage at different frequencies. This problem is confirmed by the manufacturer. The 

voltage waveform analyses, with its harmonics components at different frequencies, are 

presented in Appendix C. However, this problem has no impact on the converter’s behaviour 

in terms of power factor and output power, as described later in Chapter 7. A photograph of 

the power supply unit is shown also. A detailed description of the hardware used to assemble 

the whole system is provided in Appendix D. A photograph of the complete laboratory test 

bench is shown in Figure 6.2.  

6.2 Zero Crossing Detection  

As explained earlier, each IGBT in the three phases is controlled for one half-cycle of the 

supply frequency, and therefore it is important to detect the instant when the voltage 

waveform crosses the zero point. In other words, it is important to synchronise the converter 

with the power source. Different techniques can be used for this synchronisation such as a 

zero crossing detection technique and phase-locked-loops (PLL), where each method has its 

own advantages and disadvantages for different applications, as described elsewhere [146, 

147]. In this work, the classic zero crossing technique was used for simplicity in hardware 

implementation and software programing in addition to its low cost implementation. A 

photograph of the designed ZCD card is shown in Figure 6.3. 

The inputs of the ZCD board are supplied by the three output terminals of the voltage 

transducers. However, the main power supply suffers from distortion, as mentioned in Section 

6. 1, which affects the circuit performance and can cause a false zero crossing. 
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Figure 6.2  Photograph of full workstation for the experimental test 

Therefore, a simple low-pass filter is included to prevent spurious zero crossing detections. In 

this way, the input voltage is filtered using an RC low-pass filter (22 nF capacitor and 390   

resistor) with a cut off frequency of 18.5 kHz, as expressed below [148, 149]: 

𝑓𝑐𝑢𝑡−𝑜𝑓𝑓 =
1

2𝜋𝑅𝐶
 (6-1) 

A schematic diagram of the constructed ZCD board is shown in Appendix D, while a 

photograph for this board is shown in Figure 6.3. The output voltage waveform of the zero 

crossing detection board is shown in Figure 6.4. 

6.3 Hardware Modification of the General Interface Board of eZdsp 
TM

 F28335   

In order to fulfil the requirements of the experimental test, hardware modifications were 

carried out as follows: 

i. Voltage sensor interface  

Since the outputs of the voltage sensors were connected to three ADC channels via the ZCD 

card for zero crossing voltage measurement, the general interface board was modified to 

include the additional voltage divider. 
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Figure 6.3 Photograph of the designed ZCD board 

 

Figure 6.4 Voltage waveforms of the zero crossing detection board 

The ZCD output was scaled down via a resistive voltage divider to reduce the voltage to ≤ ± 5 

V, and then the voltage was scaled down again via a certain configuration on the general 

interface board to ensure that the input voltage to the ADC channels, was compatible with the 
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desired range of the ADC channels, which is 0-3 V. A schematic of the circuit configuration 

is shown in Figure 6.5. 
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Figure 6.5 The modification in the voltage sensor interface 

ii. Gate drive interface 

In this experimental test, it was required to generate six pulses as pairs from the gate drive 

interfaces to feed the dual gate drivers which control the IGBT ON and OFF times. Therefore, 

three ePWM modules were used. To maintain a phase shift of 120 between the three phases, 

these modules were configured to synchronise the three phases with a phase shift of 120 by 

activating the synchronisation scheme via configuring the PHSEN register. The ePWM 

modules were chained together by clock synchronisation. The synchronisation scheme of the 

ePWM is used by setting one ePWM module as a master and the two other modules as slaves 

with a phase difference of 120 between the three phases, as shown in Figure 6.6.  

However, the operation of the three-phase FCSC converter requires each anti-parallel IGBT 

ON/OFF time in each phase to be maintained with a phase difference of 180, and therefore it 

was necessary to modify the hardware in the general interface board. In addition, the three 

dual gate drivers needed to be interfaced with three PWM modules only. Therefore, hardware 

modifications were implemented in the gate drive interfaces. Since each ePWM module on 

the general interface board had two PWM outputs (PWMA and PWMB), the modules  

EPWM4A, EPWM5A and EPWM6A were reconfigured to replace EPWM1B, EPWM2B and 
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EPWM3B respectively to implement the synchronisation scheme between all modules. The 

final arrangement of the PWM units is shown in Figure 6.7.  

Based on the principle of operation of the three-phase FCSC converter, the phase difference 

between S1 S2, and S3, S4 and S5, S6 is 180 which is equivalent to 1.25 ms when the supply 

frequency is 400 Hz, as shown in Figure 6.8.  
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Figure 6.6 EPWM master and slave configurations 
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Figure 6.7 The PWM hardware modifications in gate drive interfaces 

 

Figure 6.8 Six PWM pulses for IGBT switches at a frequency of 400 Hz 
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6.4 Laboratory Test Bench Measuring Equipment 

When the test was running, several pieces of measurement equipment were used as part of the 

test rig. These included: 

 Tektronix MS 4034 mixed signal oscilloscope, with four channels, 350 MHz and a 2.5 

GS/s sample rate on all channels 

 TTI 1604 40000 count digital multimeter 

  Tektronix P 5200 high voltage differential probe with a maximum voltage of 1300 V 

 Tektronix A622 AC/DC current probe with a maximum RMS current of 70 A. 

6.5 Software Development  

During real-time system operation, a LabView control panel was designed to control the DSP 

ON/OFF operation and to upload information to the TMS320F28335 DSP for processing, and 

downloading several measurements from the DSP to be monitored via the host computer.  

The graphical user interface of LabView control panel was programmed to provide the 

microcontroller with control data, such as to enable, enable/disable the gate drive signals for 

all IGBT switches via the PWM TRIP push-button on the control panel. This was achieved by 

sending a trip signal or reset signal to the microprocessor by pressing these buttons. 

Furthermore, a relay trip signal could be sent from the control panel to energise the relay coil 

on the DC board via the DSP relay after the smoothing capacitor was fully charged; as a result, 

the current limiting resistor was shortened by the relay as explained earlier in this chapter. 

This information was then received by the DSP microcontroller. Conversely, the 

microcontroller sends a package of data to the LabView control panel for real-time 

monitoring, including ADC readings of the current sensors, the ZCD board readings, and the 

interrupt service routine ISR count and execution time in addition to using StorData when 

needed. The LabView control panel is shown in Figure 6.9.     

The software was written to implement the symmetrical duty cycle control digitally on the 

DSP microcontroller. The programming structure is shown in Figure 6.10. This structure 

shows that the process is started by the declaration of all variables followed by the definition 

of all calibrated values of the measurement units. Then, a series of DSP initialisation steps is 

performed, such as the initialisation of system control and the interrupt vector table, and 
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initialisation of the CPU timer, configuring the general purpose input output GPIO pins, 

initialisation of the PWM and ADC sequencer. After executing the initialisation code and 

functions, the LabView data exchange starts to communicate with the DSP microcontroller. 

In this code, the ADC sequencer is configured to convert ADC inputs in the simultaneous 

pairs with an ADC clock speed of 8.33 MHz (120 ns). This sequencer is triggered by the 

PWM carrier, which was set to be equal to the supply frequency in this test. The interrupt 

service routine (ISR) of the DSP was set to trigger at the same frequency which was similar to 

supply frequency (i.e. the carrier frequency is set to be equal to the supply frequency). In 

consequence, the switching frequency can be considered to be low, as its value lies between 

50-480 Hz. Care was taken with the time base clock TBCLK register division, so that it could 

deal with these frequencies.  

After acquiring all data samples by the ADC, an interrupt is generated which will start the ISR.  

The ISR contains the commands which are required to implement symmetrical duty cycle 

control. 

During this ISR, several calculations are performed, such as of the new frequency, by sensing 

the first and second rising edges of the input voltage, the duty cycle, the switch-ON time, the 

turn-OFF angle (), the delay, and the values required to configure all six PWM module 

registers to generate the desired pulses for all IGBT switches.  

6.6 Summary 

The experimental laboratory test bench setup is described in general in this chapter. The 

system is divided into four main parts: the power generating unit i.e. (PMA) generator; the 

power stage, which includes the three-phase FCSC converter; the measurement sensors and 

equipment; and the control unit, which is based on a Spectrum Digital eZdsp Texas 

Instruments TMS320F28335 DSP and National Instruments LabView control panel. 

A software development tool using Code Composer Studio CCS is described. Also, the 

control software is developed to implement the symmetrical duty cycle control for the three-

phase FCSC converter, as explained. Furthermore, the development of the graphical user 

interface via a National Instruments LabView environment for controlling and monitoring 

purposes on a host computer is also presented. 
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Figure 6.9  National Instruments LabView panel 
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Figure 6.10 The CCS software structure 
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The experimental results acquired via the hardware and software implementation of the test 

rig are presented in the next chapter. In addition, an analysis and discussion of these 

experimental results is presented, to investigate the functionality of the three-phase FCSC 

converter when employed in a variable-voltage variable-frequency system with frequency 

range of 50-480 Hz. 
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Chapter 7. Experimental Results and Analysis  

In Chapters 4 and 5, the simulation results showed that the three-phase FCSC with SDCC is 

capable of correcting the power factor to approximately unity when interfacing the PM 

generator employed in a VVVF system, which typically suffers from a poor power factor. 

Furthermore, applying symmetrical duty cycle control to the three-phase FCSC-rectifier 

enables a better utilisation of the PM generator at different frequencies, and increases output 

power in addition to output voltage levels. However, it is necessary to verify the simulation 

results experimentally by building a practical test bench to achieve a robust assessment of the 

converters performance under such operating conditions.  

This chapter presents the experimental results obtained when the test bench and equipment 

described in Chapter 6 were implemented. A Texas Instruments TMS320F28335 DSP and a 

National Instrument LabView
TM

 platform were used in the experimental test to implement the 

SDCC control scheme in a real-time environment. All the results have been obtained when the 

system was supplied with a variable line-to-neutral voltage range of 50-100 V and a variable 

operating frequency of 50-480 Hz. The impact of the unavoidable AC power source distortion 

is presented as a first step in the analysis of the practical results in section 7.1. To investigate 

the impact of employing the three-phase FCSC in the proposed application, the experimental 

tests are first carried out using only the three-phase conventional diode bridge rectifier, and 

then tested again when the three-phase FCSC-rectifier is included in the system. The 

experimental test results are obtained under different load conditions, including fixed and 

variable resistive load, for both circuit configurations. Finally, an assessment of the FCSC’s 

rectifier performance in terms of load voltage, load current, input current, output power, and 

input power factor is presented by comparing the experimental results for the conventional 

three-phase rectifier with those of the three-phase FCSC-rectifier at different operating 

conditions. A current harmonic distortion analysis was also performed to evaluate the three-

phase FCSC converter for employment in aerospace applications. It is worth mentioning that, 

although this converter is proposed for airborne applications operating within a ‘wild 

frequency’ of 350-800 Hz (not to be confused with the term wide frequency), the system is 

tested for a maximum frequency of 480 Hz. This is mainly because the operating frequency 
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range of the power supply unit is 45-500 Hz; in addition, most of the circuit components are 

designed to be used at a frequency of 50/60 Hz such as the three-phase inductors and the 

capacitors. This means that they will be used in a test with approximately ten times the 

nominal operating frequency, which increases the electrical losses. To avoid component 

failure, the frequency range was therefore limited to a maximum of 480 Hz. The maximum 

frequency of the test spectrum was selected to be 480 Hz because of the availability of the 

value of capacitance required to compensate for the inductive reactance.  

Furthermore, the limits in the operating frequency range of the AC power supply unit prevent 

the converter being experimentally tested under low frequency variations, such as the wave 

energy converter frequency range of (1-5 Hz). Therefore, the converter performance is 

experimentally tested only under the frequency variation range of 50-480 Hz.  

7.1 Realisation of the Programmable AC Power Source Distortion 

As referred to in Appendix D, the power supply unit used to emulate the PMA generator 

suffers from distortion in the output voltage waveforms. An analysis of harmonic distortion 

can be found in this appendix. This analysis reveals a dominant harmonic component at 20 

kHz which interferes with the unit’s output voltage at different operating frequencies. In 

addition, other harmonic components can be seen in the output of the supply, but these are 

generally much smaller such as 800 Hz 1200 Hz 2 kHz. To investigate the effect of the output 

voltage distortion on the converter’s behaviour, an approach is used which involves the 

acquisition of the experimental data of the power supply voltage waveforms under certain 

operating conditions. This is then fed into SABER to enable the circuit simulation to be 

performed under the same operating conditions. The voltage and current waveforms resulting 

from the simulation are then compared with the experimental test results. As this thesis is 

concerned principally with power factor correction, the comparison focuses on the 

relationship between current and voltage. The experimental waveforms are then compared 

with the simulation results for the purposes of verification.  

The experimental and simulation tests are carried out at an operating frequency of 400 Hz/90 

V line-to-neutral voltage with a load resistance of 30 . This operating frequency is selected 

because it is considered to be a typical aircraft frequency.  
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Figure 7.1 shows the output of the three-phase voltage waveforms supplied by the power 

supply unit, and the same waveforms are used to simulate the circuit to ensure that the same 

input feeds the converter in both the experimental test and the simulation.   

 

(a) 

 

(b) 

Figure 7.1 Three phase line-to-neutral voltage waveforms: (a)  SABER voltage source waveforms; (b) 

acquired experimental power supply voltage waveforms  

In spite of the distortion in the voltage source, the current waveform is approximately 

sinusoidal in both tests, as shown in Figure 7.2.  
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(a) 

 

(b) 

Figure 7.2   Current in phase-a shape in experimental and simulation tests; (a) phase-a current in 

SABER; (b) acquired experimental phase-a current  

By running the simulation of the circuit model with the power supply voltage waveforms, the 

input current and voltage waveforms relationships in all three-phases are shown in Figure 7.3. 

This figure shows that the input current waveform is in-phase with the voltage waveform in 

all phases. Similarily, the input current waveform is in-phase with the voltage waveform 

during the experimental test, as shown in Figure 7.4. The input current is in-phase with the 

voltage waveform and the current is approximately sinusiodal.  
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Figure 7.3 Input voltage and current waveforms in SABER for all three phases 

 
Figure 7.4 Acquired input current and voltage waveforms from the experimental test 
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After data processing using FFT analysis, the input power factor is calculated to be 0.996 

using the simulation results.  Likewise, by processing the experimenttal data with the help of 

FFT, the input power factor is 0.995, which is very close. 

The aforementioned comparison between the simulated distorted voltage waveforms and the 

experimental results shows that the distortion in the power supply unit has only a very slight 

impact on the power factor, and therefore this power supply switching frequency distortion 

will be ignored.  

The experimental test was carried out by running the system with a conventional three-phase 

diode bridge rectifier only in the first instance followed by employing the three-phase FCSC-

rectifier at the same operating conditions, to investigate the impact of employing the three-

phase FCSC converter. The parameters of the prototyped experimental test bench are similar to 

those of the circuit parameters presented in Chapter 4. In both cases, the system is investigated 

as a function of load variations. In addition, all the recorded experimental results have been 

taken by varying the voltage and frequency simultaneously. The degree of frequency variation 

differs from that of the voltage variation; however, the same ratios of voltage (Vs) to 

frequency (Fs) are maintained in the test. 

Furthermore, all results are captured for one phase only (phase-a) as it was assumed to be a 

balanced system. In the next sections, the recorded waveforms are presented mainly for the 

maximum, half of the maximum and minimum values of the frequency range (50-480 Hz). 

The experimental results are also acquired at the typical aircraft operating frequency of 400 

Hz.   

7.2 Experimental Results for a Three-Phase Diode Bridge Rectifier operating at 

Variable-Voltage and a Variable-Frequency Range of 50-480 Hz 

In this section, the results were acquired under different load conditions, including constant 

load and variable resistive load, as described below. 

7.2.1 Operating with constant load  

The experimental data is captured by varying the input line-to neutral voltage of the power 

supply unit from 100 V to 50V and simultaneously varying the frequency correspondingly 

from 480 Hz to 50 Hz, while maintaining a constant load resistance of 30 .   
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Figure 7.5 shows the input line-to-neutral supply voltage (Vs), the input current (is), the 

average load voltage (VL) and the rectifier input line-line voltage (Vin). With an RMS value of 

the supply voltage of 90 V, the input RMS current was measured at 2 A using the oscilloscope. 

The output voltage is a DC voltage (VL) which is converted by the three-phase rectifier; the 

average DC voltage was measured at 81 V, which means that the output voltage was less than 

the RMS phase-to neutral voltage of 90 V. The recorded results show that there is a voltage 

drop in the output voltage of the diode bridge rectifier circuit. This is caused by the current 

commutation during the overlap period due to the input high inductance and the internal 

circuit resistance in addition to the value of the operating frequency as explained earlier in 

Chapter 4. The simulation results in Chapter 4 show the same effect of the current 

commutation occurring during the overlap period, which leads to a reduction in the output 

voltage of the rectifier. The DC load current (IL) value was recorded using the TTi digital 

multimeter and is equal to 2.7; this satisfies IL= VL/RL = 81/30=2.7 A. Furthermore, the figure 

shows the input line-to-line voltage to the three-phase rectifier circuit Vin which is measured 

between phase-a and phase-b (Vab) with a maximum value of 85.7 V. As expected, the 

rectifier input voltage is clamped by the smoothing capacitor voltage, which is about 81 V, 

and the diodes voltage drops. The lower oscilloscope traces in Figure 7.5 represent the DC 

load current and the rectifier output current. These traces verify that the rectified current 

consists of six pulses per one operating frequency cycle (i.e. 2.5 ms). The figure also shows 

that the average of the rectified current is equal to 2.74 A, which verifies equation (4-11) 

since the input RMS current is 1.93 A. Since the three-phase rectifier uses a smoothing 

capacitor, the ripple in the output voltage and current is very small and can be ignored. Figure 

7.5 shows also that the input current is sinusoidal and lags behind the input voltage 

waveforms. The recorded input current and voltage were taken to be processed in SABER to 

calculate the fundamental components of voltage and current for power factor calculation. 

After performing FFT, the phase-angle between the fundamental components of the supply 

voltage and current was calculated to be 55.15. This means that the circuit’s operating input 

power factor is 0.571. The experimental voltage and current waveforms for selected 

frequencies are shown in Appendix G, which includes the test results under the maximum, the 

minimum and half of the frequency range values.  
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Figure 7.5 Voltage and current waveforms under  Fs = 400 Hz, Vs = 90 V and RL=30     

iR (1 A/div) 
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Furthermore, the rectifier circuit is examined when increasing the operating frequency from 

50-480 Hz and the supply voltage from 50-100 V simultaneously in different steps, while 

maintaining the same load condition of RL=30 . The measurements acquired show that the 

load voltage is reduced when both voltage and frequency are increased, as shown in Figure 

7.6. The figure illustrates that, although the input voltage increases, the average output load 

voltage is reduced. Since the inductive reactance (XL=2 Fs LS) is large at higher frequencies, 

the voltage drop across it will be also large, which leads to a reduction in the average output 

voltage. This occurs as long as the time constant  is greater than the frequency cycle ( > 1/Fs) 

which ensures that the load capacitor will not be discharged quickly. However, at the 

minimum frequency (Fs=50 Hz)  is smaller than 1/Fs. Therefore, the voltage is reduced since 

the capacitor is discharged quickly. The recorded result match closely the simulation results 

presented in Appendix C (Figure C.5). Figure 7.6 also shows that the input AC current is 

reduced by increasing the voltage and frequency.  

 
Figure 7.6 Output voltage and current under constant load (RL=30 ) (conventional rectifier) 

Figure 7.7 shows that the power factor is poor at the higher frequency of 480 Hz and its value 

improves when the frequency is reduced to 50 Hz. As explained in Chapter 3, the power 

factor is a function of the displacement and distortion factors, and at low frequency the 

distortion factor is low which reduces the power factor in spite of a high displacement factor. 

This corresponds to the simulation results demonstrated in Appendix C (Figure C.6). 
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Figure 7.7 Power factor under constant load (RL=30 )(conventional rectifier)  

7.2.2 Operating with variable load resistance 

The performance of the conventional rectifier is tested at different supply voltage and 

frequency values in addition to load variations. The load resistance is varied between 10-30  

with steps of 5 . 

As explained in the previous section, the average output voltage is reduced when increasing 

the supply voltage and frequency and, as expected, this voltage is lower at higher load current, 

as illustrated in Figure 7.8. However, Figure 7.9 reveals that the input current is higher at the 

lower load resistance of 10 , which is because the load current is at a maximum value at 

lower resistance. Also, the figure shows that the reduction in currents is significant at low 

frequency and voltage (50 V/50 Hz), while a slight current variation occurs at maximum 

frequency.  

The results are then processed to calculate the power factor. Figure 7.10 illustrates that the 

input power factor is very low at high supply voltage and frequency of 100 V/480 Hz, with a 

value of 0.311. Similarly, at a frequency of 400 Hz (typical aircraft frequency), the power 

factor is very poor with a value of 0.358, and even with increasing load resistance the power 

factor continues to be poor with a value of 0.5 at both frequencies. On the other hand, at lower 

supply voltage and frequency such as 50 V/ 50 Hz, the power factor is higher with a value of 

0.85 with a small improvement with varying load resistance.  
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Figure 7.8 DC output voltage as a function of supply voltage and frequency variations (conventional 

rectifier) 

 

Figure 7.9 Input current as a function of  load resistance and supply voltage and frequency variations 

(conventional rectifier) 

 

100V/480Hz90V/400Hz75V/240Hz50V/50Hz

0

10

20

30

40

50

60

70

80

90

100

10

15
20

25
30

O
u

tp
u

t 
v
o
lt

a
g
e 

(V
) 

RL() 

100V/480Hz

90V/400Hz

75V/240Hz

50V/50Hz

Vs(V)/ Fs(Hz) 

100V/480Hz
90V/400Hz

75V/240Hz
50V/50 Hz

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

10
15

20

25

30

Vs (V)/Fs(Hz) 

C
u

rr
en

t 
in

 p
h

a
se

-a
 (

A
) 

RL() 

100V/480Hz

90V/400Hz

75V/240Hz

50V/50 Hz



Chapter 7         Experimental Results and Analysis 

 

162 

 

 

Figure 7.10 Power factor as a function of  load resistance and supply voltage and frequency variations 

(conventional rectifier) 

Therefore, employing the conventional three-phase rectifier alone at frequencies as high as 

400 Hz is not recommended since the power factor is very poor. 

7.3 Experimental Results for a Three-Phase FCSC-rectifier operating at Variable-

Voltage and a Variable-Frequency Range of 50-480 Hz   

The three-phase FCSC converter is tested to provide a power of 1 kW only to the DC load due 

to the limitations of several of the circuit components, as explained in Chapter 6. The same 

procedure described in Section 7.2 is followed to vary the supply voltage and frequency 

simultaneously.  

Similarly, the converter is tested under constant load and variable load resistance. Likewise, 

to calculate the power factor, the data are acquired and then processed using FFT analysis 

with similar settings to the FFT analysis presented in the previous chapters. 

7.3.1 FCSC operating with constant load 

Measurements are taken by varying the supply voltage and frequency while maintaining the 

load with a value of 30 . All recorded AC measurements are captured for phase-a only.  
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Figure 7.11 to Figure 7.14 show the circuit waveforms at different supply voltages and 

frequency values when implementing a symmetrical duty cycle control SDCC with the three-

phase FCSC converter. Each figure consists of two sets of results, with the first showing the 

line-to-neutral supply voltage Vs for phase-a, the input current is, DC load voltage VL, DC load 

current IL. The second set presents the voltage across the series capacitor of phase a VCC_a and 

the pulses supplied to the switches S1 and S2 through one dual driving circuit board.    

As explained in Chapter 5, since the maximum frequency value is assumed to be 480 Hz, all 

IGBTs are permanently OFF at this operating frequency, which means that the duty cycle is 

zero (i.e. the pulse width is zero), as shown in Figure 7.11. In this case, the input current is in-

phase with the supply voltage since the value of the series capacitance is selected to match the 

inductive reactance which leads to a reduction of the circuit impedance to its minimum value 

at this operating condition (which is the resonant condition). The ripple in the output voltage 

is very small as the ripple level depends on the chosen smoothing capacitor value. 

When the frequency is reduced to 400 Hz, inductive reactance decreases. Therefore, the IGBT 

switches are switched ON for an interval of 2 to maintain the resonance between the 

capacitive and the generator’s inductive reactance. For this reason, the duty cycle of the IGBT 

switches is increased to 0.08 (see equation (5-5)). Subsequently, the FCSC converter is able to 

maintain the input current in-phase with the supply voltage as shown in Figure 7.12.  

Furthermore, it is worth mentioning that the output voltage is 135 V, which is higher than the 

maximum input voltage Vs_max (127.2 V). This means that the FCSC converter is capable of 

increasing the load voltage to higher than the maximum system input voltage at load 

resistance of 30 , which shows that the three-phase FCSC circuit is able to reduce the 

current commutation overlap intervals which cause the reduction in the output voltage. This 

behaviour closely matches the simulation analysis (Figure 5.28). In contrast, only employing 

the three-phase rectifier, leads to a significant reduction in the output voltage, as shown in 

Section 7.2, at different operating voltage and frequencies.  

As expected, the load current is a DC current with an approximate value of 5 A, and since a 

constant load of 30  was used the load current can be calculated as given below: 

𝐼𝐿 =
135 V

30 
= 4.5 A (7-1) 
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 Figure 7.11 Circuit waveforms with Vs =100 V and Fs = 480 Hz (FCSC circuit) 
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The second part of Figure 7.12 shows that the capacitor voltage is zero when S1 and S2 are 

closed consecutively in each half-cycle of the supply voltage; however, the series capacitor is 

charged to a certain voltage level when the IGBT switches are open because the current is 

passing through the capacitor in this case. 

Based on the symmetrical duty cycle control scheme, a further increase in the duty cycle and 

hence in the switch ON time 2 is required to cope with the frequency reduction while 

maintaining the current in-phase with the supply voltage. This is achieved in accordance with 

the reduction in supply voltage and frequency and is illustrated in Figure 7.13 and Figure 7.14.  

These figures show that the current waveforms are almost sinusoidal at all values of 

frequency and voltage variation except at the minimum frequency spectrum value of 50 Hz. 

At this frequency, although the current is approximately in-phase with voltage, which means 

that the displacement factor is high, the current is clearly distorted and this affects the 

distortion factor and consequently the power factor value, as revealed in Figure 7.14. A 

similar distortion in the input current waveform was observed by simulation at the same 

frequency of 50 Hz (Figure 5.30). An additional trace for the rectifier output current (iR) is 

added to Figure 7.14 as an example image of the rectifier output current. This trace clearly 

shows that the rectified current consists of six pulses per frequency cycle (20 ms) in this case. 

The distortion of these pulses is driven by the distortion in the input phase current. The 

average value of the rectified current verifies equation (4-11) with an approximate value of 

4.6 A, since the RMS value of the current is 3.46 A in this case.  

In conclusion, the recorded test results presented in the above figures illustrate that by 

applying symmetrical duty cycle control (SDCC), the FCSC converter is able to maintain the 

current approximately in-phase with the supply voltage at different supply frequency values, 

and the same finding is achieved in the simulation results presented in Chapter 5 (Figures 

5.27- 5.30).  

The captured results for the FCSC-rectifier’s output voltage and current at different voltage 

and frequency values are shown in Figure 7.15.  
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Figure 7.12 Circuit waveforms with Vs =90 V and Fs = 400 Hz (FCSC circuit) 
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Figure 7.13 Circuit waveforms with Vs =75 V and Fs = 240 Hz (FCSC circuit) 

 

Time (4 ms/div) 

(2 A/div) 
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Figure 7.14 Circuit waveforms with Vs = 50 V and Fs = 50 Hz (FCSC circuit)  
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In contrast with the results when only employing the conventional rectifier circuit in the 

system, presented earlier in Figure 7.6, the output voltage increases linearly with input voltage 

even at higher frequencies; this reveals how the FCSC-rectifier is able to reduce the effect of 

current commutation in terms of the output voltage drop even at high frequencies.  

Moreover, since the load is constant with a value of 30 , the input current also increases 

when the output voltage is increased, as shown in Figure 7.15.   

The acquired results are processed to calculate the power factor. The power factor is high at 

all frequency and voltage values, as shown in Figure 7.16. The figure illustrates that the input 

power factor is high even at the lower frequency value of 50 Hz with a value of 0.94, and its 

value increases to 0.99 at the higher frequency of 480 Hz. The higher values of power factor 

are driven by high values of the displacement factor and distortion factor. 

 

Figure 7.15 DC output voltage and input current under constant load (RL=30 )(FCSC-rectifier) 

The experimental behaviour of the three-phase FCSC-rectifier under symmetrical duty cycle 

control validates the simulation results presented in Chapter 5. The measured values of load 

voltage, input current, and power factor match closely the simulation results presented earlier 

in Chapter 5 (Figure 5.31 and Figure 5.32).  
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Figure 7.16 Power factor under constant load (RL=30 )(FCSC-rectifier) 

7.3.2  Three-phase FCSC-rectifier under various load conditions 

Similar to the analysis of the three-phase rectifier circuit only, the FCSC-rectifier is analysed 

under different load conditions by varying the load resistance between 10-30 , in addition to 

varying the supply voltage and frequency simultaneously.  

Figure 7.17 shows the output DC voltage across the resistive load at different supply voltage, 

frequency, and load resistance values. In this figure, it is clear that a higher output voltage is 

achieved at higher supply voltage and frequency (100 V/480 Hz) and the maximum voltage is 

captured at the maximum load resistance of 30 . The figure also shows that the load voltage 

is reduced by reducing RL at each Vs/Fs variation. As expected, the load current is reduced by 

increasing RL based on the type of the load, as shown in Figure 7.18. 

In addition, based on the equivalent circuit presented in Chapter 5, the input current is a 

function of machine resistance and the supply line-to-line voltage such as Vab. By increasing 

the supply line-to-neutral voltage, the line-to-line voltage is increased (VLL= Vph*√3). By 

increasing the supply voltage and frequency, Figure 7.19 shows that the input current is 

increased and also a function of load; hence, the input current is also lower at a load resistance 

of 30 . 
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Figure 7.17 DC output voltage as a function of supply voltage and frequency variations (FCSC-

rectifier) 

 

 
Figure 7.18 The output load current as a function of supply voltage and frequency variations (FCSC-

rectifier) 
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Figure 7.19 Input current as a function of supply voltage and frequency variations (FCSC-rectifier) 

Figure 7.20 clearly shows that the input power factor is high at all values of supply voltage 

and frequency (the minimum value is 0.94). The higher power factor is achieved at the higher 

voltage and frequency of 100 V/480 Hz with a value of 0.994; however, the minimum value 

of power factor occurs at the maximum load resistance of 30  with a value of 0.94, which 

has been recorded at 50 V/50 Hz. The figure also shows that the variation in load resistance 

has a small impact on the power factor at different voltage and frequency values. Similar 

FCSC-rectifier’s behaviour has been observed under various load conditions in the earlier 

simulation analysis (Figures 5.34- 5.37). 

It is worth mentioning that, although there is reasonable agreement concerning the behaviour 

of the FCSC-rectifier in both simulation and experimental results, there are differences in the 

magnitude of the results driven mainly by the design of the inductor on 50/60 Hz frequency 

and used over variable frequency range of 50-480 Hz, and Behlman power supply distortion 

(see Section 7.6 for more details).  

7.4 Harmonic Analysis of the Three-Phase FCSC-Rectifier 

To validate the harmonic analysis presented in Section 5.2. FFT analysis is carried out of the 

experimental results. The recorded results were processed to have one cycle of each 

waveform under various operating voltage and frequency and load conditions. 
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Figure 7.20 Power factor as a function of supply voltage and frequency variations (FCSC-rectifier) 

Using the same assumptions seen in Chapter 5, the individual harmonics of the input current 

are then examined and compared with the limits for each harmonic imposed by RTCA DO-

160. Figure 7.21 shows that at maximum voltage and frequency of 100 V/ 480 Hz, none of the 

individual harmonics exceed RTCA limits at the lower load resistance of 10 . The figure 

also shows that at half of the maximum frequency of 240 Hz, the individual harmonics also 

fall within the limits except for the second harmonic order, which is slightly higher than the 

limits with a value of 0.7 I1%. However, at the minimum frequency of 50 Hz, the 5
th

 and 7
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harmonics considerably exceed RTCA limits with values of 17% and 10%, respectively. 

When increasing RL to 20 , all the individual harmonics are lower than the RTCA limits at 

maximum and half of the maximum frequency of 480 Hz and 240 Hz respectively. At a 
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 current harmonics also exceed the limits with values of 

19%, 12.5%, respectively, as shown in Figure 7.22. 
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current harmonics for 480 Hz are within the limits, although some harmonic orders have 

higher values at this load condition.   

 

Figure 7.21 Input  current  harmonic spectrum as a function of VS/FS variations when RL= 10  

 

 

Figure 7.22 Input  current  harmonic spectrum as a function of V/FS variations when RL= 20  
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However, with light loads the number of individual current harmonics which exceed the limits 

increases.  

 
Figure 7.23 Input  current  harmonic spectrum as a function of VS/FS variations when RL= 30  

Reassuringly, the above figures lead to the same conclusion as those achieved previously 

through simulation analysis (Figures 5.38-5.40). The figures also show that in spite of the 

additional individual current harmonics appearing in the spectrum from the recorded test 

results, their values are below the RTCA limits and therefore their effect can be ignored.  
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voltage and frequency, the diode bridge rectifier output voltage is reduced due to the 

increased current commutation interval and voltage drop across the internal resistor.  

 

Figure 7.24 Comparison of the  average output voltage of  the rectifier with that of the FCSC-rectifier 

under constant load of RL = 30  

However, the FCSC-rectifier is able to increase the output voltage at higher values of supply 

voltage and frequency due to its ability to reduce the current commutation. Therefore, the 

output voltage of the FCSC-rectifier is increased when the supply voltage and frequency are 

increased. The figure also illustrates that a high output voltage can be achieved by using the 

FCSC-rectifier, especially at the maximum voltage and frequency range of 100 V/ 480 Hz 

with a voltage difference of 85% between them. 

Similarly, the output current of the FCSC-rectifier is increased when the supply voltage and 

frequency are increased, while the diode bridge rectifier output current is reduced accordingly. 

A significant increase in the output current is also found in comparison with the DC current 

converted by the conventional rectifier circuit at the highest voltage and frequency of 100 

V/480 Hz, as shown in Figure 7.25. Since there is a dependency between the output current 

and the input current is, the input current behaviour is similar to the DC current in both 

topologies, as shown in Figure 7.26. 
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Figure 7.25 Comparison of the average output current of the diode bridge rectifier with that of the 

FCSC-rectifier under constant load of RL = 30  

 

Figure 7.26 Comparison of the input current of  the rectifier with that of the FCSC-rectifier under 

constant load of RL = 30  

Figure 7.27 demonstrates how employing the FCSC-rectifier enables a high output power to 

be delivered at constant load in comparison with using the conventional rectifier circuit alone, 

especially at higher values of supply voltage and frequency. For instance, the output power of 

the FCSC-rectifier is 817.19 W at 100 V/ 480 Hz while it is 209.6 W for the conventional 

rectifier circuit. This ability of the FCSC to deliver higher output power to the load is because 

the power factor is very high when employing the FCSC-rectifier in the circuit, especially at 

higher supply voltage and frequency values, which enables the generator to be utilised more 

efficiently to deliver higher output power. 
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Figure 7.27 Comparison of the output power of the conventional rectifier with that of the FCSC-

rectifier under constant load of RL = 30  

The differences between the input power factor values for the two topologies are shown in 

Figure 7.28. The improvement in the input power factor values between FCSC-rectifier and 

conventional rectifier is reduced at low values of voltage and frequency of 50 V/50 Hz. 

However, significant power factor improvements are achieved at high supply voltage and 

frequency values. 

 

Figure 7.28 Comparison of the input power factor of  the conventional rectifier with that of the FCSC-

rectifier under constant load of RL = 30  
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7.5.2 Operating under variable load condition 

This section compares the results for the FCSC-rectifier and conventional rectifier under 

various load conditions in terms of load voltage and current and output power. The 

experimental results were captured at a typical aircraft frequency of 400 Hz with a supply 

voltage of 90 V. The load resistance was also varied between 10 -30  to investigate the 

impact of load variations on system behaviour in both topologies.  

The results acquired show that the load resistance variations have an impact on the DC output 

voltage for both the FCSC-rectifier and the conventional rectifier, as shown in Figure 7.29. 

However, with the same input voltage and frequency, a significantly higher load voltage can 

be achieved using the FCSC-rectifier. The lowest output voltage is achieved at heavy load 

(RL= 10 ). 

 

Figure 7.29 Comparison of the average output voltage of the conventional  rectifier with that of the 

FCSC-rectifier under 90 V/400 Hz 

Figure 7.30 shows a slight variation in the output current as a function of load resistance, 

while the FCSC-rectifier is capable of supplying heavy load since the output current is much 

higher than the DC current when employing the conventional rectifier only. This means that a 

heavy load can be supplied using the FCSC-rectifier in spite of the impact of load variations 

on the output current. Furthermore, the input current behaviour is identical to that of DC 

output current, as shown in Figure 7.31. 
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Figure 7.30  Comparison of the average output current of  the rectifier and that of the FCSC-rectifier 

under 90 V/400 Hz 

 

Figure 7.31 Comparison of the input current of  the conventional rectifier and that of the FCSC-

rectifier under 90 V/400 Hz 

Therefore, the FCSC is capable of delivering much higher output power in comparison with 

the conventional rectifier as shown in Figure 7.32, and in addition there is a considerable 

impact of load variation on the output power developed when employing the FCSC circuit. 

It is worth mentioning that the practical test results for the FCSC-rectifier’s output power 

operating under various values of load resistance validate the simulation results presented in 

Chapter 4 (Figure 4.21). 
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Figure 7.32 Comparison of the output power of  the conventional rectifier and that of the FCSC-

rectifier under 90 V/400 Hz 

The processed experimental data show that, when employing the FCSC-rectifier, the input 

power factor is maintained at a high level with a minimum value of 0.99 under different load 

conditions, and its value is improved slightly to 0.992 when the load resistance is reduced to 

10 , as shown in Figure 7.33. The same impact of load resistance variation was obtained 

earlier in the simulation analysis presented in Chapter 4 (Figure 4.19). 

In addition, Figure 7.33 also shows that the employment of the three-phase FCSC-rectifier 

offers a significant improvement in the input power factor in comparison with the 

conventional rectifier. Hence, better utilisation of the electrical generator is achieved using the 

FCSC circuit.  

The aforementioned investigation shows that the FCSC-rectifier is capable of improving the 

power factor to a high value at different load conditions, including fixed and varying load, and 

therefore providing a better utilisation of the electrical generator. In addition, the FCSC-

rectifier has the ability to improve the output voltage level and output power in comparison 

with the conventional rectifier. However, employing the FCSC-rectifier at the lower voltage 

and frequency values of 50 V/50 Hz has less impact on the improvement in power factor, 

output voltage, and output power, as shown in this chapter. 
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Figure 7.33 Comparison of  the input power factor of  the conventional rectifier and that of the FCSC-

rectifier under 90 V/400 Hz 

7.6 Comparison of the Experimental and Simulation Results 

The captured experimental waveforms (Figure 7.11 to Figure 7.14) are similar to the 

simulation waveforms presented in Chapter 5 when implementing symmetrical duty cycle 

control (Figures 5.27-5.30). Identical system behaviour is achieved when the simulation and 

experimental results are compared. However, the recorded test results show certain 

differences in the magnitudes of voltage and current compared with the simulation results, 

with a very slight effect on the power factor (which is the main concern of the thesis). This 

difference is a function of voltage and frequency variations. The highest errors between the 

simulation and experimental values occur at the highest voltage and frequency of 100V/480 

Hz with a value of 22.9% in the average load voltage. This error is decreased by reducing the 

operating voltage and frequency to the minimum value in the spectrum; for example, the 

lowest DC voltage error is calculated to be 8.6% when at 50 V/50 Hz. Similarly, the error in 

the input AC current is higher when operating at 100 V/480 Hz with a value of 22.8%, while 

this error is reduced to 8.6% at 50 V/50 Hz.   

This difference is expected to be due to various factors, including: the use of components 

which were designed to be employed at low frequencies of 50/60 Hz such as the inductors and 

the capacitors in the AC side; the distorted voltage waveforms supplied by the Behlman 

power supply unit; the tolerances of components; and the accuracy of the measurement 

equipment. Indeed, it is expected that the use of inductors designed to be used in applications 
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operating at 50/60 Hz, would play a significant role in producing this difference, due to the 

fact that core losses depend on frequency. At the same time, other factors may have been 

responsible for minor errors in the results. 

To ascertain the main reasons for this discrepancy between the sets of results, two approaches 

were used to determine whether the dependency of the inductor losses on the frequency 

variations had the highest impact on the results, or if the distortion passing from the power 

supply unit to the system played a role in converter behaviour and how much this affected the 

system.  

The first approach includes capturing the distorted voltage waveforms produced by the power 

supply unit with its entire harmonics for various voltages and frequencies, and then inputting 

this data into SABER by customizing a voltage source based on the recorded data, which 

consists of three-phase voltage waveforms (fundamental and harmonics). This can provide an 

understanding of the system behaviour in the presence of distorted operating voltages with 

variable frequencies, and could clarify how much the power supply unit is involved in the 

error between the simulation and experimental results. Appendix H shows the differences 

between the simulation results and the injected voltage results in terms of DC load voltages 

and the input current. It is explained that this distortion is involved in the differences in the 

results with an error calculated to be around 4% at various voltages and frequencies with a 

constant load of 30 . After subtracting the error caused by the distorted voltage waveforms, 

the highest average voltage net error occurs at the highest voltage and frequency of  100 

V/480 Hz with a value of 20% decaying to 4.6% at 50 Hz. This approach shows that the 

power supply distortion participates in producing this difference in the results; however, 

varying the frequency hadthe greatest impact on the error.  

In order to validate the effect of changing frequency on the circuits behaviour, a second 

experimental approach is used to observe system operation with a sinusoidal voltage supply 

of a fixed frequency of 50 Hz. This was accomplished by replacing the Behlman AC power 

unit with a three-phase fixed voltage/frequency supply. A three-phase autotransformer (three-

phase variac) was connected to the three-phase main supply terminals in order to control the 

AC output voltage. A soft starter was used to prevent the inrush current at starting instant. 

Three Cornell-Dubilier polypropylene film capacitors were used with a value of 730 μF 800 

V DC ±10% as series capacitors with circuit inductors in the AC side. All other parameters 

were the same as before. By applying a voltage of 50 V to the system and comparing the 
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simulation and experimental results, the error in terms of both load voltage and input current 

is approximately 5% at RL=30 .  

The aforementioned approaches show that the largest part of the difference between the 

experimental and simulation results is caused by frequency variations. This means that the 

system losses are increased by increasing the frequency to 480 Hz. Since the inductors used in 

this test are designed to operate with a 50/60 Hz voltage source, the results show that inductor 

losses increase in proportion with increasing frequency.  

In general, one important factor which affects the inductor losses is frequency [150, 151]. 

However, in power factor correction applications with switching power converters, an 

accurate calculation of inductor loss is highly challenging. In such applications, the 

conventional methods for core loss estimation based on the core manufacturer’s data sheet 

cannot be used when the switching frequency or the duty cycle are varied [152]. In this work, 

the results also show that inductor losses increase proportionally with frequency.   

7.7 Summary  

This chapter has presented and analysed the experimental test results when employing the 

three-phase FCSC-rectifier with symmetrical duty cycle control in a variable-voltage variable-

frequency system. The experimental investigation was carried out under different load 

conditions, including fixed and variable resistive load. The test operating voltage and 

frequency ranges used in the test were between 50-100 V and 50-480 Hz respectively. Power 

supply distortion was investigated at the beginning of the chapter, and it was concluded that 

there is no significant impact of the frequency harmonics of power supply switching on the 

performance of the FCSC-rectifier in terms of the power factor, which is the main aim of this 

work.  

The experimental investigation was carried out and is separated into two parts. The first 

investigation is dedicated to examining the system performance when operating with only a 

conventional three-phase rectifier. The second experimental investigation is devoted to 

demonstrating the system performance when employing the three-phase FCSC-rectifier. In 

both parts, the investigation has been carried out in terms of the output voltage, output current, 

output power, and power factor, for both fixed and variable resistive load. Harmonic analysis 

was carried out to assess the individual harmonic levels and the suitability of employing the 

FCSC converter in aerospace applications. Then, a comparison of the two rectifier circuits 
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was conducted to assess the impact on system performance of implementing symmetrical duty 

cycle control with the FCSC-rectifier during various operating conditions.  

The functionality of the hardware and the three-phase FCSC-rectifier with symmetrical duty 

cycle control were validated by the measured experimental results. These recorded results 

show that the FCSC-rectifier is able to improve the power factor to values as high as 0.992, 

offering a better utilisation of the electrical generator. Hence, the electrical losses in the 

system were reduced and therefore high output power was achieved. 

Furthermore, a similar behaviour for the three-phase FCSC converter under symmetrical duty 

cycle control is achieved by comparing the recorded experimental and simulation results. Also, 

the differences in the load voltage, and input current values are also highlighted and verified 

between both results.  

To sum up, the experimental results demonstrate that, by implementing symmetrical duty 

cycle control, the three-phase FCSC-rectifier is able to cope with voltage and frequency 

variations typical of some aerospace applications. The test results also show how employing 

the FCSC-rectifier improves system performance in terms of power factor, output voltage, 

output current, and output power under different load conditions and with various voltages 

and frequencies, compared with the three-phase diode bridge rectifier. In addition, the test 

results also demonstrate that the substantial improvement in system performance was 

achieved by employing the FCSC-rectifier at higher supply voltages and frequencies, 

including 90 V/400 Hz which is a typical aircraft frequency. While at the lowest voltage and 

frequency values in the spectrum, which were 50 V/ 50 Hz in this test, the experimental 

results showed that the FCSC-rectifier introduces only limited improvement in system 

performance. 
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Chapter 8. Conclusion and Future Work 

This thesis investigates the impact of applying symmetrical duty cycle control (SDCC) on the 

performance of the three-phase FCSC-rectifier operating in stand-alone variable-voltage 

variable-frequency applications. The performance of the circuit has been evaluated in terms of 

power factor, output voltage, input current, output power, total harmonic distortion and 

individual harmonics levels. In this work, the circuit has been considered for wave energy 

converters and aircraft systems. Converter behaviour under various load conditions, including 

constant and variable load, has been examined. The principal aims of this research are: 

 To propose a control scheme which enables a three-phase power electronic converter 

to cope effectively with a wide range of frequency variation in a stand-alone variable-

voltage variable-frequency systems, and to maintain a high power factor  

 To investigate the performance of the three-phase converter under various operating 

conditions, including fixed and variable load, and to examine its suitability for 

employment in aerospace applications. 

This thesis makes an important contribution to research in power factor correction of variable-

voltage variable-frequency systems. A new symmetrical duty cycle control scheme is 

proposed, and experimentally validated for the three-phase circuit topology of the FCSC-

rectifier. 

Furthermore, this thesis presents a detailed investigation into the three-phase performance of 

the FCSC-rectifier operating over a wide range of operating frequencies. The research 

contribution is made by examining the individual harmonics levels of the FCSC-rectifier 

circuit, and considering the impact on more electric aircraft systems. The author believes that 

this analysis has not previously been presented in the literature.  

This chapter presents a summary of the investigation’s key points as reported in this thesis 

and highlights the main conclusions of this work, in addition to providing suggestions for 

future work.  
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Conclusion 

In some stand-alone variable-voltage variable-frequency applications such as direct drive 

wave energy converters (WECs) and more electric aircraft (MEA), a three-phase electrical 

generator is connected directly to a conventional three-phase diode bridge rectifier, for 

simplicity and cost reduction, to deliver power to the DC load. The majority of published 

studies in this area have been concerned with the design of the three-phase generator in terms 

of reduced size, volume, cost, and weight, at the expense of higher values of generator 

reactance. The use of a diode bridge rectifier with a high inductance generator causes the 

overall power factor to deteriorate due to commutation overlap as the current is transferred 

from one diode to the next. It is therefore very important to correct the power factor in such 

systems to ensure better utilization of the electric generator.  

Different power factor correction techniques have been used over the decades. In this research, 

a variable switched capacitor has been used to inject a capacitive reactance which can 

compensate the inductive reactance of the generator. Due to the nature of variable-voltage 

variable-frequency systems, it is crucially important to inject a variable capacitive reactance, 

since the generator’s inductive reactance varies as a function of frequency variation. The 

series compensation technique was applied in this project using controlled series capacitor 

circuits. 

The thesis presents a detailed investigation of CSC topologies commonly employed in power 

systems by critically reviewing the published literature. A theoretical comparison has been 

presented to summarize the advantages, disadvantages and limitations of each circuit 

configuration, to determine its suitability for different applications. Various common CSC 

types are compared, including the magnetic energy recovery switch, static synchronous series 

compensator, dynamic voltage restorer, thyristor controlled series capacitor, thyristor 

switched series capacitor, switched variable series capacitor, and forced-commutation 

controlled series capacitor. Based on this comparison, it is noted that the FCSC circuit is the 

most promising compensator, which could be employed in three-phase stand-alone variable-

voltage variable-frequency systems due to its ability to provide a continuous variable 

capacitive reactance through the IGBT switch action. Although the TCSC was found to be the 

most common type of FACTs controller in power systems, the risk of internal resonance 

between the circuit components leads to its exclusion from consideration for the application 

considered here.  



Chapter 8 Conclusion and Future Works 

 

188 

 

Here, the research is focused on the three-phase FCSC circuit topology, which is able to cope 

with high frequency variations between 50 Hz and 500 Hz, and which is within the range of 

typical frequencies for aircraft systems.  

An investigation into the performance of the single-phase FCSC circuit is also presented to 

provide an understanding of converter behaviour before investigating the more complicated 

three-phase topology. The use of the single-phase topology is limited to the wave energy 

converter in this work.  

The modes of operation of the single-phase FCSC converter were first described. A 

performance analysis was then presented numerically by simulation, in terms of the input 

power factor, output voltage, output power, efficiency, and total harmonic distortion. A 

significant improvement was achieved in terms of the input power factor. The results show 

that the power factor was improved from 0.35 lagging to 0.99 lagging under fixed load, which 

enables the single-phase FCSC-rectifier to provide better power take-off from the electrical 

generator.   

The impact of load variation is also investigated in detail. Results show that any increase in 

load resistance reduces the value of the power factor, and that this reduction is driven by a 

drop in the distortion factor rather than the displacement factor. In addition, the simulation 

results showed a minimal impact of load capacitance variation on converter performance.  

Typically, most PM generators employed in VVVF systems are three-phase generators. This 

work has therefore focused on the investigation of the performance of the three-phase FCSC-

rectifier topology. Numerical and experimental investigations were carried out under constant 

and variable load conditions, and numerical simulations were performed using SABER. 

 A description of the problem of the high level of distortion arising from the employment of a 

conventional PFC converter in aerospace applications has been presented in this thesis. This 

distortion is caused mainly by zero crossing distortions which develop in conventional PFC 

converters. In such applications, the allowable current and voltage distortions set by the 

authorities are strictly limited and this effectively excludes several conventional PFCs from 

being employed in aircraft systems. The three-phase FCSC-rectifier was therefore proposed in 

this thesis to be employed in aerospace systems as well as in marine renewable systems.  
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A description of the three-phase FCSC converter is introduced; a brief description of the 

effect of the load type connected to the output of the rectifier is also presented. The principle 

of operation of the three-phase FCSC-rectifier with various IGBT switch ON/OFF actions is 

then presented in detail. The circuit is modelled and simulated for both marine and aerospace 

frequency ranges. 

Numerical analysis is carried out for two circuit configurations to examine the impact of 

employing the three-phase FCSC converter in aircraft systems. In the first configuration, the 

permanent magnet alternator is connected directly to the three-phase six-pulse diode bridge 

rectifier, and in the second the three-phase FCSC-rectifier is interfaced with the PMA 

generator to supply the DC load. Simulation results indicate that a power factor of 

approximately unity can be achieved by employing the three-phase FCSC-rectifier compared 

with a power factor of 0.35 lagging without the FCSC circuit. The use of the three-phase 

FCSC-rectifier also increases the output voltage level dramatically for the given load value, 

because the FCSC converter is able to reduce the duration of the commutation period which 

occurs in a conventional three-phase diode bridge rectifier. In this research, the circuit 

operation is discussed in accordance with the duality concept. Simulation results show that the 

circuit behaviour is in duality to the three-phase rectifier supplied by a stiff sinusoidal voltage 

source and connected to a series RL load. This means that the circuit can be described as a 

three-phase rectifier fed by a sinusoidal current source and connected to an RC load. 

Therefore, the rectifier output current was calculated as 1.35 I rms. The results also show that 

the three-phase FCSC-rectifier has a high efficiency of 97%.  

To fulfil the power quality requirements for aerospace systems, an extensive harmonics 

analysis of current harmonics was carried out using FFT analysis.  From the analysis it was 

concluded that all of the current harmonics were lower than the required limits when the 

converter is operating at the maximum frequency in the range (50-500 Hz).  

The results demonstrate the ability of the three-phase FCSC converter to enhance PMA 

generator performance by maintaining a high power factor at high efficiency under various 

load conditions, while maintaining the level of harmonics components within the limits 

imposed by RTCA DO-160.  

A novel symmetrical duty cycle control scheme (SDCC) is proposed in this research to 

qualify the three-phase FCSC converter to deal with significant frequency variations, such as 
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those of wave energy converter and aircraft system frequencies. The scheme was tested with 

both the single-phase and three-phase systems. The approach was very simple to implement, 

with no need for a sophisticated circuit. The controller was synchronised with the supply 

frequency, and the ON/OFF time of the switches was determined by applying a symmetrical 

switching pattern across the maximum current instant. In the proposed scheme, the switch ON 

time is a function of the supply frequency, which allows the converter to cope with frequency 

variations. For both topologies, the simulation results showed that the FCSC-rectifier can 

correct the power factor to a high value over a wide frequency range. Better performance, 

however, was achieved by employing the three-phase topology. It had less distortion in the 

input current waveform and was able to boost the output voltage to a higher value than the 

maximum line-to-neutral input voltage at a given load. The three-phase FCSC circuit was 

capable of correcting the power factor and meeting the power quality requirements for aircraft 

systems over a range of frequencies from the maximum value to half of this maximum value. 

However, the converter exceeded the allowable harmonics level at the minimum operating 

frequency due to the large duty cycle and the switch ON-time associated with such a 

frequency. 

Interestingly, the simulation results also show that the circuit behaves differently in its single-

phase and three-phase topologies in terms of the commutation overlap interval and the output 

voltage level. 

 A 1 kW three-phase FCSC-rectifier was then built and experimentally tested in a laboratory 

environment. A general description of the experimental test bench is provided. The laboratory 

set-up is comprised of the power generating unit, the power stage, the measurement sensors, 

and the control unit implemented on a Spectrum Digital eZdsp Texas Instruments 

TMS320F28335 DSP and National Instruments LabView control panel. 

The functionality of the hardware and the three-phase FCSC-rectifier with symmetrical duty 

cycle control were validated experimentally at voltages and frequencies between 50-100 V 

and 50-480 Hz respectively for different load conditions. Despite the output voltage distortion 

that arises from the switching frequency of the available Behlman AC power supply, the 

experimental results showed good agreement with the simulation results. The experimental 

results were acquired for both the three-phase conventional diode bride rectifier and the 

FCSC-rectifier under the same operating conditions.  
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The recorded experimental results validate the ability of the FCSC-rectifier in practice to 

improve the power factor to high values up to 0.992 in comparison with the diode bridge 

rectifier when implementing the symmetrical duty cycle control.  

Other aspects of system performance, including output voltage, output current and output 

power under different load conditions and various voltages and frequencies, were also 

investigated experimentally and the results compared with those for the three-phase diode 

bridge rectifier. The recorded results demonstrated that a strong improvement in system 

performance is achieved by employing the FCSC-rectifier at higher supply voltage and 

frequencies, including at 90V/400 Hz, which is a typical aircraft frequency. However, only a 

marginal improvement in system performance was realised at the minimum frequency in the 

range tested due to the high conduction losses caused by the large duty cycle.  

The simulation and experimental results demonstrate the effectiveness of the three-phase 

FCSC-rectifier in maintaining high input power factor, output voltage, and output power with 

low harmonic distortion, at a frequency range between the maximum and half of the 

maximum frequency. The results also show that the three-phase FCSC-rectifier is less 

effective at the minimum frequency in the range. 

8.1 Future Work 

Simulation results and experimental tests have shown that the three-phase FCSC circuit is 

capable of delivering excellent performance characteristics in terms of input power factor, 

output voltage, output power, efficiency and lower harmonic distortion when employed in a 

variable-voltage variable-frequency application, in particular at the higher frequencies in the 

frequency range. However, improvements could possibly be achieved by improving the 

ON/OFF control scheme time for the IGBT switches. In addition, the number of switches 

implemented in the three-phase FCSC-rectifier circuit could be reduced by replacing 

asymmetrical IGBTs with symmetrical devices. In this case, there would be no need to embed 

a diode in series with each IGBT switch. This would reduce the number of switches by six. 

Although a comprehensive investigation of the impact of load variation is presented in this 

thesis, further investigation to take into account the load resistance in the control scheme is 

considered to be worthwhile. Moreover, a stability analysis of the three-phase FCSC 

converter may be useful to introduce the circuit for aircraft HV DC power distribution 

systems.  



Chapter 8 Conclusion and Future Works 

 

192 

 

Further investigations may also be interesting which employ the three-phase FCSC-rectifier in 

different variable-voltage variable-frequency applications, such as free-piston engine 

applications, using different frequency ranges such as 10-100 Hz. 

Finally, the investigation of the three-phase FCSC-rectifier has shown its ability to maintain 

lower harmonics distortion, especially at the higher frequencies in the range, and so a 

harmonics reduction technique for lower frequencies may also need to be proposed.  

 

 

 

 



Appendices 

 

193 

 

Appendix  A. Variable-Voltage Variable-Frequency Applications 

A brief overview for two variable-voltage variable-frequency applications is described as 

follows. 

A.1 Wave energy converters (WEC) 

One type of wave energy converter is the buoy. It is able to extract energy from ocean waves 

and convert it into electrical power. In addition, buoys can be used as stand-alone devices to 

warn the system of any seismic events such as tsunamis and may also serve as navigation 

lights. To power up the electronic equipment and batteries, a solar panel is used, which has 

the drawback of low levels of sunlight in some countries such as the UK. The other alternative 

is to use an electrical generator to supply the buoy’s electronics with a DC power. A linear 

permanent magnet generator is proposed to be used due to its high efficiency and power 

density. This is because it generates electrical power with a variable-voltage variable-

frequency. However, it suffers from low power factor due to its high inductance. To supply 

the electronic loads, the generator is connected directly to a conventional diode bridge 

rectifier for simplicity and cost reduction. The system suffers from a low power factor due to 

the commutation overlap. 

In 1910, the first wave energy converter used to supply electricity to French home was 

designed by Praceique-Bochaux using a pneumatic system. This was followed by the 

Japanese researcher Yoshio Masuda, who developed the idea of the oscillating water column 

(OWC) in 1940. Recently, due to the energy crisis and environmental awareness, wave energy 

is attracting more support and interest as a part of a renewable energy strategy. 

Many challenges face this conversion technology, such as needing to work with as low a 

frequency as 0.1 Hz, and the problem of wave oscillatory movement, which has to be 

converted to 50 Hz to connect to the grid. In addition, there is a need to increase the voltage 

level generated by the WEC to be transmitted from the sea to the sub-station. Furthermore 

waves vary in height and period, and therefore the power produced varies accordingly. This 

creates offshore converter challenge. Moreover, the devices also need to align themselves to 

wave direction.  
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Many projects have been supported to develop WEC systems for many years and several 

types of WECs have been developed to economically extract energy from the water. Wave 

energy converters can be categorised in different ways. Based on location, they can be 

classified as on-shore, near-shore, and off-shore. They are also categorised based on the 

working principles used into six types: attenuator (A), point absorber (PA), oscillating wave 

surge converter (OWS), oscillating water column (OWC), overtopping device (OT), and 

differential pressure (DP). Many governments supporting WEC projects have employed well-

known types of wave energy converters, as summarized in Figure A. 1. In fact, over several 

decades hundreds of WEC systems have been proposed.  

In order to extract power from waves, different power take-off (PTO) mechanisms are used, 

including hydraulic, mechanical, pneumatic, and direct drive PTO systems [153-156]. Figure 

A. 2 illustrates the conversion stages in wave energy systems for converting the wave energy 

to electricity, including different PTO systems. This figure also shows the role of the power 

electronic converter in such systems.  

Various designs of electrical generator topologies have been proposed to efficiently employ 

electrical generator in WECs, including rotary and linear generators.  

The direct drive PTO conversion system is considered to be a promising technique in wave 

energy conversion systems in relation to cost reduction, efficiency, and reliability, since there 

is no need to use mechanical or pneumatic energy equipment in this topology [124, 157]. 

Several researchers have investigated the most promising generator topologies to be employed 

in direct drive WEC, comparing the longitudinal flux machine (LFM), the transverse flux 

machine (TFM), and the Vernier hybrid linear generator. The transverse flux PM machine has 

been proposed as the most promising topology for a generator to be used in direct drive WEC 

[123, 124, 153]. However, this type of generator suffers from high inherited inductance, 

which causes a very poor power factor, and this needs to be corrected. 
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 Figure A. 1 Main wave energy converter projects 
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Figure A. 2 Different WEC conversions stages 

A.2 More electric aircraft (MEA) 

In conventional civil aircraft, the engine converts the fuel to power. Most of the power is used 

as propulsion power for the moving aircraft, and the rest is transformed into non-propulsive 

power. There are four main non-propulsive power systems which can be classified as 

hydraulic, pneumatic, mechanical, and electrical, shown in Figure A.3. The hydraulic and 

electrical power systems are driven by the gearbox. All of the commercial loads are fed by the 

generator, including the avionics, galleys, entertainment systems and lightning. The 

complexity of each system and the interaction between different pieces of equipment 

decreases the overall efficiency of the system. Hence, a new trend has emerged towards a 

reduction of the number of non-propulsive power systems used [158]. 

The trend towards all-electric aircraft (AEA) is considering the use of a single power system 

to replace multiple systems. This has potential benefits which can be summarised briefly as: 

maintenance being easier in relation with replacing parts, and the maintenance routine 

remaining almost the same; power being consumed only during operation (power on demand); 

reduced weight when the hydraulic system is removed; and reduced operating cost [159-161].  



Appendices 

 

197 

 

Gear box

Central 

hydraulic unit

Electrical 

generator

Electrical 

distribution

Commercial 

loads
Engine system

Gear boxGear box

Compressor

Ice protection

Enviromental 

control system

Pneumatic 

power

Electrical  

power

Mechanical  

power

Hydraulic  

power

 

Figure A.3 Conventional civil aircraft system 

Nevertheless, in the aircraft industry, reliability has the highest priority, and therefore there is 

a reluctance to embrace entirely new systems. Hence, the aerospace industry has recently 

begun moving toward more electric aircraft instead of all-electric aircraft, which entails the 

introduction of hybrid systems. 

The concept of more electric aircraft can involve the replacement of some parts of the 

hydraulic system with electrical systems, and particularly in increasing the involvement of a 

power electronics converter in the main engine generation system, as shown in Figure A.4. 

However, replacing the non-propulsive power systems in the conventional aircraft requires 

significant developments in power generation, distribution and management, and advances in 

monitoring and control systems. In fact, the most crucial technologies for MEA are the power 

electronics and control system. Hence, the development of power electronic technology is 

playing a key role in moving toward a more electrical system, in addition to the advances in 

power engine technology and embedded digital controllers [11, 158, 162].  
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Figure A.4 Typical MEA electric aircraft system 

Starting from the 1990s, many projects have investigated advances in aircraft power systems 

and power management, which are important in moving toward less reliance on hydraulic 

power systems [158, 163]. For instance, the European Community (EC) 5th framework 

programme introduced the power optimised project (POA). In this project, the concept is to 

move to more/full electrical architecture by embedding the starter generator, bleed-less 

environmental control and the use of electrical flight control and landing actuators. 

Figure A.5 shows conventional civil aircraft power generation and distribution and the power 

optimized counterpart, introduced as part of  EC framework [164]. 

Recently, several new electrical technologies have been employed in passenger aircraft such 

as the Boeing 787 and Airbus 380. High on-board electrical power is required due to high 

electrical power loads such as those for the galley equipment, communication systems, 

weather radar, environmental systems, in-flight entertainment systems, and flight instruments. 

Therefore, it is important to employ an electrical system with the ability to generate, regulate, 

distribute, and supply high power loads. 
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In the Boeing 787, four generators with a capacity of 250 KVA are driven by two engines 

which produce a total power of 1000 kVA, but higher powers in the future are predicted. In 

addition, the electrical system in this aircraft is able to provide different voltages, such as 

variable frequency (VF) AC and DC, in contrast with most other available aircraft systems 

which provide 115 V AC at 400 Hz and 28 V DC [6]. 

 

Figure A.5 Conventional and MEA aircraft architectures adapted from [164] 

The use of VF power in the MEA architecture has been proposed to improve overall 

efficiency and reduce the volume and weight compared to the constant frequency CF 

electrical system. Therefore, it is seen as the future trend for aircraft systems. In addition, 

many AC loads require specific frequency control to produce the desirable torque, such as in 

AC motors [12]. 

Figure A.6 illustrates different architectures of electrical power generation which are currently 

deployed in aircraft systems. In this figure, the first system is based on three-phase AC 

generation integrated drive generator (IDG) with 400 Hz CF 115 V. The next system has a 

variable speed constant frequency (VSCF) cycloconverter. This is followed by VSCF with a 

DC link system. The variable frequency (VF) architecture is also illustrated in this figure, 

with a three-phase 115 and 230 V and (380-760 Hz). A 270 V DC bus voltage can be 

achieved with VF of 115 V AC input given an appropriate conversion stage. Finally, 

emergency power with 28 V DC is supplied by permanent magnet generators (PMGs) [6]. A 

significant advantage can be achieved when moving toward high voltage AC and DC power 

systems in aircraft, including increasing the effective capacity of the aircraft electric power 

system, which reduces current dramatically and, as a consequence, reduces cable weight while 

lower losses and higher efficiency can be achieved. However, the commonly used PWM 
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converter, which already uses a very sophisticated control strategy, could cause the unstable 

operation of the distribution network [17, 18]. 

These developments show that more progress is needed in moving toward more electric 

aircraft. Many challenges require additional investigations including the need for high power 

semiconductor switches and a high capacity generating unit, along with a high quality power 

converter, to comply with the harmonic standards; complex filtering systems are also required 

in addition to advanced control units. 
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Figure A.6 Different strategies for electrical power generation [6] 
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Appendix  B. Three-phase six-pulse bridge rectifier with pure resistive load 

 

In high power applications, a three-phase diode bridge rectifier is commonly used because of 

its high efficiency and the lower ripple content in its output waveform in addition to its 

capability of handling large power levels. 

In order to analyse the ideal operation, the rectifier is connected directly to a three phase Y-

connected power supply with no inductor and feeds pure resistive load, as shown in Figure 

B.1. In this circuit, the diodes are ideal and numbered in accordance with the conduction 

sequence. A three-phase AC voltage source is used in this simulation with a phase shift of 

120 between phases a, b and c with an RMS phase voltage of 100V.    

 

Figure B.1 Three-phase six-pulse diode bridge rectifier 
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Figure B.2 shows the relationship between the line to line voltages VLL (Vab, Vbc, Vca ) and 

line-to-neutral voltages Vph (phase voltages) for the phases a, b and c. There is a phase shift of 

120 between all three line-to-line voltages. Furthermore, the line to line voltages Vab, Vbc and 

Vca leading the corresponding phase voltage by 30. As the maximum phase voltage is 142V, 

the maximum line-line voltage (VLL max) is approximately 246 V, which satisfies the 

following basic formula: 

𝑉𝐿𝐿 𝑚𝑎𝑥 = √3 𝑉𝑝ℎ 𝑚𝑎𝑥 =  √3 × 142 = 245.95 𝑉 (B-1) 

 

 

Figure B.2 Line-to-neutral voltage of phases a, b and c and line-to-line voltages  

The load voltage is composed of six pulses during one frequency cycle according to six AC 

sinusoidal voltages Va-Vb, Va-Vc, Vb-Vc, Vb-Va ,Vc-Va, Vc-Vb  [165], as shown in Figure B.3. 

This means that two diodes conduct at each instant (one from the top group and one from the 

bottom group). The average value of output voltage is calculated from  

𝑉𝐷𝐶 =  
1

𝜋 3⁄
∫ √2

𝜋 6⁄

−𝜋 6⁄

 𝑉𝐿𝐿 cos 𝜔𝑡  𝑑𝜔𝑡 (B-2) 
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𝑉𝐷𝐶 = 1.35 𝑉𝐿𝐿 (B-3) 

 

= 1.35 × √3 × 100 = 233.82 𝑉  

where VLL represents the RMS value of the line-to-line voltage.  

Using the SABER, the average DC voltage is equal to 232.42 V and the DC output current is 

7.761 A, as shown in Figure B.3. It is clear that there is a difference approximately equal to 

1.4 V (twice 0.7 V) between the calculated and the measured value of VDC. This is because 

the diode forward voltage is taken into account in simulator. The load current can be 

calculated analytically using equation ( B-4). 

The rectifier DC output contains a ripple component which needs to be absorbed to obtain a 

pure DC output. The ripple frequency can be calculated as given in the formula [7]: 

𝑓𝑟 = 6 × 𝑓𝑠 (B- 5) 

 

where fr is the ripple frequency and fs is the supply frequency. 

 

Figure B.3 DC load voltage (VL) and line-line voltages (Vab,Vbc,Vca) 

 

𝐼𝐷𝐶 =
𝑉𝐷𝐶

𝑅𝐿
= 7.79 𝐴 

( B-4) 
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Figure B.4 DC load voltage and current 

Figure B.5 shows that there are phase shifts of 120 between the input phase currents.  

The rectifier efficiency  can be calculated as given below [166]: 

 =
𝑂𝑢𝑡𝑝𝑢𝑡 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝐶 𝑝𝑜𝑤𝑒𝑟

 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝐶 𝑝𝑜𝑤𝑒𝑟
=  

𝑃𝐷𝐶

𝑃𝐴𝐶
 (B- 6) 

 

 
Figure B.5 Three phase input currents 

The average output power can be calculated as: 

𝑃𝐷𝐶 =  𝑉𝐷𝐶 × 𝐼𝐷𝐶 (B- 7) 
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The average three-phase AC power can be calculated from the formula: 

𝑃𝐴𝐶 = 3 ×  𝑉𝑅𝑀𝑆_𝑎𝑣 × 𝐼𝑅𝑀𝑆_𝑎𝑣 
(B- 8) 

where VRMS_av and IRMS_av  represent the average RMS value of the phase voltage and current 

respectively. Therefore, the efficiency of the rectifier is: 

%  =
1819.9

1830
 × 100 =  % 99.4 (B- 9) 

The current flowing through the diodes is presented in Figure B.6 as explained above; two 

diodes conduct according to the effective line-to-line voltages. Therefore, the conduction time 

of each diode is approximately 667 s, which means that each diode conduct for 120. This 

figure illustrates also that there is no commutation period between the current transfer to 

another diode, and this means that the current is transferred instantaneously to the second 

diode. This is because the source inductor is neglected, which cancels any delay in the current 

transfer between diodes. With the presence of machine inductance, the voltage and current 

waveforms are different since commutation overlap occurs. 

 
Figure B.6 The diodes current waveforms 
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Appendix  C.  Simulation Results of the Three-Phase Diode Bridge 

Rectifier Feeding RC Load under Constant and Variable Load 

 

In Chapter 4, it was demonstrated that the three-phase uncontrolled rectifier operates 

differently depending on the load connected to the DC side of the rectifier. This appendix 

describes the behaviour of the three-phase diode bridge rectifier when it is connected to 

parallel RC load (see Figure 4.8). This behaviour is described under various operating 

conditions. The first section describes the performance of the three-phase rectifier at fixed 

load, and the subsequent section demonstrates its behaviour under varying load conditions. 

C.1 Three-Phase Diode Bridge Rectifier Operating with Fixed Load 

Figure C.1 to Figure C.4 illustrate the rectifier input and output voltage and current 

waveforms when operating with a constant load of RL=30 .  

All of the figures show that the rectifier input voltages are clamped by the load capacitor 

voltage, as explained in Chapter 4. The rectifier output current consists of six pulses per 

operating frequency cycle. The maximum rectified current is equal to the maximum input 

current; however, its average value is equal to 1.35 Is, where Is represents the RMS value of 

the input current in one phase.  

These figures also illustrate clearly that a large phase-shift occurs between the input voltage 

and current waveforms at various values of voltage and frequency due to the high inductance 

of the PMA generator, which leads to a poor power factor. In addition, a high current 

distortion occurs at the lower frequency, as shown in C.4. 

To sum up, the variation in DC load voltage as a function of voltage and frequency variations 

is shown in C.5. The figure shows how the time constant () governs the behaviour of the 

three-phase rectifier. The load voltage is reduced by increasing the frequency due to the high 

voltage drop driven by the high inductive reactance of the PMA generator. However, when  

< 1/Fs (when the frequency is 50 Hz), the load capacitor is discharged quickly which reduces 

the output voltage levels. The figure also shows that the input current is reduced by increasing 

the operating voltages and frequencies. 
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A poor power factor is achieved at higher voltage and frequency, while a higher power factor 

is achieved at the lower frequency of 50 Hz, as shown in C.6. 

 

Figure C.1 Voltage and current waveforms under Fs=480 Hz, Vs= 100 V and  RL=30 
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Figure C.2 Voltage and current waveforms under Fs=400 Hz, Vs= 90 V and  RL=30 
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Figure C.3 Voltage and current waveforms at Fs = 240 Hz, Vs=75 V, RL=30  
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Figure C.4 Voltage and current waveforms at Fs = 50 Hz, Vs= 50 V, RL=30  

 

Figure C.5 Output voltage and current under constant load (RL=30 ) (conventional rectifier) 

 



Appendices 

 

211 

 

 

Figure C.6 Power factor under constant load (RL=30 )(conventional rectifier) 

C.2 Three-Phase Diode Bridge Rectifier Operating with Variable Load 

In this section, the behaviour of the three-phase rectifier is analysed numerically at various 

levels of load resistance in addition to various operating voltages and frequencies. The load 

resistance is varied between 10-30 . 

Figure C.7 shows how the output DC voltage is at its minimum level when the load resistance 

is at a minimum value of 10 . This is expected since the load is a parallel RC load and 

therefore it is governed by Ohm’s Law. In addition, the average output voltage is increased 

when decreasing the supply voltage and frequency.  

Conversely, the input AC current is reduced by increasing load resistance since the input 

current is a function of the load current which is reduced by increasing the load resistance as 

shown in Figure C.8. A significant current reduction occurs at the lower frequency of 50 Hz 

with a lower voltage value of 50 V. 

The power factor is very poor at the high frequency of 480 Hz, with a value about 0.3 when 

the load resistance is at its lowest value of 10 . Power factor values are improved gradually 

by increasing the load resistance, as shown in Figure C.9. However, a significantly high 

power factor is achieved at the lower frequency of 50 Hz. This explains the importance of 

replacing the conventional rectifier in any application with a variable frequency higher than 

50 Hz.    
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Figure C.7 DC output voltage as a function of supply voltage and frequency variations (conventional 

rectifier) 

 

Figure C.8 Input current as a function of  load resistance and supply voltage and frequency variations 

(conventional rectifier) 
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Figure C.9 Power factor as a function of  load resistance and supply voltage and frequency variations 

(conventional rectifier) 
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Appendix  D. Harmonic Analysis of the Programmable AC Power Source 

 

The Behlman AC power supply unit used in this test suffers from distortion in its output 

voltages. Therefore, a harmonics analysis was carried out using FFT to calculate the most 

dominant harmonics in addition to the other harmonic components. The voltage waveforms 

were captured when the unit is running under no-load operating condition. A photograph of 

the unit is shown in Figure D.1. The voltage waveforms were captured for different voltage 

and frequency values and a fixed load of RL=10 . 

 

 Figure D.1  Programmable AC power source 

By performing the FFT analysis in SABER, the harmonic components of the voltage 

waveform can be calculated. 
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Figure D.2 and Figure D.3 show clearly that the dominant harmonic is at approximately 20 

kHz for frequencies of both 400 Hz and 200 Hz. Figure D.4 shows the harmonics components 

after the FFT analysis of the voltage waveforms operating at 100 Hz. The figure shows that 

different harmonics frequencies are available when operating at 100 Hz, including 20 kHz. 

This indicates that this power supply provides the most distorted waveform at lower 

frequencies in its operating frequency range. The harmonics components over the entire 

operating frequency ranges for line-to-neutral voltage (phase-a) are shown in Figure D.5 All 

the harmonics with amplitudes less than unity are ignored in this figure. The figure shows 

clearly that the most distorted phase voltage is the waveform recorded under the lowest 

frequency value of the spectrum (Fs=100 Hz), since it includes many harmonic components 

with different orders. 

 

Figure D.2 Frequency spectra when operating at Fs =400 Hz, Vs=100, RL=10 

 
Figure D.3 Frequency spectra when operating at Fs = 200Hz , Vs=70V, RL=10 
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Figure D.4 Frequency spectra when operating at FS=100, VS=60, RL=10 

 

Figure D.5 Frequency spectra of AC supply voltage at different operating frequency ranges  
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Appendix  E. Hardware Development 

 

This appendix contains a detailed description of the test platform, along with the design and 

implementations of the system prototype, including the power converter, controller platform, 

and measurement circuits. The hardware position is also described in this Appendix. The 

hardware design and arrangements are described in detail and the hardware locations are also 

considered. A description of the general interface board for eZdsp Texas Instruments 

TMS320F28335 DSP is provided, while a detailed explanation of the peripherals utilised 

from the DSP is also included. The measurement units and load used to acquire the 

experimental results are also described and the procedure required to scale the sensed 

measurements down to meet the ADC channel requirements is included. 

E.1 Hardware Set-up 

The details of the hardware used to assemble the whole system are given in the following 

sections.  

E.1.1 Electrical generator (PMA) 

For the practical test, the permanent magnet alternator (PMA) is emulated by an equivalent 

circuit as presented previously in Chapter 4. Three main units were used for this emulation as 

given below: 

1. Programmable AC power source 

The Behlman PAC 2000 digital controller is a high power programmable AC power source/ 

frequency converter, which was used in this test to emulate the back EMF of the PMA 

generator. This power source is able to deliver 60 KVA of power with an output voltage 

between 0-132 V AC, 3-phase with a frequency range of 45-500 Hz. A photograph of the 

power supply unit is shown in Appendix D. 

2. Internal reactor 

To emulate the PMA inductance, two three-phase reactors were connected in series to achieve 

an inductance of 13.75 mH, as shown in Figure E.1. This figure shows that both reactors were 
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mounted in an enclosure for safety reasons. The first was a set of three-phase reactors, each 

with 750V/50 Hz and with an inductance value of 3.75 mH carrying a current of 16 A RMS. 

The second box also contained three reactors with three selectable values of inductance and 

with a maximum current of 15 A RMS/50 Hz. A value of 10mH was selected for each phase. 

By connecting both reactors in series, a three 13.75mH inductor set is achieved.  

 

Figure E.1 A photograph of two sets of three-phase reactors connected in series  

3. Internal resistor 

Six potentiometers are used to perform the experimental test and these are divided into two 

groups of resistors. The first group included three sliding resistors used to represent the 

internal PMA generator resistance. One resistor was connected to each phase, with the 

resistance value capable of being varied to a maximum value of 10 (12A) for each phase as 

shown in Figure E.2. These resistors were located in the AC side of the three-phase FCSC 

circuit, or in other words between the power supply and the inductors. The second group of 

potentiometers are used to represent the load, as described in the next section.  

E.1.2 Resistive load 

The load is connected to the output of the three-phase rectifier (the DC side of the converter). 

The load was represented by three sliding resistors (similar type to the resistor in Figure E.2). 

These resistors are connected in series to provide variable resistance with a maximum value 

of 30 . Each resistor has a value of 10 (14 A). 
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Figure E.2 Photograph of three sliding resistors in the AC side 

E.1.3 Design and implementation of the three-phase FCSC converter 

The design and selection of the three-phase FCSC converter is described as follows: 

a) AC capacitor bank 

Based on the principles of the symmetrical duty cycle control explained in Chapter 5, the 

maximum frequency in the frequency range was used to select the value of the required 

capacitors, which is able to cancel the effect of machine inductance. This means that the 

maximum frequency is considered to be equal to the resonant frequency in this work. 

Based on the availability of this type of capacitor and using equation (E-1) [167], the 

capacitance value is calculated. Hence, three metallized film General Electric capacitors were 

chosen for use in this experimental set-up with a value of 8 F / 660 V AC.  

Since these capacitors are specifically designed for general purpose applications with a non-

sinusoidal voltage waveform AC application, they were selected for the test due to advantages 

of their ability to handle high frequency currents, long-term reliability and safe operation; 

disadvantages of the metallized film capacitors such as large size and weight could be 

ignored.  

However, with these capacitor values, the maximum frequency of the frequency spectrum was 

reduced from 500 Hz to 480 Hz as described earlier in Chapter 5.  
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𝑓𝑟𝑒𝑠 =
1

2𝜋√𝐿𝐶
 (E-1) 

where fres represents resonance frequency.  

The height of these capacitors is 4.74 inches with an oval base, and therefore they were 

mounted on a designed aluminium plate to hold them safely, as shown in Figure E.3.  

 

Figure E.3 Photograph of AC capacitor 

These capacitors are able to carry a maximum total RMS current of 15 A, which includes the 

fundamental current and harmonics. The equivalent series resistance (ESR) of each capacitor 

is 0.0657 . Equation (E-2) can be used to calculate loss in watts [168] as expressed below:  

𝑃𝑙𝑜𝑠𝑠[𝑊] =  𝐼𝑅𝑀𝑆
2  × 𝐸𝑆𝑅 (E-2) 

where Ploss represents the loss, and IRMS is the total RMS current (fundamental and harmonics). 

The power boards, which consist of the IGBT printed circuit board and the gate drive circuit 

PCB, were positioned very close to the AC capacitor to reduce noise and the EMI.  

b) IGBT printed circuit board 

Three identical PCBs were designed to house the switching device in the FCSC circuit. 

 The circuit was divided into three small boards because it is then easier to replace one board 

when failure occurs. Each board has two discrete IXYS IXDR 30N120 IGBTs with a voltage 

and current rating of 1200 V and 50 A respectively, and two International Rectifier 
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30CPF12PbF fast soft recovery diodes with a reverse recovery voltage VRRM and current 

rating of 1200 V and 30 A respectively. Each diode was connected in series with one IGBT to 

ensure reverse blocking during the half-cycle of the operating voltage. A schematic diagram 

of the IGBT boards is presented in Figure E.4.  

The IGBT switches and diodes were chosen to have high voltage and current to provide more 

flexibility to the experimental test, because they are connected across the AC capacitors which 

have a high voltage across them at certain values of operating voltage. All IGBT switches and 

diodes were fitted on a heat sink to reduce power dissipation during converter operation, and two 

small fans were fitted on the heat sink fins to improve the cooling process. These fans were 

supplied with +24 V DC from a TTi TSX3510 precision DC power supply. Figure E.5 shows a 

photograph of the three-phase FCSC converter.  

c) Three-phase rectifier 

An IXYS VU062-16NO7 three-phase bridge rectifier with 63 A and 1600 V was used to 

perform the AC to DC conversion. Each AC input of the rectifier was supplied by the 

capacitor terminal in each phase. The DC output terminals of the rectifier were connected to 

the load via a designed DC card. 

d) DC card 

This board mainly contains the pre-charged circuit components. Two Panasonic electrolytic 

type capacitors with 250 F and 450 V each were used as a smoothing capacitor in order to 

reduce the ripple in the output voltage. 

These capacitors were connected in parallel to provide an equivalent capacitance of 500 F. 

In general, in the conventional three-phase diode bridge rectifier, it is always important to 

reduce the ripple in the output to a minimum value. This can be achieved by selecting an 

appropriate capacitor value as given by equation (E-3) [113]:   

𝑉𝑟(𝑝𝑝) =
𝑉𝑚

𝑓𝑟  𝑅𝐿𝐶
 (E-3) 
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 Figure E.4 Schematic of the IGBT boards 

where Vr (PP) represents the peak- to- peak ripple in the output voltage, which is required to be 

small. Vm is the maximum input voltage, fr is the output ripple frequency which equals six 

times the supply frequency, and RL is the load resistance. 

In this project, the values of voltage and frequency were varied, and according to the above 

equation the maximum ripple will occur at the minimum frequency in the spectrum, which is 

50 Hz. The selection of the smoothing capacitor value was achieved using the parameter 

sweep method via simulation. This value is equal to 500 F, and as a result the Vr(pp)  in the 

output is approximately 1 V at a frequency of 50 Hz. 
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Figure E. 5 Photograph of the three-phase FCSC converter 

In this experimental test, the smoothing capacitor should be charged first. Therefore, to avoid 

the risk of a high inrush current when the capacitor is connected to the AC supply for 

charging, an inrush current (pre-charge) resistor is inserted into the circuit during charging 

[114]. To short out the pre-charge resistor after the capacitor is fully charged, a double pole, 

double throw DPDT 10 A 24 V DC Finder PCB relay is used. The +24 V was supplied by an 

external DC power supply. This relay is controlled by the DSP relay, which is closed via a 

LabView control panel push-button named relay one, which controls the closing of the DSP 

relay manually after a certain capacitor charging time.  

The charging time of the capacitor is typically considered to be five times the circuit time 

constant, as given below: 

𝑇 = 5 𝑅𝐿𝐶𝐿 (E-4) 

Since the load resistor is disconnected during the pre-charging interval using a ROCKER 

DPST SWITCH, the capacitor will be fully charged after a short time of approximately 32 ms. 
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It is worth noting that, in spite of the power dissipation, the full supply voltage is applied to 

the capacitor as calculated using equation (E-5) below: 

𝑃 =
𝑉2

𝑅
= 1 kW (E-5) 

A wire bond resistor of 10 , 100 W is used, because the resistor is only connected for a very 

short time of 32 ms and therefore there is no difficulty using it even with a lower power rating. 

The photograph and a schematic of the DC board are shown in Figure E.6 and Figure E.7, 

respectively. 

 
                 Figure E.6  Photograph of the designed DC card 

E.1.4 The gate drivers 

Three isolated dual gate drive cards developed at Newcastle University were used in this 

experimental test. Each card consists of two identical gate drive circuits named A and B, and 

they can operate either independently or as a complementary pair.  

For this test, the two gate drives were configured to operate independently (non-

complementary mode). A single 10-way ribbon cable is used to interface signals and power 

for both circuits. The gate drive circuit is based on an ACPL-332J opto-coupled driver device. 

The input signals to the gate drive PWM-A and PWM-B are routed to CD40106BT inverters 

to add more noise immunity. 
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Figure E.7 Schematic of the DC board 

Furthermore, the gate drives were not included in the general board to keep them close to the 

power converter. This is important to further reduce the noise level. To prevent transient 

overvoltage due to stray inductance, two back-to-back 18 V Zener diodes were provided 

between the gate and emitter on the isolated output side of ACPL-332J. Since the ACPL-332J 

has a built-in DESAT fault protection feature, a DESAT sensing circuit which includes a fast 

recovery diode connected to the collector (drain) of the IGBT/MOSFET terminal is used in 

this card. When the IGBT/MOSFET was turned OFF, this diode protects the driving circuit 

from high voltage. This gate driver is designed to drive a variety of IGBTs/ MOSFETs and 

therefore a flexible configuration is provided. A photograph of the three dual gate drivers is 

shown in Figure E.8.   

E.1.5 Digital signal controller platform 

In order to apply the symmetrical duty cycle control to the three-phase FCSC-rectifier and 

generate the required signal to drive the switching time of the IGBTs, a Spectrum Digital 

eZdsp 
TM

 F28335 evaluation board was used to programme the digital control scheme in this 

project, as shown in Figure E.9. 
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Figure E. 8 Photograph of three dual gate drivers 

 

Figure E.9 Photograph of the Spectrum Digital eZdsp 
TM

 F28335 

This board is based on the Texas Instruments TMS320F28335 digital signal controller (DSC), 

which is a single-precession 32-bit IEEE 754 floating point unit (FPU). This reduces the 

development time to perform a maths task efficiently. The Texas Instruments TMS320F28335 

is a flexible controller with an operating speed of 150 MHz, and the hardware features control 

peripherals such as: six PWM modules able to generate independent/complementary PWM 

pulses and a 12-bit 16 channel analogue to digital converter (ADC) to digitise the sensed 

measurements. In addition, several serial communication peripherals are supported by this 

DSP, including: two enhanced controller area networks (eCANs), three serial communication 
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interfaces (SCIs) and one serial peripheral interface (SPI) in addition to three 32-bit CPU 

timers and 88 general purpose I/O pins which can be configured as input or output pins. The 

F28335 implements the standard IEEE 1149.1 JTAG (joint test action group) to enable real-

time control mode, which means that the user can modify the content of the memory and 

peripherals during the code processing interval via the processor without stopping it.  

Full details of the Spectrum Digital eZdsp
TM

F28335 and microcontroller are available 

elsewhere [169, 170]. The aforementioned information shows that this controller can meet the 

requirement of this project. Code Composer Studio version 5.3 (CCS 5.3) from Texas 

Instruments was used as the integrated development environment for software development 

and debugging.  

E.2 General purpose power interface board for eZdsp
TM

 F28335   

An additional interface board was designed and developed by Electrical Power (EP) research 

group at Newcastle University to provide a flexible interface between the eZdsp
TM

 F28335 

and power converters. This board is designed to be used for various power converter control 

applications, as shown in Figure E.10. The main functions of this board can be summarized as 

follows: 

 Auxiliary power supply unit: on-board +15 V, -15 V, and +5 V auxiliary power 

supplies each with a choke are provided to energise all on-board devices. In addition, 

these power sources can be used to provide several off-board interfaces such as gate 

drivers or voltage and current sensors. 

 Four small relays are provided which can be used for pre-charged circuits or 

protection to energise the contactor and relays coils, or they can be used directly with 

a low power circuit. In this project, one relay was employed to control the power relay 

used in the pre-charging circuit on the DC side of the rectifier. 

 Six-pairs of gate drive interfaces are provided in this board to interface the PWM 

output pins of the eZdsp
TM

 F28335 with the external gate drive board. Each interface 

has two PWM signal pins, 5 V and 15 V pins for power requirement, and fault reset 

signal pins are also provided as these are required by some gate drive modules. This 

enables the microcontroller to monitor the gate drive circuit and perform suitable 

action during fault events. In this work, hardware modifications were implemented on 
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the three-gate drive interfaces to comply with the pulses required for the IGBT 

switches as described in the next section. 

 Ten flexible sensor interfaces from the 16-eZdsp analogue input are used to enable 

variety of voltage and current sensors to be interfaced with the microcontroller ADC 

input via four-pin connectors. These connectors have a supply pin which can be used 

to energise the external sensors with +15 or +5 V, -15 and 0. This can prevent the risk 

of a potential ground loop and noise which might be caused if using an external power 

supply. For this experiment, physical hardware modifications were performed in the 

voltage sensor interfaces to cope with the system requirements, as explained later. The 

other six sensor interfaces were connected to an out-of-range trip circuit to provide 

fast hardware overcurrent or overvoltage protection when required. It is worth 

mentioning that the ADC input ranges between 0-3 V. Hence, all sensed 

measurements, including voltages and currents, must be attenuated and scaled down 

by a certain factor to be compatible with the ADC scale.  

 

Figure E.10 Photograph  of the general purpose power interface board 
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The board was designed to reduce the interference to a minimal level. Therefore, a board with 

four layers was used, where one layer was dedicated to be a common ground plane in addition 

to the use of decoupling capacitors in certain positions.  

Additional functions are also available in this board, such as digital to analogue converters 

(DACs), shaft encoder interfaces, and general analogue interface.  Details of these features are 

not included here because they were not used in this test. 

E.3 Current sensors 

In order to detect the input currents in all phases, three current transducers LEM CAS-15 NP 

Hall-effect with galvanic isolation were used in this test. The + 5 V power supply for the 

current transducers was provided by the ADC channels on the general interface board. The 

transducer output voltage was between 0.375V to 4.625V with a nominal voltage offset of 2.5 

V when the current was zero, which is higher than the mid-point of the ADC input range of 0-

3 V and therefore these voltages were scaled down via voltage resistor arrangements and two 

clamp diodes to comply with the ADC voltage range.  

In addition, to ensure the accuracy of the transducer readings, a sensor calibration procedure 

was carried out to compensate for the differences reading via the software. Inaccurate sensor 

readings occurred because of the tolerance of component such as resistor tolerance. A 

photograph of three LEM CAS 15-NP current transducers is shown in Figure E.11. 

 

Figure E.11 Photograph of three LEM CAS 15-NP current transducers 
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E.4 Voltage sensors  

Three LV 25-P 500V isolated voltage transducers were used in this test to measure the input 

voltage to the system, with the output of each transducer fed to one of the three input 

terminals of the zero crossing board (ZCD). The required ± 15 V supplies for these 

transducers were provided by the ± 15 V available on the ZCD board. Measuring resistors of 

150  were used in these boards.  

As the converter works with a variable-voltage variable frequency supply, a 10 k  25 W 

Arcol wirewound resistor was used in each card which represents the primary resistor R1. The 

selection of  R1 was based on the maximum voltage in the range (100 V) [171]. A schematic 

and photograph of the voltage measurement unit are shown in Figure E.12 and Figure E.13, 

respectively. 
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Figure E.12 Schematic of one voltage sensor circuit 

 

Figure E.13 Photograph of three LEM LV-25-P transducer 
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E.5 Design and construction of the zero crossing detection card 

An LM393N comparator was used to produce the square wave output voltage signal by 

comparing the filtered voltage signal with a reference voltage to produce the square wave 

output. The output was then utilised by the ADC interface channels. The ± 15 V were 

provided by the ADC channels from the general interface board. Similarly, voltage divider 

resistors were used in the general interface board to reduce the voltage level to the required 

voltage of 0-3 V. 

The use of an RC filter causes a phase delay between the input and filtered voltages, which 

can be compensated for in the software. A 100 k potentiometer was provided to adjust the 

pulse width as required. A schematic diagram of the constructed ZCD board and the voltage 

waveforms of the zero crossing detection board are shown in Figure E.14. 
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Figure E.14 Schematic diagram of the ZCD board 

Moreover, the three-phase FCSC converter components were positioned in such a way as to 

provide appropriate physical locations to minimise the contamination of the control signal 

with noise. In addition, twisted-pair wires were used to transmit the signals supplied by the all 

PCB boards and especially the gate drivers, for the same purpose. 
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Furthermore, the general interface board was positioned very close to the driving circuit 

boards to keep the cable of the microcontroller PWM signal as short as possible, again for 

noise reduction purposes. The gate drives were kept very close to the power converter, which 

is important to reduce the noise level by minimising gate circuit inductance. A photograph of 

the arrangements and locations of the converter hardware components is shown in Figure 

E.15. 

 

Figure E. 15 Photograph of the positioning of hardware components 

E.6 Protective features and safety 

The experimental test rig is designed with several personal and system safety features to 

protect the user and the system from any unexpected overcurrent or overvoltage during the 

experimental test.  

 In order to prevent any risk of touching accidently live power, all of the connectors 

and conductors were carefully covered. 

 All power circuits were fitted inside closed plastic enclosures which were earthed and 

configured so as to have no power when the lid was open, using two micro-switches 

which performed as an interlock mechanism. 

 For over-current protection, a supply fuse of 15 A was provided. 
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 An arrangement with three switches was used, the first one of which was used to 

supply the power to the converter, with power ON (green). The second switch was 

used to shut power OFF (red), to ensure that the system was provided with power only 

after adjusting the output of the programmable power supply. The third switch was the 

emergency stop, allowing the power to be shut down in case of any abnormal 

operating conditions. The schematic of the protection circuit is shown below in 

Appendix F.  

 Analogue multimeters were used for voltage and current measurements and 

monitoring.  

 Bleed resistors were connected across all capacitors (AC and DC) to discharge the 

capacitor voltages to a safe voltage level when the power supply was disconnected 

from the system, either by normal shutting down or after activating the emergency 

stop button when a fault occurred. As the capacitors discharged exponentially, three 

165 k 2 W carbon resistors were connected across the AC capacitors to discharge the 

capacitor voltage (Vc) to a safe threshold voltage (Vt) within the discharge time (Tdis) 

as given by 𝑅𝑚𝑎𝑥 =
−𝑇𝑑𝑖𝑠

𝐶 ln(𝑉𝑡/𝑉𝐶)
  [172]. Therefore, the AC capacitors would be fully 

discharged within 7s. Similarly, a 1 k 25 W wirewound resistor was connected 

across the DC side capacitor to discharge it within 2.5 s.  

 A current limiting resistor was used to protect the converter from excessive current 

during the pre-charge capacitor process. 

 Two contactors were used with 4NC and 3NO switches as the bleeder resistors were 

switched across the capacitors. 
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Appendix  F. Schematic of the protection circuit  

 

This appendix shows the schematic diagram of the protection circuit used in the experimental 

test. 
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Figure F.1 Schematic of the protection circuit 
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Appendix  G. Selective Experimental Results for a Three-Phase Rectifier 

Circuit under Variable-Voltage and Variable-Frequency 

 

This appendix presents selective experimental results for the VVVF systems employing the 

three-phase diode bridge rectifier only. The voltage and current waveforms are shown under 

three operating frequencies in the range, including maximum, half of the maximum and the 

minimum frequencies. 

Figure G.1 shows the voltage and current waveforms for the rectifier circuit at the maximum 

frequency value of 480 Hz. In this figure, the input current (is) is sinusoidal and lagging 

behind the voltage by 59.26.    

The RMS input voltage (Vs) is 100 V; however, the output voltage has dropped to 80 V as a 

DC voltage due to commutation overlap. The rectifier input voltage (Vin) is clamped by the 

load capacitor voltage (VL) with a small voltage difference which represents the diode voltage 

drop.  

At half of the frequency spectrum (i.e at Fs=240 Hz), the current is maintained as sinusoidal. 

However, the phase shift between the input voltage and current is reduced. The input current 

is lagging behind the input voltage by 44.76. Similarly, less reduction in the output voltage 

occurs, since the RMS input voltage is 75 V and the output voltage is 89.7 V, as shown in 

Figure G.2. 

At Fs=50 Hz, which represents the minimum frequency in the spectrum, Figure G.3 shows 

that by reducing the operating voltage and frequency, the current shape is non-sinusoidal 

which means that the harmonics components are higher at lower frequency. However, the 

phase-difference between the input voltage and current is reduced to 31.383. In addition, the 

drop in the output voltage is reduced since the commutation overlap is less at the lower 

frequency.  
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Figure G.1 Voltage and current waveforms under Fs=480 Hz, Vs= 100 V and  RL=30 

 

iR (1 A/div) 
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Figure G.2 Voltage and current waveforms at Fs = 240 Hz, Vs=75 V, RL=30  

 

iR (1 A/div) 
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Figure G.3 Voltage and current waveforms at Fs = 50 Hz, Vs= 50 V, RL=30  

 

iR (1 A/div) 
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Appendix  H. Distorted Operating Voltages Impact on the system 

behaviour 

 

This appendix demonstrates the impact of injecting the distorted voltages produced by the 

Behlman AC power supply unit used in this project to test the operation of the three-phase 

FCSC converter under variable voltage and variable frequency conditions. 

From inputting the recorded distorted voltage waveforms in to SABER and simulating the 

circuit, a comparison of the load voltage developed using sinusoidal and distorted voltage 

supply at constant load with various frequencies is shown in Figure H.1. This figure shows 

that the distortion in the power supply unit reduces the output load voltage in comparison with 

the pure sinusoidal voltage source. This distortion causes a small error which is calculated to 

be around 4% at various frequencies with RL = 30 . The impact of this distortion on the 

input current is also calculated and shown in Figure H.2.  

 

Figure H.1 Comparison between load  voltage developed using sinusoidal and distorted supply 

voltage at various frequencies 
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Figure H.2 Comparison between input current developed using sinusoidal and distorted input voltage 

at various frequencies 
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