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ABSTRACT 

CSC-STATCOM CONTROL TO COMPENSATE REACTIVE POWER 
UNDER DISTURBANCE CONDITIONS OF POWER SYSTEM 

ABED, Mahmood  

Master, Department of Electrical and Electronics Engineering 

Supervisor: Prof. Dr. Doğan ÇALIKOĞLU 

September 2017, 67 pages 

Enhancimg the quality of power system by injecting or absorbing reactive 

power by using Current Source Converter based Static Synchronous Compensator is 

investigated in this thesis. It is a shunt flexible alternative current transmission 

system instrument, which has important function as a stability bolster for 

disturbances due to the sudden connection of heavy inductive load. This research 

work brings forth the influence of (CSC-STATCOM) based controlled for 

improving power quality of power system under heavy inductive loads disturbance 

cases. The proposed method employs CSC based STATCOM to inject reactive 

power in the system to preserve the stability of the bus voltages in high emergency 

condition. The control of reactive power is obtained by applying the pole-shifting 

control method with considering modulation index variables as inputs and the 

variables (dc link current and quadrant component AC side current component) as 

output variables to get better response. Firstly, CSC-STATCOM circuit is analyzed. 

Secondly, its differential equations are transferred from abc rotating frame to 0dq 

stationary frame to get the final state-space representation. Then, pole-shifting 

controller for CSC based STATCOM is analyzed based on this state-space 

representation. After that, the influence of the proposed method in the two sources 

power system circuit with three phase fault and sudden connection of high inductive 
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loads is investigated. Here, pertinence of the proposed method is achieved by 

MATLAB simulation and the results show an improvement in the quality of power 

system by using CSC-STATCOM. 

Keywords: power quality, reactive power compensation, pole-shifting controller, 

Current source converter, STATCOM, heavy inductive load, disturbances. 

 

  



   

xii 

ÖZET 

GÜÇ SİSTEMİ BOZULMA KOŞULLARI ALTINDAYKEN REAKTİF GÜCÜ 
DENGELEMEK İÇİN AKD-STATKOM KONTROLÜ 

ABED, Mahmood 

Yüksek Lisans, Elektrik ve Elektronik Mühendisliği  

Tez Danışmanı: Prf. Dr. Doğan ÇALIKOĞLU  

Eylül 2017, 67 sayfa 

 
Bu tez çalışmasında, Akım Kaynak Dönüştürücü tabanlı Statik Senkron 

Kompansatör kullanarak reaktif gücü absorbe ederek veya enjekte ederek güç 

sisteminin kalitesini arttırma konusu araştırılmaktadır. Bu bir paralel esnek alternatif 

akım iletim sistemi elemanı olup, ani ağır endüktif yük bağlantısı nedeniyle oluşan 

bozulmalar için istikrar desteği olarak önemli bir işleve sahiptir. Bu çalışma, ağır 

endüktif yük bozulma durumlarında elektrik sisteminin güç kalitesini artırmak için 

(AKD-STATKOM) kontrolünün etkisini öne çıkarmayı amaçlamaktadır. Önerilen 

yöntemde, AKD tabanlı STATKOM acil durumlar karşısında bara voltajını korumak 

için sistemde reaktif güç enjekte etmek için kullanılmaktadır. Reaktif gücün kontrolü 

daha iyi yanıt elde etmek için girdi olarak modülasyon katsayısı değişkenlerini göz 

önünde bulundurarak kutup değiştirme kontrol metodunun uygulanması ile (DA 

bağlantı akımı ve kuadrant bileşeni AA yan akım elemanı) gibi değişkenleri çıktı 

değişkenleri olarak uygulayarak sağlanır. İlk olarak, AKD-STATKOM devresi 

edilmektedir. İkinci olarak, nihai durum-uzay temsili elde etmek için diferansiyel 

denklemleri abc dönen çerçeveden 0dq hareketsiz çerçeveye aktarılmaktadır. Daha 

sonra AKD tabanlı STATKOM için kutup değiştiren kontrolör bu durum-uzay 

temsiline dayanılarak analiz edilmektedir. Bundan sonra üç fazlı iki kaynaklı güç 

sistemi devresinde önerilen yöntemin etkisi ve yüksek endüktif yükün ani bağlantısı 

araştırılmaktadır. Burada önerilen yöntemin geçerliliği ve uygunluğu 
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MATLAB simülasyonu ile elde edilmiş olup, sonuçlar AKD-STATKOM 

kullanılarak güç sisteminin kalitesinde bir iyileşme sağlandığı göstermektedir. 

Anahtar Kelimeler: güç kalitesi, reaktif güç dengeleme, kutup değiştiren kontrolör, 

akım kaynak dönüştürücü, STATKOM, ağır endüktif yük, bozulmalar 
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CHAPTER ONE  

INTRODUCTION 

1.1 Presentation of The Work 

In this work, how to improve the power quality in transmission systems by 

compensating the reactive power in the power system in heavy inductive load case 

is investigated. The utilization of CSC-STATCOM is chosen for this purpose. Its 

operation mode depends on the increase of inductive or capacitive characteristics in 

the power system. This work employs pole shifting controller based CSC-

STATCOM for this purpose. It consists of three phase bridge converter with six 

power electronic switches. The DC side is connected with energy storage (inductor) 

and equivalent series resistor. The AC output of this converter is linked with 

capacitive filter. It is one of Facts types that is connected with any bus in a power 

system as shunt connection through a coupling transformer. The voltage of any bus 

in power system can be represented by p.u value. This STATCOM component 

works to fix voltage value at 1 p.u at disturbance conditions. In the beginning, a 

power system circuit with two voltage sources is simulated with sudden connection 

of two heavy inductive loads (50MW-30MVAR) and (100MW and 50MVAR) 

respectively at different periods. After that, pole shifting controller based CSC-

STATCOM is used to inject the required capacitive reactive power. This controller 

has been utilized after transforming the differential equations of CSC-STATCOM 

from abc rotating frame to 0dq stationary frame. This is in order to decrease the 

number of state variables and make them dc quantities in steady-state to obtain the 

state-space representation of the STATCOM. The feedback gain matrix of pole 

shifting controller is calculated based on the desired poles position. 
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1.2 Overview of Power System Disturbances 

Until last years, the fundamental interest of buyers in power system was the  

validity  of  source  which  is  known  as  the  continuousness  of  energy.  It is not 

only the continuity that consumers need these days, they seek to quality of electricity 

source also. The electric power quality, approximately denotes to keeping up an 

almost sinusoidal bus voltage at constant level in magnitude and frequency in 

continual way. For generating plant that produces voltages nearly completely 

sinusoidal at rated value and frequency, power quality problems begin with 

transmission system and remain effective until arrive users in distribution system. In 

the terms, describing the disturbances in the power system have been explained as 

follows [1,2]: 

a) Transients: are defined as the variation in a system variable that decays 

during transformation from one steady-state operating state to another and can be 

characterized as impulsive transients and oscillatory transients. Impulse transients 

are generally produced when the transmission lines expose to lightning strikes. The 

capacitor or transformer energization and converter switching cause oscillatory 

transients. While impulsive transient is a speedy with a fast rise and decaying time, 

oscillatory transient includes one or more sinusoidal components with frequencies in 

the range from power frequency to 500kHz and decays in time. 

b) Short duration voltage variations: The faults, login of large loads and 

speedily varying large reactive power demands of loads cause variations in supply 

voltage for one minute as maximum period. These are called as voltage swells, 

interruption and voltage sags. 

c) Long duration voltage variations: The switching off (or on) causes rms value 

for the supply voltage to vary more than one minute at fundamental frequency like 

overvoltage (or under voltage). 

d) Voltage unbalance: The single phase loads cause changing in the magnitude 

of three phase voltages of the electric source and may be difference shifting between 

them with respect to time 

e) Waveform distortion: It happens when the voltage or current waveform 

deflects than perfect sinusoidal at steady-state condition. The types of these 

distortions are notching, dc-offset and harmonics. The geomagnetic disturbances in 

power system produce dc-offsets, essentially at half-wave rectifications and 
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maximum altitudes. These will result in increasing of heat in the transformer because 

of high peak value of the flux in the transformer that leads to saturation. The 

harmonics in the power systems are produced by power electronics. The operation of 

power converters result in a periodic voltage distortion (notching) current transfer 

from one phase to another one. 

f) Fluctuations of voltage: It is found when the power system includes low 

power factor loads such as arc furnaces. These loads cause high variations in the 

magnitude of drawn currents and random changing in voltage of the supply and that 

is called Fluctuation or “Voltage Flicker’’. 

g) Power frequency variations: The fast changes in the load that connected to 

low inertia system such as the operation of draglines produces variations in power 

Frequency. These variations cause negative effect on the life span of turbine blades 

for generation plant 

All of these cases above are kinds of disturbances or transients obtain in power 

system and effect on power quality. The increasing stability limits of transmission 

lines and the capability of loading are achieved from the engineers point of view by 

control flow of active and reactive powers with utilizing power electronic based 

power conditioning devices for compensating cases to improve power quality. 

1.3 Static Synchronous Compensator (STATCOM) 

According to definition of IEEE PES task force of facts working group: Static 

Synchronous Compensator (STATCOM): A static synchronous generator functions 

as a shunt-connected compensator for reactive power by controlling output current 

independently than  the voltage of the system. This output current is inductive or 

capacitive current. 

In 1976,Gyugi discovered the ability to produce reactive power based 

controlled without utilizing switching power converters which control on the output 

of energy stored in capacitors and reactors [3]. The operation of reactive power 

production from the standpoint of view is like to that of a perfect synchronous 

machine. The excitation control is responsible of changing the reactive power output 

of the synchronous machine control. The converters can exchange real power with 

the ac system like this mechanical machine if it is connected to a suitable dc energy 

supply. They are named Static Synchronous Generator (SSG) because of these 
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symmetries with a rotating synchronous generator. If SSG is operated as shunt-

connected reactive compensator with suitable controls without energy supply, it is 

called a Static Synchronous Compensator (STATCOM). It is similar to the rotating 

synchronous compensator (condenser). 

The electrical engineers used rotating synchronous condensers (RSC) in 

transmission and distribution systems for 60 years. Today, their using decreased 

significantly because of the following points: i) need an important amount of 

protective and starting instruments and significant establishments, ii) STATCOM has 

much lower losses than (RSC) [4], iii) because of the large time constant of their 

field circuit, the control on these machines is not fast enough to compensate when 

the load changes speedy, iv) short circuit current contributing. 

1.3.1 The Importance of (STATCOM) and Its Applications 

The corresponding application benefits for STATCOM can be made in terms 

of its applications and operational characteristics: 

1. V-I Characteristics: STATCOM can insert its full reactive current even 

about 0.2 pu system voltage level at very low one. This makes STATCOM superior 

to SVC in providing voltage support under large system disturbances. Under large 

disturbances in the system, STATCOM is excellent to provide voltage upholding. 

The maximum current of STATCOM is precisely specified by the capacitor and 

inductor size because it has increased transient rating in both inductive and 

capacitive region. 

2. Transient Stability: STATCOM is very active in enhancing the transient 

stability of transmission system because of its capability to remain full reactive 

(capacitive) current at low system voltage 

3. Response Time: The existence of fully controllable power semiconductors 

in STATCOM makes its closed loop bandwidth and accessible response time are 

significantly better than those of SVC. The fully controllable power semiconductor 

switches with a switching frequency at supply frequency makes STATCOM supplies 

significant response and stable operation at large changing in transmission network 

impedance. 

4. Exchange Real Power Ability: STATCOM increases power system 

efficiency, enhances stability limits, improves dynamic compensation and prohibit 
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power outages by exchanging and controlling of active and reactive power 

independently when it links the ac power system with a suitable energy storage 

(super conducting magnetic storage, battery or large capacitor, etc). 

5. Installation and Physical Size: The relatively small size energy storage in 

the dc-link makes STATCOM converter enhances system replicability, a significant 

reduction in overall size (reported as 30-40% in [3]), installation action and cost. 

1.3.2 The Types of (STATCOM) and Its Varies Properties 

The converter which produces controlled reactive power has two types: i)  

current source type (CSC) that is proposed in this thesis ii) voltage source type 

(VSC). However, high using of voltage source converter because of the following 

advantages [3]. 

1. The bi- directional voltage blocking capability of power semiconductors is 

the Current source converters requirements. The gate turn-off capacity of 

the existing high power semiconductors (IGBTs, GTOs) makes them to 

block reverse voltage with prejudicial effect on the other parameters or 

cannot do it at all. 

2. The losses of dc-link capacitor is practically less than that of dc-link reactor 

of CSC. 

3. VSC involves on capacitors which may be supplied directly because of the 

leakage inductance of the coupling transformer at its ac terminals while the 

CSC needs to reactors. 

STATCOM systems are described according to their using as i) Distribution 

STATCOM (DSTATCOM) which works as load compensation i.e. load balancing, 

power factor correction and filtering of harmonic ii)Transmission STATCOM  which 

controls on the reactive power flow in the transmission system [1,5]. STATCOM is 

used to inject or absorb required reactive power at faults cases or heavy loading case 

as it is proposed in this work. Then, reactive power per phase produced by the 

converter can be expressed as follows [3], The converter of VSC which supplied by 

dc-link capacitor, C, from a dc side  generates output three-phase voltage based 

controlled on the ac side and has the same frequency of ac power system. The output 

voltage of the converter for each phase has the same angle with each phase voltage 

of the ac system and is coupled together by coupling reactor between of them 
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(excluding the coupling transformer reactance). It will generate the reactive power 

for each phase and can be mentioned as follows [3]. 

ܳ ൌ ൬
ܸ െ ଴ܸ

ܺ
൰ܸ ൌ

1 െ ቀ௏బ
௏
ቁ
ଶ

ܺ
ܸଶ 

The converter produces reactive (inductive) power when the magnitude of ac 

system voltage (V) is bigger than that of output voltage for the converter (V0). 

Otherwise it will give reactive (capacitive) power when its output voltage magnitude 

(V0) is higher than that of ac system voltage (V). In the actual STATCOM 

implementations, all of the applied converters consist of several number of 

rudimentary converters. In transmission STATCOM systems, multiphase converter 

topologies and compound coupling transformer connections eliminate the harmonics 

that produced by VSC when fully controllable power semiconductors (GTO, GCT) 

are switched at supply frequency. 

1.4 Literature Survey 

Although the prospect use of CSCs for reactive power compensation has been 

recognized more than 35 year [3, 7], the electrical engineers did not realize it for 

many years. The first application of line commutated rectifiers was the beginning for 

exploitation of current source converter topology. Line commutated rectifiers 

included line commutated thyristors without ac capacitors. The capacitors at ac side 

give low impedance for high order harmonics injected by the converter and 

commutation path for the currents of power semiconductors because of forced 

commutated power semiconductors for fundamental topology of CSC. 

The advents in power semiconductor and capacitor technology have made 

PWM voltage source converters popular in power electronics, leaving application of 

CSC as line commutated thyristorized front end rectifiers in DC drives, or load- 

commutated thyristorized inverters in MV synchronous motor drives. PWM CSC has 

organized wide implementation in MV AC drives due to reliable ingrained short 

circuit protection, motor friendly waveforms and simple converter topology of GTOs 

and GCT s introduction [8],[9]. MV drives applied CSC with PWM as dc motor 

drive and an active rectifier for front end instead line commutated thyristor rectifiers, 

thus removing their ingrained characteristics such as distorted line currents and bad 
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power factor [10],[13],[14]. A. Weber, E. Carroll and M. Frecker discussed the 

implementing of single phase CSC as a resonant inverter in induction heating in 

2002 [15]. 

Rectifier or inverter is the basic function of CSC according to the research 

work. It has control modulation performances and control schemes and modulation 

performances have been reported consequently [16-17]. However, the researches on 

CSC based STATCOM is less than that of VSC based STATCOM [7-18]. 

A reactive power compensation system which employs a three-phase PWM 

current source converter which is modulated by optimized PWM patterns stored in 

an EPROM is presented in [7]. L. Moran, P. Ziogas, G. Joos  used optimized PWM 

patterns stored in an EPROM to modulate  a three-phase PWM current source 

converter for reactive power compensation system function in 1989 [7]. This work 

also involves phase angle control application to close reactive power demand loop 

and power semiconductor ratings specification, input filter and dc-link reactor design 

and optimizing the system response by methods of reactive power current control. 

The research work of CSC based STATCOM on a 120V, 500VA laboratory 

Depended on the control of phase angle shift with variable modulation index to make 

the dc-link current constant and control on reactive power by using (SVPWM) PWM 

space vector in [19]. 

For static power compensation, proposed three phase current source converter 

switched by integrating H-type smooth switching module to decrease losses of 

switching [20]. This topology used control of phase shift angle and trapezoidal PWM 

with a carrier frequency of 5kHz on low voltage scaled proto type to enhance 

efficiency at cost of maximum control and circuit complication. 

The state space representation of CSC based STATCOM in dq frame is used to 

Implement integral controllers and full state- feedback to remove oscillations 

because of poorly damped input filter at CSC response improving and resulted in 

simultaneous between phase shift angle and modulation index control  in [21]. 

New approach has been depended to linearize state space representation of 

CSC based STATCOM in [22]. It uses CSC based STATCOM with SVPWM 

modulation and decoupled state feedback controller to clarify very short response 

time at a relatively low switching frequency of 900Hz, outstanding voltage and 

current waveforms. 
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A comparison between CSC based STATCOM and VSC based STATCOM 

has been given in [23] according to their start-up and cost, dc-link energy storage 

requirement, ac-side waveform quality and device rating. This comparison study 

displays that CSC based STATCOM has certain benefits over VSC based 

STATCOM in following points: CSC based STATCOM, i)does not inject harmonics 

in the “idle” state ii) can submit better ac current waveforms at relatively lower 

switching frequency iii) does not need inflow current limiting or pre-charging 

scheme. Poor voltage regulation and self-excitation problems have been solved by 

employing CSC based STATCOM to compensate induction generators in [24].The 

parallel-cell multilevel CSC based STATCOM and that with symmetrical Emitter 

Turn-off Thyristor (ETO) are proposed in [25]. Its control, power stage design, 

switching modulation and modeling scheme are explained and analyzed by 

simulations. In summary, few researchers has interested with designing and 

analyzing CSC based STATCOM systems [18]. However, different PWM 

techniques and VAr control methods can be increasingly applied with the advents in 

HV-IGBT and IGCT technologies in the future. 

1.5 Significance of The Study 

In this research work, it is aimed at developing the simplest CSC based 

STATCOM topology for power system applications and it depends on [37]. Its 

circuit diagram has already given in Fig.1.3a. The Continuing problems in the power 

system is the voltage drop of power system buses when it exposes to different faults 

or suddenly large loads. The inductive characteristics will increase in this case. CSC-

STATCOM will behave as capacitive system and inject the required reactive power 

to the bus of the power system. The magnitude of reactive power depends on the 

phase shift angle value between the bus voltage wave and the fundamental 

components of the AC side line current. This angle can be controlled by switching 

signals applied to power electronic switches by SPWM technique. The proposed 

method will utilize pole placement control to vary this shift angle by controlling 

modulation index components (Md and Mq) to get better response. The pole 

placement control depends on calculating K matrix at desired poles positions to 

make the system stable. 
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1.6 Organization of the Dissertation 

After discussing chapter 1and its contents, the organization of dissertation in 

this thesis is as follows: 

In Chapter 2, system description and operating principles of CSC based 

STATCOM is described. After presenting the basic circuit configuration, the 

principles of reactive power control in CSC are described. Comparing the applicable 

modulation techniques for CSC have been explained. 

In Chapter 3, reactive power control methods for CSC based STATCOM and   

two cases for modern control method based on State Feedback-Controller are 

discussed with the proposed pole shifting controller. 

In Chapter 4, the simulation of power system circuit with utilizing CSC-

STATCOM controlled by pole placement method and the results figures have been 

discussed under different cases of disturbances applied to the circuit. 

Chapter 5, this chapter gives general conclusions. Proposals for further work 

are also given in the same chapter. 

In Appendix A, the derivation of CSC based STATCOM model in dq 

stationary frame is presented. 

In Appendix B, the calculations of K, J and N matrices have been calculated in 

mat lab with the existence of A, B,C,F as known matrices 
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CHAPTER TWO 

SYSTEM DESCRIPTION AND OPERATING PRINCIPLES OF CURRENT 
SOURCE CONVERTER BASED STATCOM 

2.1 Introduction 

CSC based STATCOM is a compensator which is shunt connected to supply   

three phase balanced currents with adaptable magnitudes and nearly sinusoidal. 

These currents are lagging or leading line system voltages by nearly 90 to 

compensate oscillating reactive power in power system at disturbance cases or 

balanced loads with reactive power oscillating such as asynchronous or synchronous 

motors in Ward-Leonard drives. The Current Source Converter system will be 

described with principles of operating in this chapter to attain these following points: 

1. STATCOM generates reactive current component quantity should be 

controlled between specific value and zero. 

2. The reactive power injected to the power system explains STATCOM 

current to be leading or lagging the voltage of ac supply. 

Basic circuit study selected for the CSC based STATCOM. After that, its 

operating principles during reactive power control will be clarified. Its reactive 

power control will be clarified with operating basics. CSC creates closely sinusoidal 

currents by applying different modulation techniques will be explained here. 

2.2 Basic Circuit Arrangement 

Current Source  Converter (CSC) for three phase type works with six fully 

controllable power semiconductor switches (S1, S2, S3, S4, S5, S6) which include 

bipolar voltage blocking capabilities and unidirectional current carrying as displayed 

in Fig 2.1 [19]. 
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Figure 2.1: Topology of three phase current source converter for general circuit. 

 

A dc-link reactor has been placed in dc-link as the energy storage element is 

dc-link reactor with dc-link inductance Ldc and resistance Rdc are connected in 

series at dc side as equivalent circuit. The current (I dc) is closely constant along a 

switching period because the time constant of dc-side circuit is very high. 

The converter line currents (i.e.,iR, iS, and iT in Fig.2.1) include harmonics with 

the fundamental component at supply frequency in the form of current pulses in two 

directions due to the power semiconductors switching at the steady state. By 

connecting three phase low-pass filter at the AC side of the converter, almost 

sinusoidal supply line currents (i.e., iSR, iSS, iST) can be obtained with filtering out 

these harmonics [26].The converter current pulses can be provided with a low 

impedance return path by complying CSC to capacitors in the input filter. The 

harmonic content of the injected currents effectively decreases with regulating the 

nook frequency by the use of series reactors in the input filter. The external reactor 

inductance, cable, coupling transformer leakage inductance and bulbar inductances 

form the filter inductance. an external reactor in each line have been used to fine set 

the corner frequency on AC side as shown in Fig.2.1. The series resistance, R takes 

account of internal resistances of external filter reactor, cables, coupling transformer 

and bus bars to provide electrical damping In the input filter. 
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2.3 Principles of Reactive Power Control 

The relation between input and output sides in CSC to control the generating of 

reactive power will be described in steady-state with canceling the filter at AC side 

as shown in Fig. 2.2. 

Following assumptions are made in the derivations: 

1) Ignoring the losses of power semiconductor switches. 

2) the dc-link current (Idc) is approximately constant with ignoring small 

ripple because of the high time constant  (Ldc/Rdc)during switching period. 

3) three phase purely sinusoidal  AC supply voltages are balanced as in (2.1). 

 


ோݒ ൌ ܸ cosሺ߱ݐሻ

ௌݒ														 ൌ ܸ cosሺ߱ݐ െ ߨ2 3⁄ ሻ
்ݒ														 ൌ ܸ cosሺ߱ݐ െ ߨ4 3⁄ ሻ



  




Figure 2.2:  CSC Circuit diagram without input filter. 

 

There are typical switching signal for each power semiconductor switches 

injected by applying modulation techniques (mS1, mS2, mS3, mS4, mS5, mS6). The 

converter line current and switching signals for the first leg iR, mS1, mS2 are shown in 

Fig.2.3. 

The switching signals and the corresponding converter line currents are the 

same in shape in all three lines but they are shifted by there are shift angles by 2/3 

 (2.1) 
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and 4/3 radians for converter line currents (iS, iT) and switching signals (mS3, mS4, 

mS5, mS6) than those of line R. 

The Instantaneous expression of line currents values can be described as in 

(2.2) [27]. 

 

 
 

Figure 2.3: Switching signals of S1&S2, and the corresponding theoretical converter input current, iR (t) and 
line-to-line voltage, vST (t) for inductive reactive power. 

 

݅ோሺݐሻ ൌ ሺ݉ௌଵ െ ݉ௌଶሻܫௗ௖
݅ௌሺݐሻ ൌ ሺ݉ௌଷ െ ݉ௌସሻܫௗ௖
்݅ሺݐሻ ൌ ሺ݉ௌହ െ ݉ௌ଺ሻܫௗ௖



 

The Converter line currents can be written in Fourier series extension as in 

(2.3). 
 

݅ோ ൌ ଵܫ sinሺ߱ݐ ൅ ሻߠ ൅෍ܫ௛ sinሺ߱௛ݐ െ ௛ሻߣ
ஶ

௛ୀଶ

݅ௌ ൌ ଵܫ sinሺ߱ݐ ൅ ߠ െ ߨ2 3⁄ ሻ ൅෍ܫ௛ sinሺ߱௛ݐ െ ௛ሻߦ
ஶ

௛ୀଶ

்݅ ൌ ଵܫ sinሺ߱ݐ ൅ ߠ െ ߨ4 3⁄ ሻ ൅෍ܫ௛ sinሺ߱௛ݐ െ ௛ሻߖ
ஶ

௛ୀଶ

 

 

 
 

 

 

 (2.2) 

 (2.3) 
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Modulation index, M is realized as in (2.4) [28,13]. 

M
I1 

              Idc                                                      (2.4) 
 

Harmonic components in (2.3) can be ignored with staying the fundamental 

component of preponderant harmonic current that generated by CSC. This mean that 

the power system deals with reactive and active power of CSC at the same frequency 

of the power system. 

By depending on (2.2), (2.3) and (2.4), fundamental line currents of CSC can 

be written in dc-link current, Idc and modulation index, M terms as in (2.5). 

 

݅ோଵ ൌ ௗ௖ܫܯ sinሺ߱ݐ ൅ ሻߠ
݅ௌଵ ൌ ௗ௖ܫܯ sinሺ߱ݐ ൅ ߠ െ ߨ2 3⁄ ሻ
்݅ଵ ൌ ௗ௖ܫܯ sinሺ߱ݐ ൅ ߠ െ ߨ4 3⁄ ሻ

 

 

The specified values in (2.1) and (2.5) can be explained by phasor diagrams as 

in Fig. 2.4. When CSC creates capacitive reactive power, its ac line currents leads 

system line-to-line voltages by ( radians or lags system line voltages by (/2-) 

radians if it takes inductive reactive power as shown also in Fig. 2.3. The difference 

between capacitive and inductive modes that the switching signals in capacitive 

mode must be displaced by closely radians than that of inductive mode to lead line 

currents by an angle as in Fig. 2.4b and Fig. 2.5. 

 

 
 

Figure 2.4:  Principle phasor diagram of CSC in a steady-state (a) for inductive (b) capacitive reactive power 
generation. 

 (2.5) 
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Figure 2.5: Switching signals of S1&S2, and the corresponding theoretical converter input current, iR (t) and line-to-
line voltage, vST (t) for capacitive reactive power generation of CSC. 

 

Active and reactive steady-state expressions at ac side of CSC can be written as 

in (2.6)    and (2.7) by depending on (2.1), (2.5) and Fig.2.4. 

																					ܲ ൌ ଷ

ଶ
ௗ௖ܫܯ	ܸ sin  ߠ

 
 

																			ܳ ൌ ଷ

ଶ
ௗ௖ܫܯ	ܸ cos 	ߠ

 

The losses in the dc-link side of CSC due to reactor internal resistance, Rdc as 

in (2.8) equal to active power at AC side after neglecting the losses of power 

semiconductor switches. By compensating (2.6) in (2.8), dc-link voltage and current 

(Vdc, Idc) at steady-state can be written as in (2.9) and (2.10). 

 
ܲ ൌ ௗܸ௖ܫௗ௖ ൌ ܴௗ௖ܫௗ௖

ଶ  
 

ௗܸ௖ ൌ
ଷ

ଶ
	ܯ	ܸ sin  ߠ

 

ௗ௖ܫ ൌ
ଷ

ଶ

௏	ெ	 ୱ୧୬ఏ

ோ೏೎
 

 

 (2.6) 

 (2.7) 

 (2.8) 

 (2.10) 

 (2.9) 
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Active and reactive power components can be substituted by (2.11) and (2.12) 

respectively by using (2.10) in (2.6) and (2.7). When active power cannot be delivered by 

CSC at steady-state, the range of for the expressions in (2.11) and (2.12) is only [0,] 

because active component becomes negative after ( 



ܲ ൌ ଽ

ସ

୚మ୑మ

ୖౚౙ
sinଶθ	




ܳ ൌ ଽ

଼

୚మ୑మ

ୖౚౙ
sin2θ	




Where    0 ൑ ߠ ൑  ߨ

Active power and reactive power increases both of them at the range [0, /4] of 

phase angle by depending on (2.11) and (2.12) as given in Fig.2.6. The same 

conception can be completed for the area between 3/4 and of . These operating 

ranges are marked by shaded areas in Fig.2.6. CSC behaves as controller for active 

power flow for between /4 to 3/4 and delivers active power from ac system. It 

can be noted from Fig.2.6 that the maximum reactive power at /4 is smaller than 

maximum active power at /2 by half time. This allows to connect on two networks 

with different frequencies together by CSC back-to-back circuits and control on both 

reactive and active power flow between these networks. The requirement of active 

power flow just for recovering STATCOM power losses and remaining dc-link 

active makes the need of reactive power control is much higher than active power 

flow in steady-state. The energy stored content of dc-link reactor can be changed by 

extracting large values of active power in transient state with a short time period for 

the operation of CSC in STATCOM mode. 

 

 

 (2.12) 

 (2.11) 
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Figure 2.6: Theoretical active and reactive power variations of CSC  STATCOM w.r.t. angle,  at a fixed 
modulation index. 

 

The expressions of (2.13) and (2.14) can be considered as alternatives of that in 

(2.6) and (2.7) for active and reactive power because of closing to 0 in the 

inductive region and to in the capacitive region for the operation of STATCOM in 

steady-state. 
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The control methods of reactive power generated by CSC control by depending 

on (2.14) are i) dc-link control, Idc, ii) modulation index, M, or iii) both of them. The 

pulse widths change for all pulses at specific factor in case of modulation index 

modifying. The changing of phase shift angle in (2.13) causes increasing or 

decreasing dc-link current value when delivers or extracts active power as seen by 

equating (2.13) to (2.8) to result in (2.15). 

ௗ௖ܫ ൌ
ଷ

ଶ

௏	ெ

ோ೏೎
∅	݁ݎ݄݁ݓ						∅	 ൌ ൜

݊݋݅݃݁ݎ	݁ݒ݅ݐܿݑ݀݊݅	ݎ݋݂					ߠ
ߨ െ  ݊݋݅݃݁ݎ	݁ݒ݅ݐ݅ܿܽ݌ܽܿ	ݎ݋݂					ߠ

The energy storage element makes dc-link voltage in VSC and dc-link current 

in CSC approximately constant without any active power dissipation and its 

inductance does not effect on the reactive power. Therefore, “Static VAr 

Compensator with minimum energy storage element” is called on the STATCOM. 

 (2.14) 

 (2.13) 

 (2.15) 
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Fixing phase shift angle  at zero in (2.13) and considering Rdc=0 with ideally 

all power semiconductors (lossless CSC) prevent flowing of active power to CSC in 

steady-state. The zero values of and Rdc do not define the equation (2.15). 

Providing a power flow from/to CSC by varying to control dc-link current 

magnitude and this causes the dc-link reactor to charge and discharge to specific dc-

link current value as seen in Fig 2.7. The charging area of dc-link reactor is located at 

quadrants (I, IV) and the discharging area is located at (II, III) quadrants for current 

phasors as in Fig.2.7. Then, Modulation index technique controls on regulating the 

required reactive power as in Fig.2.8. 

 

 
 

Figure 2.7: Phasor diagram of CSC in a lossless system (transient-state representation) for inductive (b) 
capacitive reactive power generation. 

 

 
 

Figure 2.8: Phasor diagram of CSC in a lossless system (steady-state representation) (a)for inductive 
(b)capacitive reactive power generation. 
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Reactive power generation of CSC can be achieved by Synchronizing phase 

shift angle control with modulation index, M to get a quicker response as shown in 

[21-22]. However, in some applications, modulation index control is inappropriate, 

as to be shown in Section 2.3. Therefore, phase angle via dc-link current control is 

used to regulate reactive power and charge and discharge dc-link reactor. The 

simulations and laboratory experiments explained fact that M and simultaneous 

control is faster than the control of  only in response case as given in [21]. 

CSC needs to input filter at AC side in a practical system which is neglected in 

Fig.2.2 to filter out the harmonics of line current that shown in Fig.2.3 and Fig.2.5. 

The input filter works as voltage regulator at the CSC input terminals. Fig.2.9 shows 

If The supply or system voltage is constant VR, CSC behaves as capacitive mode 

when its input voltage VCRbecomes bigger than VR and decreasing VCR under VR 

leads CSC to work in inductive mode and absorb reactive power. The filter 

inductances values play a role in transporting VCR from full capacitive load to full 

inductive load as shown in Fig.2.9 and Fig.2.10 for single line diagram of CSC and 

both of its operation modes as Phasor diagrams respectively. 

 

 
 

Figure 2.9: Equivalent single line diagram of CSC based STATCOM. 

 

 
 

Figure 2.10: Illustration of variations in converter input voltage, VCR with the generated reactive power of CSC. 
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2.4 Pulse Width Modulation Techniques 

Several pulse width modulation techniques have been applied to power 

converters with the expansion in high speed digital processors and fully controllable 

power semiconductors [10]. PWM techniques present i) superior control 

characteristics  ii) nearly sinusoidal input/output  waveforms, iii) efficient, more 

compact systems and cost effective [28]. 

The dc-link current needs to circulating path over the converter or supply and 

this happens by making one switch from the lower half bridge (S2, S4, S6) at least 

conducts with at least one switch from the upper half bridge  (S1, S3, S5). It can be 

achieved by Guaranteeing the qualification in (2.16) for the application of PWM 

techniques to CSC that shown in Fig.2.1. 

             		݉௦ଵ ൅ ݉௦ଷ ൅ ݉௦ହ ൌ 1	

݉௦ଶ ൅ ݉௦ସ ൅ ݉௦଺ ൌ 1	

CSC has been Exploited with several studies for PWM techniques [30]. The 

main techniques that used of these studies are i) Space Vector PWM (SVPWM) 

[35],: ii) Modified Sinusoidal PWM (MSPWM) [10], iii) Selective Harmonic 

Elimination Method (SHEM) [30]. 

The three different pulse width modulation techniques have been explained in 

Fig.2.11, Fig. 2.12 and Fig 2.13 for the corresponding converter line currents and 

switching styles that mentioned in (2.2). These techniques donate harmonic 

concatenation of converter line currents as given in Fig. 2.14 that shown as (Idc) via 

normalized form. Converter line current has theoretically dc-link current value (Idc) 

as pulses peak value. 

Table 2.1. appears the difference between these modulation techniques. CSC 

operates today on modified version of MSPWM instead of the classical SPWM. 

When the converter semiconductors are switched on and off, MSPWM results 

in lower low order harmonics (such as 5th, 7th, 11th, 13th) at high frequencies like 

2kHz if it compared with SVPWM. The modulation technique highly used Today is 

SVPWM. 

 (2.16) 
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Figure 2.11: Typical switching patterns for MSPWM (M=0.5,fcarrier= 1200Hz). 
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Figure 2.12: Typical switching patterns for SVPWM (M= 0.5,  fcarrier= 1200Hz). 
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                                                                                          wt, degrees 
 

Figure 2.13: Typical switching patterns for SHEM  (elimination of 5th, 7th, 11th and 13th harmonics at M=0.8). 
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Figure 2.14: Normalized harmonic spectra  of  converter  input  current w.r.t. dc-link current  (a) for MSPWM 
(b) for SVPWM (c) for SHEM. 
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SVPWM technique for the same carrier frequency has lower switching 

frequency that makes it widely used today. power applications for low voltage 

medium use MSPWM because it has control range of modulation index similar to 

that of SVPWM [10].The simultaneous continuous control of phase shift angle and 

modulation index for MSPWM and SVPWM cause fast response But, the harmonic 

spectra of converter line current that produced by SHEM is more than those of 

SVPWM and MSPWM at low switching frequencies. Using active damping [32, 17] 

and passive damping [10] avoid the parallel resonance of the input filter in CSC [17] 

that excited by these low order harmonics. The input filter contains an external 

damping resistor causes immoderate power dissipation in the Passive damping. On 

the other hand, active damping requires complicated control algorithm and cannot 

provide continuous damping in the entire operating range [17]. 

Table 2.1: Comparison of modulation techniques applicable to CSC. 

 
fS –switching frequency K – number of harmonics to be eliminated 
fcarrier –carrier frequency f1 – fundamental frequency 
 

 Harmonic Spectra Modulation 

Index 

Applications 

 

MSPWM 

smaller low order harmonics for fS 

> 2kHz 

fS= (2/3)fcarrier 

controllable 

  0≤ M ≤1.0 

medium power IGBT or 

MOSFET based converters, 

where 

fS > 2kHz 

 

SVPWM 

smaller low order harmonics for fS < 

2kHz 

fS= (1/2)fcarrier 

controllable 

   0≤ M ≤1.0 

medium power IGBT or 

MOSFET based converters, 

where 

fS > 2kHz 

 

 

SHEM 

 negligible low order harmonics 

 

 

  

     can only be 

controlled in 

discrete steps 

Medium or high power 

IGBT or IGCT based 

converters where 

fS < 1kHz 
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All modulation techniques used in CSC applications yield the same 

employment factor for power semiconductors. The average value of the current 

through each power semiconductor is found to be one third of the dc-link current for 

all values of modulation index. 

SHEM technique is based on pre-calculated switching patterns (i.e., off-line 

generated pattern) while MSPWM and SVPWM are based on on-line generated 

patterns [17]. Therefore, patterns of SHEM for each modulation index are to be 

calculated in such a way that the magnitudes of low order harmonics should be zero 

as shown in Fig.2.14c. Although the transient response of CSC STATCOM is slower 

in SHEM, it has been widely used in high power applications, for which switching 

frequency should be kept at low values, e.g., below 1kHz [18]. In the applications 

where the switching frequencies above 2kHz is permissible, the use of on-line 

generated PWM techniques become more feasible, as illustrated in Fig.2.15. 
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Figure 2.15: Normalized harmonic spectra of converter input current w.r.t. dc-link current (a) for MSPWM (b) 
for SVPWM when carrier frequency, fcarrier= 3kHz. 
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CHAPTER THREE 

REACTIVE POWER CONTROL METHOD FOR CURRENT SOURCE 
CONVERTER BASED STATCOM  

The reactive power generated by CSC based STATCOM can be controlled by 

different control methods which can be classified as: i) PI-type linear controllers for 

traditional control methods[18],  ii) state-space approach for modern control 

methods[22] and  pole placement controller by utilizing state-space representation. 

When the fast transient response of the traditional control methods can be 

achieved by using large proportional gains, the CSC based STATCOM will have 

large frequency oscillations with the indisposed damped input filter [21]. Therefore, 

the traditional control methods do not result in an optimal control system with 

simplicity of their design and implementation [33]. 

On the other hand, the transient response can be improved by implementing 

state-space methods that modern control methods depend them because of their 

chosen closed loop poles. The following benefits of these methods which is designed 

and implemented by dq-stationary reference frame structure for CSC based 

STATCOM are i) input filter of CSC will give ingrained damping ii) The control of 

reactive and active power control will be independent iii) transient response will be 

faster [34].The following subsections will explain these control methods briefly 

3.1 Conventional Control Method based on PI Controller 

Phase shift angle (�) and the modulation index (M) are control variables in 

CSC based STATCOM as explained in Section 2.3.In this method, phase shift angle 

controls dc-link current value to stay it at reference value Idc (ref). The maximum 

VAr rating of CSC STATCOM that specify maximum controllable value of 

modulation index must meet the dc- link current Idc (ref). Fig.3.1 explains The block 
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diagram of control system for this method. Then, The changing in reactive power is 

controlled by faster response for this control approach which control the modulation 

index to generate the required reactive power. The dc-link current control depends on 

the application type because that staying its magnitude at maximum value for all time 

causes dc reactor losses and high and high converter losses. The switching signal 

generator will be provided by phase shift angle and modulation index as inputs to 

utilize one of modulation techniques as described in Section 2.4. 

Another cases utilize the control of dc-link current magnitude through phase 

shift angle to produce the required reactive power with keeping modulation index 

fixed without control as shown in Fig.3.2. 

 
 

 
 

Figure 3.1: Control system based conventional PI controller. 
 

 

 
 

Figure 3.2: Control system based conventional PI controller for CSC based STATCOM, where modulation index 
control is not applicable. 
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The Bode diagrams and root-locus plots are graphical techniques which are 

used together with transfer function to select or design PI parameters for optimum 

response in the given control system. The system with single input and single output 

which is called linear time stable systems just can apply these design techniques 

[33].These techniques cannot be used for CSC based STATCOM because of its 

nonlinear characteristics and its multi inputs and multi outputs. Therefore, the 

Second Method of Ziegler-Nichols Rules which is one of PID tuning rules can be 

employed to calculate PI parameters for this control system [33].The control system 

in Fig.3.2 can also apply this method in steps as in Fig.3.3. Firstly, employing a unit 

step input to calculate optimum PI parameters of dc-link current controller as shown 

in Fig.3.3a. Then, applying a step input to the overall control system inFig.3.3b to 

utilize pre-determined parameters of dc-link current controller for calculating Best 

parameters of reactive power controller. 

 

 
 

Figure 3.3: Steps applied in tuning PI parameters of CSC based STATCOM control system (a) for dc-link 
current controller, and (b) for reactive power controller. 
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3.2 Modern Control Method based on State Feedback-Controller and 
pole placement controller 

To decrease the number of state variables and make them dc amounts in 

steady-state, d-q stationary frame [34,21-22] must be used to obtain on the state-

space representation of CSC based STATCOM for this control method. Fig.3.4 

appears the equivalent circuit of CSC based STATCOM and its state-space 

representation is explained in (3.1) to make both design and analysis of control 

system comparatively easier. Appendix A explains the derivation of state-space 

representation. The state-space representation in (3.1) will deduce The equivalent 

circuit of CSC based STATCOM in Fig.3.5. 
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Figure 3.4: Equivalent circuit of CSC based STATCOM in abc-rotating frame. 
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 (a) 

 

 
 (b) 

 
Figure 3.5: Equivalent circuit of CSC based STATCOM in dq-stationary frame (a) for steady-state, (b) for 

transient-state. 
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The controlled input variables Md and Mqare defined in (3.2) and (3.3) will be 

the re-arrangement of The state-space representation in (3.1). 
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The non-linearity is clear in CSC based STATCOM because of variety of state 

variables and controlled input variables that can be seen in the state-space 

representation in (3.3) [34]. Both input variables are depended by dc-link current and 

the d axis component has a cross-coupling with q component of the system [34].The 

state feedback controller for CSC based STATCOM has these problems exactly. 

Therefore, the state-space model of CSC based STATCOM must be decoupled and 

linearized by accomplishing some few steps [22]. The reactive power of CSC based 

STATCOM can be controlled by applying pole-placement method via state feedback, 

decoupled and linearized state-space representation [33]. The state-feedback 

controller for the control system [21] as typical block diagram is shown in 

Fig.3.6.The d-axis component of the reference supply current can be produced by the 

outer loop of PI controller from the measured and reference dc-link current. 

 (3.2) 

 (3.3) 
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The required control input variables, Md and Mqcan be obtained by deducting 

the measured d and q-axis measured supply currents minus their reference values and 

the integrated error between them will be added to the state feedback. 

Then, One of modulation techniques explained in Section 2.4 will be employed 

by the switching signal generator which utilizes these control variables for this 

purpose. 

 

 
 

Figure 3.6: Typical block diagram of modern control method based on state feedback controller for CSC based 
STATCOM. 

 

There is another state-space modeling for CSC based STATCOM can be 

depended instead of (3.1). The nonlinearity characteristic of CSC-based STATCOM 

controller because of idc part can be removed by utilizing the balance equation of 

active power as in. 

௔ܲ௖ ൌ ௗܲ௖ 	⟹	െ
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2݊
௦ௗܫ ൌ ௗ௖ܫௗ௖ܮ	

݀
ݐ݀
ௗ௖ܫ ൅ ܴௗ௖ܫௗ௖

ଶ 																				ሺ3.4ሻ 

After using power balance equation and mathematical calculation, the final 

equation will be as below. 

݀
ݐ݀
ሺܫௗ௖
ଶ ሻ ൌ െ

2ܴௗ௖
ௗ௖ܮ

ሺܫௗ௖
ଶ ሻ െ

3 ௗܸ

ௗ௖݊ܮ
 ሺ3.5ሻ																																																			௦ௗܫ

By using (3.4) and (3.5), the final state-space modeling for CSC based 

STATCOM can be written as in. 



   

34 

݀
ݐ݀

ۏ
ێ
ێ
ێ
ۍ
݅௦ௗ
݅௦௤
௖ௗݒ
௖௤ݒ
݅ௗ௖
ଶ ے
ۑ
ۑ
ۑ
ې

ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
ێ
െۍ

ܴ
ܮ

െ߱ െ
1
ܮ

0 0

߱ െ
ܴ
ܮ

0 െ
1
ܮ

0

1
ܥ3

0 0 െ߱ 0

0
1
ܥ3

߱ 0 0

3 ௗܸ

ௗ௖ܮ
0 0 0 െ

ܴௗ௖
ےௗ௖ܮ

ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

∗

ۏ
ێ
ێ
ێ
ۍ
݅௦ௗ
݅௦௤
௖ௗݒ
௖௤ݒ
݅ௗ௖
ଶ ے
ۑ
ۑ
ۑ
ې

൅

ۏ
ێ
ێ
ێ
ێ
ێ
ۍ
0 0
0 0
1
ܥ3

0

0
1
ܥ3

0 0 ے
ۑ
ۑ
ۑ
ۑ
ۑ
ې

൤
ௗ݅ௗ௖ܯ
௤݅ௗ௖ܯ

൨ ൅

ۏ
ێ
ێ
ێ
ێ
െۍ

1
ܮ
0
0
0
0 ے
ۑ
ۑ
ۑ
ۑ
ې

ௗܸ			ሺ3.6ሻ 

 

Pole-Shifting Controller Design. The designing of this pole –placement 

controller depends on this state-space modeling. The desired outcomes of the system 

can be gotten by moving the poles of this system to desired poles position in pole 

placement technique [36]. Because of Eigen values control on the dynamic 

characteristics of the system outcomes and its relation poles position, these system 

poles are shifted. the system must be controllable for this method. In the dynamic 

modeling of systems, state-space equations involve three types of variables: state 

variables (ݔ) and input (ݑ) and output (ݕ) variables with disturbance (݁). So 

comparing (8) with the standard state-space representation, that is, The state 

variables (ݔ), input (ݑ) and output (ݕ) variables with disturbance (݁) are the parts of 

state-space equations in the dynamic modeling of systems. After comparing with the 

standard representation, it will be seen that. 

ሶݔ																	 ൌ 	ݔܣ	 ൅ 	ݑܤ	 ൅  ,݁ܨ	

ݕ ൌ  .ݔܥ

We get the system matrices as: 

ݔ ൌ ൣ݅௦ௗ ݅௦௤ ௖ௗݒ ௖௤ݒ ݅ௗ௖
ଶ ൧

்
; ݑ					 ൌ ሾܯௗ݅ௗ௖  ;௤݅ௗ௖ሿ்ܯ

݁ ൌ ௗܸ; ݕ											 ൌ ൣ݅௤ ݅ௗ௖
ଶ ൧

்
; 

 

 (3.7) 

 (3.8) 
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In the above equations (3.7) five system states, two control inputs, and two 

control outputs are presented, where ݔ is the state vector, ݑ is the input vector, ܣ is 

the basis matrix, ܤ is the input matrix, and ݁ is disturbance input. 

If the controller is set as 

	ݑ																															 ൌ 	െܭ ∗ 	ݔ ൅ ܬ	 ∗ 	݂݁ݎݕ ൅ 	ܰ ∗ ݁,																																													ሺ3.9ሻ	

then the state equation of closed loop can be written as 

	ሶݔ	 ൌ 	 ሺܣ െ ܤ ∗ ∗	ሻܭ 	ݔ ൅ ܬ	 ∗ 	݂݁ݎݕ ൅ ܤ	 ∗ ܰ ∗ ݁	 ൅ ܨ	 ∗ ݁.																													ሺ3.10ሻ	

Here, for steady state condition: 

.ݔ ൌ 	0.																																																																						ሺ3.11ሻ	

Then, 

ݕ ൌ ܥ ∗ ሺܣ െ ܤ ∗ ሻିଵܭ ∗ ܤൣ ∗ ܬ ∗ ௥௘௙ݕ ൅ ܤ ∗ ܰ ∗ ݁ ൅ ܨ ∗ ݁൧					ሺ3.12ሻ 
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Figure 3.7: Control structure of pole placement controller based CSC-STATCOM. 

 

where ܬ = ((1-(ܭ∗ܤ−ܣ) −) ∗ܥ*B)-1 and N= ( (C* (-A+B*K)-1*B))-1* (C* (-

A+B*K)-1*F); these constant values are found out from a mathematical calculation 

for tracking the reference output value (ݕref) by the system output value (ݕ).Here ܭ 

is the state-feedback gain matrix. The gain matrix ܭis designed in such a way that 

(3.13) is satisfied with the desired poles: 

 (3.13)                         (݊ܲ−ݏ) ⋅⋅⋅ (2ܲ−ݏ) (1 ܲ−ݏ) = |(ܭܤ−ܣ) −ܫݏ|

where ܲ1, ܲ2,..., ܲ݊ are the desired pole locations. Equation (15) is the desired 

characteristic polynomial equation. The values of ܲ1, ܲ2,..., ܲ݊ are selected such that 

the system becomes stable and all closed-loop Eigenvalues are located in the left half 

of the complex-plane. The final configuration of the proposed pole-shifting controller 

based CSC-STATCOM is shown in Fig.3.7. The calculations of K,N and J matrices 

are implemented in Mat lab program and explained in Appendix B. 
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CHAPTER FOUR 

SIMULATION AND DISCUSSION OF RESULTS 

In this chapter, The circuit of power system will be described by their 

parameters values which is represented by two voltage sources and transmission line 

connect them together. Each source is equivalent to electrical power machine and 

step up transformer. The controlled STATCOM is connected at the middle point of 

the transmission line to divide the transmission line into two parts (TL1, TL2). Each 

part includes two circuit breakers (BK1, BK, BK3, BK4) for the two parts to protect 

the power system from the damage part. The parameters matrices of state space 

representation can be calculated to control the injected reactive power by CSC based 

STATCOM after disturbance cases. There are three disturbance cases applied to the 

system i) Three phase fault at transmission line (TL1) with applying two different 

loads at different periods at STATCOM bus ii) the same two different loads are 

connected to the STATCOM bus and suddenly disconnecting transmission line 

(TL1) from the service. iii) Three phase fault at transmission line (TL2) with 

applying two different loads at different periods at STATCOM bus. These cases will 

be simulated by Matlab program to apply the controlled CSC based STATCOM on 

the circuit and get better response in reactive power compensating at disturbance 

conditions. 

4.1 Simulation Circuit 

This circuit contains voltage source at sending end and another one at receiving 

end. There parameters are 500kV/3000MVA and 500kV/2500MVA respectively. 

The ratios of the internal reactance to the internal resistance for each source (X/R) 

are 8 and 7 respectively. The three voltages source for each three phase source are 

connected Y (star) to an internally grounded neutral. The length of each transmission 
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line is 300Km. The transmission line for three phase is a continuously transposed 

line. The positive and zero-sequence resistances are [0.01755 0.2758] ohms per unit 

length. The positive and zero-sequence inductances of transmission line are 

[0.8737e-3 3.220e-3] henries per unit length. The positive and zero-sequence 

capacitances of transmission line are [13.33e-9  8.297e-9] Farads per unit length. The 

magnitudes of the two large loads that are suddenly connected in different periods at 

STATCOM bus are (50 MW & 30 MVAR) and (100 MW & 50 MVAR) 

respectively. The load-1 and load-2 are connected to the bus through BK5 and BK6. 

The dc resistance (Rdc) and dc inductance (Ldc) of CSC based STATCOM = 0.01 

ohm and 40 mH. The filter capacitance of CSC at AC side = 400 (micro) F. The 

equivalent resistance of Coupling transformer (R) for each phase = 0.3 ohm. The 

equivalent inductance of Coupling transformer (L) for each phase = 2mH. ߱ = 314 

and the frequency = 50 Hz. V݀ (ref) = 1. System nominal voltage (ܮ-ܮ): 500 kV. The 

parameters matrices can be calculated from CSC based STATCOM parameters to 

depend them in the controller design. The simulated circuit and the subsystem are 

shown in Fig (4.1) and Fig (4.2). The simulation work of the circuit is done for 

discussing and getting the results in the following three cases: 

 

 
 

Figure 4.1: Simulation circuit with CSC-STATCOM connected to 2 sources 3 buses system test. 
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Figure 4.2: Subsystem of Pole Shifting Controller Based CSC-STATCOM. 
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I) Three phase fault at transmission line (TL1) with applying two different 

loads at different periods at STATCOM bus: The simulation of the circuit begins at t 

= 0.0 s and arrives to the end at t = 1 s. The load-1 (50 MW and 30 MVAR) and 

load-2 (100 MW and 50 MVAR) are not connected to the STATCOM bus at the 

beginning of the simulation (BK5 and BK6 are normally open). Thebus voltage for 

each phase starts at 1 p.u in steady-state. The bus voltage for each phase is sinusoidal 

and the per unit value is gotten by dividing the rms value of this voltage on the base 

voltage of the system to look as constant magnitude at 1 p.u. Three phase fault block 

is connected to (TL1) at t = 0.3 second. The circuit breakers (BK1 and BK2) 

disconnects TL1 to isolate it from the system. Closing BK5 to linkload-1 to the 

system at t = 0.3 second also. The voltage bus will fall from 1 p.u to stabilize at 0.94 

p.u approximately without utilizing CSC-based STATCOM. It stays at this 

magnitude until t = 0.65 second where BK6 will close to link load-2 to the bus. This 

large load will cause another large reduction for this voltage to 0.864 p.u as shown in 

Fig (4.2). 

 

 
 

Figure 4.3: Bus voltages in p.u w.r.t. time without CSC-STATCOM and with CSC-STATCOM for the first case. 
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With the green intermittent line. The blue solid line in Fig (5) explains the 

voltage with using the CSC-STATCOM. At the steady state, there is no difference 

between the voltage of the STATCOM and bus voltage in the period from 0 s to 0.3 

second. In this time the flowing of reactive and active between the bus and the 

STATCOM is zero. In this period, there is a small shift in the STATCOM voltage 

behind the bus voltage to compensate CSC losses, transformer and remain the reactor 

of the DC link side charged. The dc-link current is smoothly constant without 

changing in this period without changing in modulation index. The first disturbance 

period will cause the bus voltage to be less than CSC voltage. CSC based 

STATCOM will compensate this voltage by injecting the capacitive reactive power 

to raise this voltage to its main value. The fast response of pole placement controller 

to this disturbance makes the voltage to arrive to its normal value in 0.1 second. This 

response happens in few milliseconds. The time response of CSC in the second 

disturbance is longer than that of the first one. The damping oscillations of the 

voltage takes more time also. The active power won’t flow from/to CSC at steady 

state period (t = 0-0.3 second) and (φ) equals zero. Connecting load-1 to the system 

makes the controller to response and discharge the DC reactor energy in the system 

direction between 0.3 and 0.65 second. The STATCOM will give active power to the 

system to meet the suddenly load (50 MW) with small oscillation for very short time. 

The load-2 entry (100 MW) Motivates the STATCOM to increase its active power to 

the bus with large oscillation and the power takes place time longer than that at the 

first load to stabilize at 600 KW. The active power will arrive to 600 KW to support 

the second source against the two large loads. The flowing of active power from CSC 

at the two loads periods are shown in Fig (4.3).The system bus absorbs 25 MVAR 

from 0 to 0.3 second. This mean, the STATCOM works in the capacitive mode at 

steady-state period. CSC will inject 70 MVAR when the bus exposes to the load (30 

MVAR) with small oscillation for very short time at (t = 0.3 second). The capacitive 

reactive power injecting will raise to 180MVAR at (t = 0.65 second) with connecting 

the second load as explained in Fig (4.4). The reactive power is selected by 

controlling the input variables (Md and Mq) to get the desired MVAR. The 

oscillation and damping time depends on the load magnitude and the poles positions 

to make the system more stability. 
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Figure 4.4: Active power of CSC-STATCOM in MW w.r.t. time for the first case. 

 

 
 

Figure 4.5: Reactive power of CSC-STATCOM in MVAR w.r.t. time for the first case. 

 

II) The same two different loads are connected to the STATCOM bus and 

suddenly disconnecting transmission line (TL1) from the service: The simulation will 

take place 1 second from the beginning to the end. In this case, The load-1 (50 MW 

and 30 MVAR) and load-2 (100 MW and 50 MVAR) are connected to the 

STATCOM bus at the beginning of the simulation (BK5 and BK6 are normally 

closed). The bus voltage for each phase starts at 0.936 p.u in steady-state. The bus 

voltage for each phase is sinusoidal and the per unit value is gotten by dividing the 

rms value of this voltage on the base voltage of the system to look as constant 

magnitude at 0.936p.u. Three phase fault block is connected to (TL1) at t = 0.4 
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second. The circuit breakers (BK1 and BK2) disconnects TL1 to isolate it from the 

system. Closing BK7 makes The voltage bus to fall from 0.936 p.u to stabilize at 

0.864p.u approximately without utilizing CSC-based STATCOM as shown in Fig 

(4.5). 

 

 
 

Figure 4.6: Bus voltages in p.u w.r.t. time without CSC-STATCOM for the second case. 

 

The blue solid line in Fig (4.6) explains the voltage with using the CSC-

STATCOM. At the steady state, the voltage will be stable at 0.995 p.u. This mean, 

CSC addition voltage to the bus until 0.4 second. In this time the flowing of reactive 

and active between the bus and the STATCOM is not zero because of connecting 

load-1 and load-2 from simulation start. The dc-link current is smoothly constant 

without changing in this period without changing in modulation index. The 

disturbance period will cause the bus voltage to be less than CSC voltage. CSC based 

STATCOM will compensate this falling by increasing the injected reactive power to 

raise this voltage to its main value. The fast response of pole placement controller to 

this disturbance makes the voltage to arrive to its normal value in 0.1 second. This 

response happens in few milliseconds. The time response of CSC in the disturbance 

case is very short. The damping oscillations of the voltage takes a little time. 
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Figure 4.7: Bus voltage in p.u w.r.t. time with CSC-STATCOM for the second case. 

 

A small active power (300 KW approximately) will flow from CSC at steady 

state period (t = 0-0.4 second) and (φ) won’t equal zero. Closing BK7 of the fault 

block or disconnecting BK1 and BK2 to isolate TL1 from the system makes the 

controller to response and increase the discharging of the DC reactor energy in the 

system direction between after t = 0.4 second. The STATCOM will increase its 

active power to the system to beat on the suddenly disturbance with small oscillation 

for very short time at 1 MW approximately. This increasing is happened with 

oscillations and damping time 0.1 second to support the second source against the 

disturbance. The flowing of active power from CSC at the disturbance are shown in 

Fig (4.7). 
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Figure 4.8: Active power of CSC-STATCOM in MW w.r.t. time for the second case. 

 

The system bus absorbs 160 MVAR from 0 to 0.4 second. This mean, the 

STATCOM works in the capacitive mode at steady-state period. CSC will inject 

addition 24 MVAR when the bus exposes to the disturbance with small oscillation 

for very short time at (t = 0.4 second). The capacitive reactive power injecting will 

raise to 184 MVAR with connecting the fault block as explained in Fig (4.8). The 

reactive power is selected by controlling the input variables (Md and Mq) to get the 

desired MVAR. The oscillation and damping time depends on the load magnitude 

and the poles positions to make the system more stability. 

 

 
 

Figure 4.9: Reactive power of CSC-STATCOM in MVAR w.r.t. time for the second case. 
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III) Three phase fault at transmission line (TL2) with applying two different 

loads at different periods at STATCOM bus: The simulation of the circuit begins at t 

= 0.0 s and arrives to the end at t = 1 s. The load-1 (50 MW and 30 MVAR) and 

load-2 (100 MW and 50 MVAR) are not connected to the STATCOM bus at the 

beginning of the simulation (BK5 and BK6 are normally open). The bus voltage for 

each phase starts at 0.99p.u in steady-state. The bus voltage for each phase is 

sinusoidal and the per unit value is gotten by dividing the rms value of this voltage 

on the base voltage of the system to look as constant magnitude at 0.99 p.u. Three 

phase fault block is connected to (TL2) at t = 0.4 second. The circuit breakers (BK3 

and BK4) disconnects TL2 to isolate it from the system. Closing BK5 to link load-1 

to the system at t = 0.4 second also. The voltage bus will fall from 0.99p.u to 

stabilize at 0.956p.u approximately without utilizing CSC-based STATCOM. It stays 

at this magnitude until t = 0.7 second where BK6 will close to link load-2 to the bus. 

This large load will cause another large reduction for this voltage to 0.896 p.u as 

shown in Fig (4.9) with the green intermittent line. 

 

 
 

Figure 4.10: Bus voltages in p.u w.r.t. time without CSC-STATCOM and with CSC- STATCOM for the third 
case. 

 

The blue solid line in Fig (4.9) explains the voltage with using the CSC-

STATCOM. At the steady state, there is a small difference between the voltage of the 

STATCOM and bus voltage in the period from 0 s to 0.4 second. In this time the 

flowing of reactive and active between the bus and the STATCOM is low. In this 

period, there is a small shift in the STATCOM voltage behind the bus voltage to 
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compensate CSC losses, transformer and remain the reactor of the DC link side 

charged. The dc-link current is smoothly constant without changing in this period 

without changing in modulation index. The first disturbance period will cause the bus 

voltage to be less than CSC voltage. CSC based STATCOM will compensate this 

voltage by injecting the capacitive reactive power to raise this voltage to its main 

value. The fast response of pole placement controller to this disturbance makes the 

voltage to arrive to its normal value in 0.1 second. This response happens in few 

milliseconds. The time response of CSC in the second disturbance is longer than that 

of the first one. The damping oscillations of the voltage takes more time also. 

A small active power will flow from CSC at steady state period (t = 0-0.4 

second) and (φ) won’t equals zero. Connecting load-1 to the system makes the 

controller to response and discharge the DC reactor energy in the system direction 

between 0.4 and 0.7 second. The STATCOM will give active power to the system to 

meet the suddenly load (50 MW) with small oscillation for very short time. The load-

2 entry (100 MW) Motivates the STATCOM to increase its active power to the bus 

with large oscillation and the power takes place time longer than that at the first load 

to stabilize at 200 KW. The active power will arrive to 200 KW to support the first 

source against the two large loads. The flowing of active power from CSC at the two 

loads periods are shown in Fig (4.10). 

 

 
 

Figure 4.11: Active power of CSC-STATCOM in MW w.r.t. time for the third case. 

 

The system bus absorbs 20 MVAR from 0 to 0.4 second. This mean, the 

STATCOM works in the capacitive mode at steady-state period. CSC will inject 70 

MVAR when the bus exposes to the load (30 MVAR) with small oscillation for very 
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short time at (t = 0.4 second). The injecting of capacitive reactive power will raise to 

170 MVAR at (t = 0.7 second) with connecting the second load as explained in Fig 

(4.11). The reactive power is selected by controlling the input variables (Md and Mq) 

to get the desired MVAR. The oscillation and damping time depends on the load 

magnitude and the poles positions to make the system more stability. 

 

 
 

Figure 4.12: Reactive power of CSC-STATCOM in MVAR w.r.t. time for the third case. 
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CHAPTER FIVE 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

5.1 Conclusions 

In this work, it can be seen that the basic arrangement of the Current source 

converter circuit is reviewed. The AC side and DC side of CSC has been described 

with presenting the AC outputs before and after the filter. The output three phase 

currents of CSC have pulses in the positive and negative parts because of the 

harmonics content in addition to the fundamental wave of the currents. These main 

currents have the same frequency of the system. The harmonic content can be 

absorbed by connecting a capacitive filter after power electronic switches to prevent 

the harmonic pulse currents from passing to the system bus. Only the fundamental 

wave of each phase current will pass. There is shift angle (ߠ) between the line current 

and line-to-line voltage. If this angle between 0	 ൑	 	ߠ ൑	  CSC generates inductive ,2/ߨ

reactive power in the inductive mode and produces capacitive reactive power if its 

position between 2/ߨ and ߨ. The reactive power can be controlled by varying (∅) to 

inject it or absorb the desired value by depending on the disturbance situation of 

power system. SPWM technique is one of the popular methods that can be utilized to 

power electronic switches of CSC-STATCOM. The modern control requires 

transforming the differential equations of CSC from abc-rotating frame to 0dq-

stationary frame for both sides (AC and DC). This will transfer the abc alternating 

values into two constant values. The proposed method depends on pole shifting 

controller to control on Md and Mq (modulation index in 0dq frame) to get the 

required reactive power with fast response after disturbance conditions. The gain 

matrix ܭ	is calculated according to (3.13) by selecting the desired pole locations. 
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The study outlined the following conclusions: 

_  When CSC based STATCOM is used, a significant improvement in power 

quality for the system is obtained at different disturbance conditions. 

_  The use of proposed modern control with CSC based STATCOM gave 

interesting results and good response for any change in the power system. 

_  The study shows that the reactive power generated CSC based STATCOM 

increases or decreases by the increasing or decreasing the inductive load in 

power system. 

_  The results proved that CSC has quick starting, high converter reliability, 

small filtering requirements compared with VSC case because of the low 

switching frequency and inherent short-circuit protection. 

5.2 Future work 

In future work, The sample system modulation by MATLAB Simulink with all 

power system components can be done. The neural network control of the reactive 

power injected with any disturbance can be used. Furthermore, the possibility of 

utlilizing neuro-fuzzy controllers to control the reactive power of CSC and improve 

the power quality of the power system can be studied. The advantage of fuzzy 

controller and adaptability nature of artificial neural networks can be combined for 

this purpose. the reactive power compensation by FPGA and DSP chips can be also 

investigated. 
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Appendix A: Modeling of Current Source Converter Based Statcom in DQ 
Stationary Frame 

CSC based STATCOM will be modeled in dq-stationary frame for balanced 

AC supply. For modeling, the equivalent circuit shown in Fig.A.1 will be used. In 

this circuit, three phase delta connected filter capacitor bank is connected in wye 

and equivalent capacitance of each capacitor is taken as 3C. Following assumptions 

will be considered in the modeling: 

1. all the power semiconductor switches are lossless 

2. three phase balanced AC supply having harmonic-free line voltages, as 

defined in (A.1). 

ோݒ ൌ ܸ cosሺ߱ݐሻ
ௌݒ ൌ ܸ cosሺ߱ݐ െ ߨ2 3⁄ ሻ
்ݒ ൌ ܸ cosሺ߱ݐ െ ߨ4 3⁄ ሻ

 

 
 

 
 

Figure A.1: Circuit diagram of CSC based STATCOM to be used for modeling.

 (A.1) 
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AC side differential equations are given in (A.2) for phase R. Same equations 

can be easily written for the other phases, S and T. 

ோݒ ൌ ܴ݅ௌோ ൅ ܮ ௗ௜ೄೃ
ௗ௧

൅ ஼ோݒ

݅ௌோ ൌ ܥ3 ௗ௩಴ೃ
ௗ௧

൅ ݅ோ
 

 



DC side differential equation of CSC based STATCOM is as follows 
 
 

ௗ௖ݒ ൌ ௗ௖ܮ
ௗ௜೏೎
ௗ௧

൅ ܴௗ௖݅ௗ௖ 
 
 
 

AC side and DC side quantities are coupled with switching functions as in 

(A.4). 

	ௗ௖ݒ				 ൌ ሺ݉ଵ െ݉ଶሻݒ஼ோ ൅ ሺ݉ଷ െ݉ସሻݒ஼ௌ ൅	ሺ݉ହ െ ݉଺ሻݒ஼்
݅ோ ൌ 	 ሺ݉ଵ െ ݉ଶሻ݅ௗ஼
݅௦ ൌ 	 ሺ݉ଷ െ ݉ସሻ݅ௗ௖
்݅ ൌ 	 ሺ݉ହ െ ݉଺ሻ݅ௗ௖

 

 


Using (2.2), (2.3) and (2.4), these switching functions can be expressed in 

terms of their Fourier components as in (A.5). 

 

݉ଵ െ݉ଶ ൌ ܯ sinሺ߱ݐ ൅ ሻߠ ൅ ܾ௛ sinሺ߱௛ݐ െ ሻߣ
																	݉ଷ െ ݉ସ ൌ ܯ sinሺ߱ݐ ൅ ߠ െ ߨ2 3⁄ ሻ ൅ ܾ௛ sinሺ߱௛ݐ െ ሻߦ
																݉ହ െ ݉଺ ൌ ܯ sinሺ߱ݐ ൅ ߠ െ ߨ4 3⁄ ሻ ൅ ܾ௛ sinሺ߱௛ݐ െ ߰ሻ

 

 

 
Switching functions do not linearly dependent on the control variables 

modulation index, M and phase angle, since they contain harmonic components, 

which do not depend on modulation index and phase angle explicitly. 

In order to linearize the switching functions harmonic components should be 

neglected. This does not cause any problem in analyzing the system performance 

since harmonics do not contribute to active and reactive power flow. Then, 

switching functions can be approximated as in (A.6). 

 (A.3) 

 (A.2) 

 (A.4) 

 (A.5) 
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݉ଵ െ݉ଶ ൌ ܯ sinሺ߱ݐ ൅ ሻߠ
																	݉ଷ െ ݉ସ ൌ ܯ sinሺ߱ݐ ൅ ߠ െ ߨ2 3⁄ ሻ
																݉ହ െ ݉଺ ൌ ܯ sinሺ߱ݐ ൅ ߠ െ ߨ4 3⁄ ሻ

 

 
Before applying transformation from abc-rotating frame to 0dq-stationary 

frame, (A.2) and (A.4) must be rearranged and put into appropriate matrix form as in 

(A.7), (A.8) and (A.9) 

 

ۏ
ێ
ێ
ێ
ێ
ۍ
ோݒ
ௌݒ
்ݒ
݅ோ
݅ௌ
்݅ ے
ۑ
ۑ
ۑ
ۑ
ې

ൌ

ۏ
ێ
ێ
ێ
ێ
ۍ
௉ାோܮ 0 0 1 0 0
0 ௉ାோܮ 0 0 1 0
0 0 ௉ାோܮ 0 0 1
1 0 0 െ3ܥ௉ 0 0
0 1 0 0 െ3ܥ௉ 0
0 0 1 0 0 െ3ܥ௉ے

ۑ
ۑ
ۑ
ۑ
ې

ۏ
ێ
ێ
ێ
ێ
ۍ
݅ௌோ
݅ௌௌ
݅ௌ்
஼ோݒ
஼ௌݒ
ے஼்ݒ

ۑ
ۑ
ۑ
ۑ
ې

 

 

Where p=d/dt 

ௗ௖ݒ  ൌ ሾܯ sinሺ߱ݐ ൅ ܯ				ሻߠ sinሺ߱ݐ ൅ ߠ െ 120଴ሻ		ܯ sinሺ߱ݐ ൅ ߠ െ

240଴ሻሿ ൥
஼ோݒ
஼ௌݒ
஼்ݒ

൩ 

 

൥
݅ோ
݅ௌ
்݅
൩ ൌ ቎

ܯ sinሺ߱ݐ ൅ ሻߠ
ܯ sinሺ߱ݐ ൅ ߠ െ 120଴ሻ
ܯ sinሺ߱ݐ ൅ ߠ െ 240଴ሻ

቏ ሾ݅ௗ௖ሿ 

 

Transformation takes place first from abc-rotating frame to 0-rotating frame, 

then to 0dq-stationary frame. These are done by proper transformation matrices. 

These transformation matrices are derived referring to Fig.A.2 as in (A.10)- (A.13). 

 

ቈ
ܽ
ܾ
ܿ
቉ ൌ ଵܥ ൥

0
ߙ
ߚ
൩ ൌ ටଶ

ଷ
቎
1 √2⁄ 1 0
1 √2⁄ െ1 2⁄ √3 2⁄

1 √2⁄ െ1 2⁄ െ√3 2⁄

቏ ൥
0
ߙ
ߚ
൩ 

 

 

 (A.7) 

 (A.6) 

 (A.8) 

 (A.9) 

 (A.10) 
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൥
0
ߙ
ߚ
൩ ൌ ଶܥ ൥

0
݀
ݍ
൩ ൌ ൥

1 0 0
0 cos߱ݐ െ sin߱ݐ
0 sin߱ݐ cos߱ݐ

൩ ൥
0
݀
ݍ
൩ 

 

1ܥ ൌ ට
2

3
቎
1 √2⁄ 1 0

1 √2⁄ െ 1 2⁄ √3 2⁄
1 √2⁄ െ 1 2⁄ െ√3 2⁄

቏ 

 
 

2ܥ ൌ ቈ
1 0 0
0 cos ݐ߱ െ sin ݐ߱
0 sin ݐ߱ cos ݐ߱

቉ 

 
 

 
 

Figure A.2: Phasor diagrams used in deriving transformation matrices. 
 

Since transformation matrices are “orthogonal matrices”, such that they satisfy 

(A.14) and (A.15). 

 

ଵܥ
ଵܥ் ൌ 1																ሺܣ. 14ሻ 

ଶܥ
ଶܥ் ൌ 1																ሺܣ. 15ሻ 

The transformation matrices are applied to both sides of (A.7) as in (A.16). 

These transformation matrices are also applied to right-hand side of (A.8) and left- 

hand side of (A.9) as in (A.16) and (A.17), respectively. 
   

 

 (A.11) 

 (A.12) 

 (A.13) 
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݅௢
݅ௗ
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ܯ sinሺ߱ݐ ൅ ሻߠ
ܯ sinሺ߱ݐ ൅ ߠ െ 1200ሻ
ܯ sinሺ߱ݐ ൅ ߠ െ 2400ሻ

቏ ሾ݅݀ܿሿ 

 

Equations in (A.16) and (A.18) can be arranged as in (A.19) and (A.20) 

respectively. 
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In applying transformation matrices, the effect of operator “p” should be noted 

as given in (A.21). After applying transformation matrices to (A.17), (A.19) and 

(A.20), expressions in 0dq-stationary frame are obtained and given in (A.22), (A.23) 

and (A.24). 

LpRcost Lsint R cost (A.21) 

 (A.17) 

 (A.16) 

 (A.18) 

 (A.20) 

 (A.19) 
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So far, the differential equations in abc-rotating frame have been transformed 

into 0dq-stationary frame. From these equations, state-space representation of CSC 

can be derived. In this derivation zero sequence components are ignored since 

balanced system has already been assumed. Using (A.22), (A.23) and (A.24) and 

choosing state variables as isd, isq, vcd, vcqand idc state-space equations of CSC can 

be found as in (A.25). 
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From the state-space representation of CSC STATCOM in (A.25), equivalent 

circuit in dq-stationary frame can be found as given in Fig.A.3. Advantage of the 

equivalent circuit in Fig.A.3 is that all quantities at supply frequency become dc- 

quantity in steady-state as shown in Fig.A.3b. This means that analysis of this circuit 

 (A.22) 

 (A.23) 

 (A.24) 

 (A.25) 
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is algebraic rather than vectorial. 

The state space representation of CSC based STATCOM in (A.25) has the 

standard form given in (A.26). 

 

.ݔ ൌ ݔܣ ൅ .ܣሺ																																											ݑܤ 26ሻ 

 

where x is the state vector 
(5x1) A is the constant 
matrix (5x5) B is the 
constant matrix (5x2) 

u is the input vector (2x1) 
 

Supply voltages are given as in the form of input vector in (A.25). They have 

been defined for abc-rotating frame in (A.1). Applying transformation matrices to 

(A.1) yields the input vector u as in (A.27). 
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ටଷ

ଶ
ܸ

0

൪ 

 

From the state space equations given in (A.25) and (A.26), steady-state 

expressions can be found by equating dx/dt=0 and solving for x as in (A.38). 

 

      x A1Bu                                                     (A.38) 

 

Although expressions for state variables can be derived by solving 

(A.38) after a very long elementary matrix operations, the result will be too 

complicated. Therefore, rather than deriving the expressions, numerical 

solution can be easily found for the given system parameters by using 

computer programs, such as MATLAB. 

 
 
 

 (A.27) 
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(a) for transient-state 

 

 

 

(b) for steady-state 

 
Figure A.3: Equivalent circuit of CSC based STATCOM in dq-stationary frame. 
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Appendix-B: Calculations of K, J and N matrices 

These calculation has been solved by using mat lab to get the desired gain 

matrices as following: 

A=[-0.5 -75 0 0 0;0 -150 314 500 0;0 -314 -150 0 500;0 -2500 0 0 314;0 0 -2500 -314 

0] 

A = 

   1.0e+03 * 

 

െ0.0005 െ0.0750 0 0 0
0 െ0.1500 0.3140 	0.5000	 0
0 െ0.3140 െ0.1500 0 	0.5000
0 െ2.5000	 0 0 0.3140
0 0 െ2.5000 െ0.3140 0

 

    

B=[0 0;0 0;0 0;2500 0;0 2500] 

 

B = 

           0           0 

           0           0 

           0           0 

        2500        0 

           0        2500 
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C=[1 0 0 0 0;0 0 1 0 0]                                                                         

 

C = 

     1     0     0     0     0 

     0     0     1     0     0 

 

F=[0;-500;0;0;0] 

 

F = 

     0 

  -500 

     0 

     0 

     0 

 

p=[-99;-499;-289;-389;-399]; 

 

K=place (A,B,p) 

 

K = 

 

   -0.1218   -1.0121    0.1255    0.2553    0.2572 

   -0.0185   -0.1379   -1.0051   -0.2395    0.2945 

 

j= (C* (- (A-B*K)^-1)*B)^-1 
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j = 

 

   -0.1227    0.0046 

   -0.0186    0.1548 

 

N= ( (C* (-A+B*K)^-1*B))^-1* (C* (-A+B*K)^-1*F) 

 

N = 

   -0.2553 

    0.1139 
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