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  ��+X ا�/را��

iى وb[8)$ت ا&AB=< ا&l# !%&$"# !#5]B1$آij kدة ا&[5رة ا&=9>;$:)!، وا&gB هfB&$; gآ)e# 5 ا&[c$d$ أa$b` إ&=B>وD)$ت ا&[

<n$A&ا <o"&ا gp <(q=&1$م اBهrذات ا .t1Bck  م$C8&ا;$ت ا<unا  gp دة$A&دة ا&[5رة ا&=9>;$:)! اij kآ$l# v";

wdbو x6]b ،g:$;<9=&ا&%59 و  <ا gp ت$(]pاiB&وا ،g;<9=&را&%59 ا$(B&ا.  

ا&{ي 5wB?cم uD �62$ق وا*� &iّ"#ُ)D-STATCOM "( �62 �6�B6ض ا&iBز�c ا&?$آe "ه{| ا}z>وa! أداة 8Bb$ول 

ا&5q1أ ا}*$*g &9{| ا}داة gp kt1Bc ا#oB$ص  أو ib&)5 آ1)! @5رة آ9>;$:)! . ا&l1=(ت ا&i%; !]6"B1دة ا&[5رة ا&=9>;$:)!

 ،>=AB6& !6;$@ !&$"ّp <(/و !&$"ّp e# ا&[5رة e# !q*$8# !(15 آ(&ib ص أو$oB#r >=Ab 5ةaو !u*اi; $9; >=AB&ا e=1c �(a

ا&AB=< ا&gCA6 ;$&[5رة /)> ا&�ّ"$&!، : ا&"e# 5c5 ا*B>اb)%)$ت ا&gp !#5wB?# >=AB ه{ا ا&5oد، #kq@ .kt ه{ا ا&iّ"1ض

$Di=1&ا !]c<z ،ر$(B&$; <�$q1&و/)> ا <�$q1&ا >=AB&تا <B*8$�>ة، وإB1&ا!jا&1.دو >=AB&ا !(%(bا . >=AB&ت ا$(%(bا<B*ا

 g6#$=B&دي ا<u&ا >=AB1&ا kt# ،>=AB&5ات اaو e# !�6Bw# $ً2اiD5م أwB?b |}هPI !aإزا >=AB# ،g;$qd&ا >=AB1&ا ،

1=AB1&وا ،�u]&ا&9%)8 $تا! .  

 >=Ab !(%(bا<B*ح إ<ub !aو<z{ا |}ه& eا&?$آ �cزiB&ض اi"1)D-STATCOM (&$*51 �62 أB"b >=AB&ا �(

g&$t1&ا :LQR ، ص$� kٍ=l;2  وHوH∞ ه{ا ا&1%$ل gp kq@ e# �qub >& gB&وا . $cا.# e# دة$�B*)& �&أ*$&)� وذ

g&$t1&ا >=AB&1! ا&=9>; اCD{ا gp دة ا&=9>;)!، إزا&! ا+ز2$جi%&ا kآ$l1& !(&$t# لi6A& لi�i&ر ا$zإ gp >(wdbو ،!(

g;<9=&م ا$C8&ا !D$B# .!(%(bا<B*إ g](]A&ا kciAB&51 �62 اB"b !a<B]1&ا >=AB&ا- g6(wB&ا)Dq transformation( ،

*)B< ا&g&$t1 ا&AB& !a<B]1=< اإ*B>اDC.(   !(%(b(ا&[)1!  ، وا&%59 ا&PLL(`;$t(ا&B.ا#5wB*$; eام دورة ا&iuر ا&�6�1 

1(1ob$9  �# $آ$ة أداءه$A#أداةو  D-STATCOM $9B(62$p �(]AB&.  

إ2$دة u�b)! ا�wD$ض ا&k=l; 59% آ$#Bb : ،k)�ا&g&$t1 ا&AB& !a<B]1=< اإ*B>ا5wB*$; !(%(bام  D-STATCOM داةأ

ا&AB& g&$t1=< اإ*B>اb)%)!  ، أk#$"# kdp @5رة، وأ*>ع ا*B%$;!، وهTHD (k#$=&$; k"%c $# i(إزا&! ilb| ا&iBاp[)$ت 

{ !a<B]1&داةا D-STATCOM !(;<9=&دة اi%&ا kآ$l1& rً$"ّp )ًa.  

400V ( !8c5# gp(�q=$ت ا&��d ا&v�w81  إ5aىإ*B>اb)%)! ا&AB=< ا&5c5%ة ه{| *)B< درا*9B$ وا�qB$ره$ uD �62$ق  

!&$a !*ة آ5را./.  
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ABSTRACT 

Power electronics and advanced control technologies have made it possible to solve power 

quality problems, which are certainly major concerning issues in the present era. System 

disturbances, voltage sags, swells and harmonics are few of severe power quality problems. 

This thesis focuses on the Distribution Static Compensator (D-STATCOM) device, which 

is widely used to overcome the power quality problems. The concept of this device is 

absorbing or generating controllable active and reactive power, which can be controlled to 

absorb/generate suitable amount of power by the device. Several control strategies have 

been in use for controlling D-STATCOM, such as: instantaneous reactive power control, 

direct/ indirect current control algorithm, symmetrical component method, and double-loop 

control strategy. These control strategies use different types of controllers, such as PI, 

Fuzzy, Pole placement and hybrid controllers.    

This thesis proposes a control strategy for D-STATCOM based on optimal control 

methods; LQR, and specially 2H  and  H∞  methods which are not applied before in                   

D-STATCOM control, in order to utilize the benefits of the optimal control methods to 

reach optimum solutions for power quality problems, disturbance rejection in power 

systems and maximizing system robustness. This proposed control strategy depends on                               

Dq transformation, Phase-Locked Loop (PLL) synchronization and constant DC link 

voltage. The optimal based control strategy will be designed and simulated for                        

D-STATCOM to verify its effectiveness. The D-STATCOM device using the proposed 

optimal based control strategy provides fully voltage recovery, fully Total Harmonic 

Distortion (THD) elimination, maximum p.f and faster response, which making the                  

optimal based control strategy for D-STATCOM an effective solution for power quality 

problems.  

 The proposed control strategy will be designed, tested and analyzed on the demand of one 

of the low voltage (400V) networks of Gaza city as a case study. 
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1 CHAPTER 1:  INTRODUCTION 

1.1 Background 

Until recently, most electrical equipment could operate satisfactorily during expected 

deviations from the nominal voltage and frequency supplied by the utility. In the modern 

industrial facility, many electrical and electronic devices have been incorporated into the 

automated processes which are more sensitive to power quality variations than was 

equipment used in the past [1]. 

The term Power Quality has become one of the most prolific buzzword in the power 

industry since the late 1980s. The issue in power quality problems is not confined to only 

energy efficiency and environment but more importantly on quality and continuity of 

supply, or power quality and supply quality. Both electric utilities and end users of electric 

power are becoming increasingly concerned about the quality of electric power [2]. Power 

quality may also be defined as the degree to which both the utilization and delivery of 

electric power affects the performance of electrical equipment [3].  

A power quality problem is defined as any power problem manifested in voltage, current, 

or frequency deviations that result in power failure or disoperation of customer or 

equipment from the perspective of customers [2]. Problems mainly include voltage sag, 

voltage dip, voltage swell, flicker, harmonics, and power interruption. These power quality 

problems may cause abnormal operations of facilities or even trip protection devices. 

Hence, the maintenance and improvement of electric power quality have become an 

important scenario today [4]. This is a very important reason for interesting in power 

quality which is the economic value, such that there are economic impacts on utilities, their 

customers, suppliers and load equipment. Recently there has been a great emphasis on 

revitalizing industry with more automation and more modern equipment. This usually 

means electronically controlled, energy-efficient equipment that is often much more 

sensitive to deviations in the supply voltage than were its electromechanical predecessors, 

in addition of the electrical disturbances and the resultant financial losses associated with 

these disturbances [2]. Hence, the interesting in power quality became a very urgent need in 

modern era.  
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Main power quality terminologies are defined by IEEE Standard 1159-1995 [5], as follows: 

� Voltage dip: A short-term reduction in voltage of less than half a second. 

� Voltage sag: A reduction of the rms voltage or current at the power frequency, with 

magnitude ranging from 10 – 90%  of the pu value and a duration lasting for 0.5 cycle 

to 1 minute. 

� Undervoltage: A decrease in the rms voltage to less than 90% of the pu value at the 

power frequency for a duration longer than 1 min. Undervoltages are usually the result 

of load switching (e.g., switching on a large load or switching off a capacitor bank). 

� Voltage swell: An increase in the rms voltage or current at the power frequency with 

magnitude ranging from 110 – 180%  of the pu value for durations from 0.5 cycle               

to 1 min. 

� Overvoltage: An increase in the rms voltage greater than 110% at the power frequency 

for a duration longer than 1 min. Overvoltages are the result of switching events that 

are the opposite of the events that cause undervoltages. (e.g., switching off a large load 

or energizing a capacitor bank). 

� Voltage 'spikes', 'impulses' or 'surges': These are terms used to describe abrupt, very 

brief increases in voltage value. 

� Voltage transients: A temporary, undesirable voltages that appear on the power supply 

line. Transients are high over-voltage disturbances (up to 20KV) that last for a very 

short time. 

� Harmonics: Any sinusoidal frequency component, which is a multiple of the 

fundamental frequency. Harmonic frequencies can be even or odd multiples of the 

sinusoidal fundamental frequency.  

� Flickers: Visual irritation and introduction of many harmonic components in the supply 

power and their associated ill effects. 
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1.2 Main Power Quality Problems  

Actually the power quality is the quality of the voltage that is being addressed in most 

cases. Technically, power is the rate of energy delivery and is proportional to the product of 

the voltage and current. It would be difficult to define the quality of this quantity in any 

meaningful manner. The power supply system can only control the quality of the voltage; it 

has no control over the currents that particular loads might draw. Therefore, its very useful 

to study the problems of the voltage quantity as power quality problems [2]. The most 

power quality problems that always occur at the distribution systems are voltage sag, 

voltage swell and harmonics. This thesis will concern on these power problems. 

1.2.1 Voltage Sag/ Swell 

Voltage sag and voltage swell are defined according to IEEE Standard 1159-1995 as 

mentioned above, and it can be described as indicated in Figure 1.1. 

Thus, voltage sag and voltage swell can be characterized by their magnitude (rms value) 

and duration. This  characterization can be specified as mentioned in Table 1.1. 

 

Figure 1.1: Demarcation of the various power quality issues defined by IEEE Std. 1159-1995 [5]  

A voltage sag is by nature a three-phase phenomenon, which affects both the                        

phase-to-ground and phase-to-phase voltages. The most common causes of over-currents 
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leading to voltage sags are motor starting, transformer energizing, large increase of the load 

(overloads) and short-circuit 

Table 1.1: Limitations of Power Quality Problems According to IEEE Std. 1159-1995 

Disturbance  Voltage (pu) Duration (cycle) 

Voltage Sag 0.1 – 0.9   0.5 – 30   

Voltage Swell  1.1 – 1.8   0.5 – 30   

 

faults. Capacitor energizing and switching of large loads also introduce short-duration over-

currents. Voltage sag cause severe problems and economical losses; devices /process down 

time, effect on product quality, failure/malfunction of customer equipments and associated 

production, maintenance and repair costs. [7]. 

A very common quantity to define the voltage sag is "percentage of sag"; sag%, which can 

be calculated using equation (1.1), [8]: 

                     _

_

 
sag% =   100                                   (1.1)pre sag sag

pre sag

V V

V

−
×  

Swells are less common than voltage sags, but also usually associated with system fault 

conditions. A swell can occur due to a single line-to ground fault on the system, which can 

also result in a temporary voltage rise on them unfaulted phases. This is especially true in 

ungrounded or floating ground delta systems, where the sudden change in ground reference 

result in a voltage rise on the ungrounded phases. Swells can also be generated by sudden 

load decreases. The abrupt interruption of current can generate a large voltage. Switching 

on a large capacitor bank can also cause a swell, though it more often causes an oscillatory 

transient. Like voltage sags, voltage swells cause devices /process down time, effect on 

product quality, failure/malfunction of customer equipments and associated production, 

maintenance and repair costs [2,9]. 

"Percentage of swell"; swell%, term is quantity to define the voltage swell , which can be  
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calculated using equation (1.2), [8]: 

                    
_

_

 
swell% =   100                               (1.2)swell pre swell

pre swell

V V

V

−
×  

1.2.2 Harmonics 

Harmonics are voltages or currents at frequencies that are integer multiples of the 

fundamental 50 Hz frequency (100 Hz, 150 Hz, 200 Hz, etc.) which combine with the 

fundamental voltage or current and produce a distorted waveform. Harmonic distortion 

exists due to the nonlinear characteristics of devices and loads so that does not draw 

sinusoidal current when a sinusoidal voltage is applied [4]. Most equipment only produces 

odd harmonics but some devices have a fluctuating power consumption, for half cycle or 

shorter, which then generates odd, even and interharmonic currents. The current distortion, 

for each device, changes due to the consumption of active power, background voltage 

distortion and changes in the source impedance [10]. 

Total Harmonic Distortion (THD) is the  percentage measurement of the distortion resulted 

in voltage or current waveforms due to harmonics. To understand the THD term, let return 

back to the fundamentals. Any periodic signal (waveform) can be described by a series of 

sine and cosine functions, also called Fourier series:  

            
max max

n=1

( ) =  + (  sin( ) +  cos( )  )                            (1.3)dcu t U U nwt U nwt
∞

∑  

Hence, when a signal passes through a non-ideal, non-linear device, additional content is 

added at the harmonics of the original frequencies, these content are of the multiples of the 

fundamental frequency nf , which actually destroy the signal. THD is a measurement of 

the extent of that distortion and is defined by equation (1.4) [10]. 

        

2 2 2 2
2 3 4

1

...
THD =                                                          (1.4)

V V V V

V

∞+ + + +
 

Hence, THD is a ratio of all signal components of the multiple frequencies except the 

fundamental frequency, to the first signal component of the fundamental frequency. 
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IEEE Standard 519-1992 [11] lists the limits of  the THD which should be used as system 

design values for the "worst case" for normal operation. Table 1.2 shows the IEEE standard 

values of THD. 

Table 1.2: Voltage Distortion Limits According to IEEE Std. 519-1992 

Bus Voltage (kV)  THD (%) 

69 and below  5.0  

69 through 161  2.5  

161 and above  1.5 

 

Fundamentally, one needs to control harmonics only when they become a problem. When a 

problem occurs, the basic options for controlling harmonics are [2]: 

2 Reduce the harmonic currents produced by the load. 

3 Add filters to either siphon the harmonic currents off the system, block the currents from 

entering the system, or supply the harmonic currents locally. 

4 Modify the frequency response of the system by filters, inductors, or capacitors. 

1.3 Custom Power devices as Power Quality Solutions  

To overcome the power quality related problems occurring in the transmission and 

distribution network system, custom power devices play a major role. Custom power 

devices is a strategy which is normally targeted to sensitive equipped customers, and is 

introduced recently and designed primarily to meet the requirements of industrial and 

commercial customer [12]. One of the main advantages of custom power devices is 

ensuring a greater reliability and a better quality of power flow to the load centers in the 

distribution system by successfully compensating for voltage sags, dips, surges, swell, 

harmonic distortions, interruptions and flicker, which are the frequent problems associated 

with distribution lines [13]. 
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Custom power devices overcome the major power quality problems by the way of injecting 

active and/or reactive power(s) into the system. The concept of custom power devices is to 

use solid state power electronic components or static controllers in the medium voltage 

distribution system aiming to supply reliable and high quality power to sensitive users. 

Power electronic valves are the basis of those custom power devices such as                   

converter-based devices, which can be divided into three groups [12]: 

���� Series controllers (an example is Static Compensator: STATCOM), 

���� Shunt controllers (an example is Dynamic Voltage Restorer: DVR), and 

���� Combined Series-Shunt controllers (an example is Unified Power Quality Conditioner 

UPQC). 

Among Custom power devices controllers, the shunt controllers have shown feasibility in 

term of cost-effectiveness in a wide range of problem-solving from transmission to 

distribution levels. In this regard, Static Synchronous Compensator (STATCOM) is an 

effective solution of power quality problems. STATCOM systems are used in distribution 

and transmission systems for different purposes. The STATCOM installed in distribution 

systems or near the loads to improve power factor and voltage regulation is called                    

D-STATCOM. D-STATCOMs have faster response when compared with transmission 

STATCOMs [14].  

1.4 Motivation 

Much research confirms several advantages of D-STATCOM compared to other custom 

power devices, which  make the motivation of concerning on D-STATCOM. These 

advantages include [16]:  

- Size, weight, and cost reduction.  

- Equality of lagging and leading output. 

-  Precise and continuous reactive power control with fast response.  

-  Possible active harmonic filter capability.  
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In addition, it can perform several useful tasks [22]: 

- Voltage regulation and compensation of reactive power.  

- Correction of power factor.  

- Elimination of voltage and current harmonics.  

For the above reasons, and due to the fact that the D-STATCOM is more useful for 

distribution networks, it is desired to utilize all the D-STATCOM dynamic characteristics, 

and improve its dynamic performance. 

The electric utility environment has never been one of constant voltage and frequency, and 

thus power quality problems cannot be specified with certain limits. Hence, it is not easy to 

have the system which is the end result of the control process with desirable or certain 

constraints. Therefore, classical control methods dose not the best solutions for power 

quality problems. In Addition, disturbance and noise in power systems need to be faced in 

the base of optimal control knowledge, such that optimal control methods provides the best 

possible performance and reach the system which is supposed to be the best possible 

system of a particular type. Hence, it is interesting that the optimal control of                         

D-STATCOM for power quality improvement be covered and demonstrated. 

1.5 Thesis Objectives  

The main objectives of this thesis are to propose and employ an optimal based control 

strategy which is simple and flexible compared with the other control strategies, in order to 

improve the D-STATCOM performance and demonstrate its behavior using optimal control 

methods to face the noise and disturbances inherit in D-STATCOM. The simplicity and 

flexibility of the proposed control strategy is due to using only one control loop and one 

voltage measurement are required. 

2H  and  H∞ controllers were not applied before in D-STATCOM control. Applying  

optimal control methods; 2H  and  H∞  methods into D-STATCOM within the proposed 

control strategy in this thesis is a new contribution in the research of D-STATCOM control 
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field in order to maximize system robustness and disturbance rejection in power systems 

which is expected as the optimum solutions of power quality problems.  

LQR controller was used in previous researches for D-STATCOM as a part of hybrid 

controllers based on double-loop control strategy. Another important objective of the thesis 

is to enhance  the optimal LQR controller for D-STATCOM with the simple and flexible 

proposed control strategy, and to apply 2H  and  H∞ controllers within this control strategy. 

In addition, it is desired to have a controller with an investigation of all of the following 

factors as the result of the proposed control strategy:   

- Faster control response,  

- Fully voltage recovery,  

- Optimal THD elimination, and  

- Maximum mitigation of power factor (p.f).  

Making a tradeoff  between these factors is an important aspect in various control strategies 

of  D-STATCOM. Thus, the achievement of all these factors is a research challenge to be 

faced in this thesis. 

The proposed control strategy based on optimal control methods will be studied and tested 

on a case study as a realistic power system to verify the effectiveness of the optimal based 

control strategy for D-STATCOM. 

1.6 Literature Review  

Depending on the power system parameter to be controlled, various control strategies have 

been proposed for D-STATCOM. A large volume of literature is available on                        

D-STATCOM control. 

Liqun Xing (2003) [16],  designed and compared an optimal linear quadratic regulator 

(LQR) and pole assignment controller for transient dynamic performance of STATCOM. 

The thesis found that LQR controllers do not offer significant performance improvement to 

pole assignment. Xing stated that there are topics need further investigation and research; 
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Figure 1.3: Schematic configuration of double-loop control strategy [15] 

verified both in 400V system and 10kV system for the different load characteristics. 

Results demonstrated that there were small oscillations in dq component of the shunt 

compensation current due to the switching ripple of the VSC. Rong stated that his proposed 

dual vector controller is sensitive to the variation of the system parameters. Results of 

Rong's thesis showed also that the shunt compensation current, active and reactive power 

decrease as the source impedance increases for the same sag magnitude, and the 

STATCOM injects less shunt compensation current, active and reactive power into the 

power system if the device is installed closer to the sensitive load. That is meaning that 

larger shunt compensation current is required if the fault is closer to the STATCOM. Thus, 

the STATCOM cannot be used to protect from faults at the same bus. 

N. Mariun,  S. Aizam, H. Hizam and N. Abd Wahab (2005) [20], designed a pole placement 

controller for D-STATCOM in mitigation of three-phase fault.  

 

Figure 1.4: Pole placement control scheme of [20]  



 12 

The pole placement method was structured by shifting the existing poles to the new 

locations of poles at the real-imaginary axes for better response. Hence, the steady-state 

model of the system was needed in order to achieve the pole placement and implement the 

control scheme indicated in Figure 1.4. This type of controller was able to control the 

amount of injected current or voltage or both from the D-STATCOM inverters. The 

simulation was done on an 11 kV distribution system. It was showed that the amount of 

injected current during fault period is very high (about 20 times the rated load current). 

This very high amount of injected current during fault which make the control strategy 

unpractical to be applied. 

A. H. Norouzi & A. M. Sharaf (2005) [21], proposed a new Automatic Gain Controller 

(AGC) STATCOM, to reduce the voltage regulator gain and therefore ensure the stable 

operation of the STATCOM under various load conditions. The block diagram of the AGC 

is indicated in Figure 1.5. This proposed control strategy used also dq transformations to 

produce reference and compensated components, and used PLL for synchronization. The 

simulation was done on an  230 kV system, and it was shown that the voltage regulator is 

stabilized after a few oscillations.  

 

Figure 1.5: AGC control scheme of [21] 

This AGC control strategy is a powerful tool to ensure stable operation of the STATCOM 

as the power system conditions may change at any time. However, Norouzi and Sharaf 
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stated that the AGC did not guarantee the optimum gain to obtain the fastest response of the 

STATCOM for a weak power system due to the fact that the optimum gain is a function of 

the power system strength which varied as the loads were switched in or out of the power 

system or to generator and transmission line outages. 

S.V Kumar & S. Nagaraju (2007) [22],  used a PI controller to process the error signal 

which was obtained directly by comparing the reference voltage with the measured voltage 

at the load point in the abc frame form. The generated angle produced by the PI controller 

was fed to the sinusoidal pulse width modulation (SPWM) (explained in Section 2.5) based 

control scheme to control the electronic valves of the VSC. The simulation was applied to 

13 kV, 50 Hz system with different sizes of DC storage device, and the voltage sag was 

fully recovered. This control strategy is the simplest and the most common control 

algorithm for D-STATCOM and other custom power devices, and it can be described as 

direct control method. It is clear that this control strategy requires only voltage 

measurements in the abc frame form, but although it works well for sag/ swell 

compensation, it cannot be applied for other control strategies which use other than PI 

controller, such as: Fuzzy, LQR, AGC, etc. Also, the tuning of PI parameters has to be 

done empirically or by trial and error method.  

Srinivas, B. Singh, A. Chandra and K. Al-Haddad (2008) [23], proposed fuzzy, PI and 

hybrid fuzzy-PI controllers for STATCOM, to utilize the advantages of both fuzzy and PI 

controllers. The control algorithm was based on the double-loop control strategy; the 

desired (reference) reactive current produced by fuzzy controller, while the DC link voltage 

was controlled by PI controller. The desired (reference) reactive current was processed 

again by the hybrid controller which acts as a fuzzy logic controller when it is far from the 

reference value, and acts as a PI controller when it is near to the reference value. A similar 

hybrid controller was also used for the AC terminal voltage controller. The simulation was 

done on an 132 kV system. It was showed that the total harmonic distortion (THD) of the 

STATCOM current is high and above the IEEE standard. 

Wei-Neng Chang & Kuan-Dih Yeh (2009) [4], derived a compensation scheme with the 

symmetrical components method; Figure 1.7. The needed compensation currents were 
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adjuster was added to tune the parameters of the PI controllers. The simulation was done on 

an 230 kV system. Although the fuzzy controllers can effectively improve the dynamic 

performance of the system, but this control strategy still classified as double-loop control 

strategy which has four PI controllers as showed in Figure 1.3, and as mentioned above, 

tuning of these PI parameters has to be done empirically or by trial and error method which 

is time consuming. 

A. Ajami & N.Taheri (2011) [24], designed a hybrid Fuzzy/LQR control method for 

STATCOM based on double-loop control strategy. The PI controllers involved in this 

algorithm, Figure 1.3, was replaced by the Fuzzy controller and followed by the LQR 

controller to produce the final compensating signal which fed to SPWM pulse generation 

scheme. The LQR determines the feedback gain matrix that minimized the cost function 

and derived the states to zero.  The simulation was done on an 22 kV system, and it was 

showed that the hybrid Fuzzy/LQR strategy acted well than the conventional PI method.  

1.7 System Case Study  

The local low voltage networks in Gaza Strip is combined of step down 22/0.4 kV,                 

630 KVA or 400 KVA transformers feed various loads. Gaza electrical utility suffer from 

several power quality problems, and therefore it is a good case study to verify the optimal 

based control strategy. 

One of Gaza low voltage networks is chosen as a case study to apply and test the                       

D-STATCOM device and analyze its behavior for power quality improvements. The choice 

was on Southern Al-Zaitoon Neighborhood low voltage network indicated in Annex A. The 

reason for choosing this network is that it is one of the most modern networks built by Gaza 

electricity distribution company (GEDCo.) and it has simple plan to be modeled for 

simulation and study purposes. The load of this network is rated at 410 KVA with                 

0.92 p.f  [25].  Power and load calculations for this network are extracted in Chapter 3.  

The system model for this network was built using "SimPowerSystems" toolbox in 
MATLAB environment as illustrated in Figure 1.8.  
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Figure 1.8: Simulated model of Southern Al-Zaitoon Neighborhood low voltage network 

The network is simulated using 400V voltage source representing the step down 22/0.4 kV,  

630 KVA transformer and using the internal parameters of the transformer as the internal 

parameters of the voltage source, that is to deal with the network as an isolated network. 

Customer subscriptions are simulated as load blocks, and the distribution lines are 

simulated by its resistance R and inductive reactance L values representing its real lengths. 

Annex A contain all parameters needed for the simulation. 

1.8 Thesis Organization 

In this thesis, Chapter 2 gives an overview of D-STATCOM, its control and modeling.           

A D-STATCOM circuit is analyzed and the mathematical model to represent its dynamic 

characteristics is also presented. In Chapter 3,  an optimal based control strategy for                

D-STATCOM is proposed using conventional PI controller, and optimal control methods; 

LQR, 2  and H H ∞ controllers.  In Chapter 4, simulation of D-STATCOM applied to the 

local utility of Gaza with the proposed control strategy using different control                        

methods (PI, LQR, ) is presented,  and then, analysis and comparison of these 2  and H H ∞
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 different control methods are made to find out the most suitable for D-STATCOM.  

Chapter 5 concludes the most important attained results and suggested different research 

topics for future work. 
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2 CHAPTER 2:  D-STATCOM CONFIGURATION, CONTROL AND 
MODELLING  

2.1 Overview of D-STATCOM device 

A distribution Static Synchronous Compensator (D-STATCOM) is a medium power 

systems (up to 5 MVA) and is installed in distribution systems or near the loads to improve 

power factor and voltage regulation. It can also use high switching frequencies. The 

insulated gate bipolar transistor (IGBT), high voltage IGBT (HV IGBT) and gate turn-off 

thyristor (GTO) are the candidate power semiconductors for D-STATCOMs [14]. 

The concept of  STATCOM was disclosed by Gyugyi in 1976.  In 1995, the first 100 MVA 

STATCOM was installed at the Sullivan substation of Tennessee Valley Authority in 

northeastern Tennessee, United States. This unit is mainly used to regulate 161 kV bus 

during the daily load cycle to reduce the operation of the tap changer. In 1996, the National 

Grid Company of England and Wales designed a dynamic reactive compensation 

equipment with inclusion of a STATCOM of 150 MVA range [16,21]. 

Confidence in the STATCOM principle has now grown sufficiently for some utilities to 

consider them for normal commercial service. Japan (Nagoya), United States, England and 

Australia (QLD) also use STATCOM in practice [16]. 

 

Figure 2.1: Voltage Source Converter Based STATCOM  

A D-STATCOM consists of Voltage Source Converter (VSC), a DC energy storage device,  
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a capacitor, and a coupling transformer to connect the D-STATCOM through it in shunt to 

the distribution network [17].  

2.2    D-STATCOM Parts 

- Voltage Source Converter (VSC) is the core component of the D-STATCOM. VSC is a 

power electronic device that converts the direct (DC) voltage to alternating (AC) 

voltage, and combined by six transistors, usually IGBT or GTO types, such that the six 

transistors form  a single level converter (see Figure 2.2). A D-STATCOM can be built 

by single or multilevel VSCs. The converted AC voltage is injected into the power 

system and introduces a voltage difference between the VSC and the point of 

connection with the power system. This voltage difference results in proper current that 

is injected into the power system. Active and reactive power can be injected 

independently in the power system. 

- Energy storage: The purpose of energy storage is to maintain the DC side voltage of 

VSC. It can be capacitor or DC source, e.g. battery. Traditional STATCOM only has 

DC capacitor, thus, only reactive power can be injected to the power system by 

STATCOM, whereas both active and reactive power can be injected to the power 

system by STATCOM if DC source is used.  

- Filter: As the Pulse-Width Modulation (PWM) technique is used in VSC, the output 

voltage of VSC has switching ripple, which bring harmonics into the current injected to 

the power system. These harmonics will affect the voltage quality of the power system. 

Therefore,  a relatively small reactor is installed between VSC and the point of the 

system which the D-STATCOM is connected, to filter those harmonics in the current. 

The filter can be L-filter  LC-filter and LCL-filter.  

Additional important part for the D-STATCOM is the controller. The controller executes 

the calculation of the correct output voltage of VSC, which leads to proper shunt 

compensation current [26]. The control process affect usually on the "trigger pulse" showed 

in  Figure 2.2.   
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Figure 2.2: VSC based on IGBT valves [25] 

 

Figure 2.3: Basic configuration of  D-STSTCOM device [4]  

2.3  D-STATCOM Operation 

The basic VSC based D-STATCOM operating principle is to control current flow by 

generation and absorption of controllable active/ reactive power for compensating voltage 

variation and unbalance active and reactive power, this is by adding current in parallel with 

the load bus to offset the sag. Therefore the D-STATCOM can be treated as                           
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Referring to Figure 2.3, if the voltage LV at the point of common coupling with the load 

(PCC) and the source voltage sV are equal, the reactive power exchange is zero and the            

D-STATCOM does not generate or absorb reactive power. When LV is greater than sV , 

the D-STATCOM shows an inductive reactance connected at its terminal and the current 

cI  flows through the reactance from the D-STATCOM to the AC system, and the device 

generates capacitive reactive power. If sV is greater than LV , the D-STATCOM shows the 

system as a capacitive reactance, and the current flows from the AC system to the                   

D-STATCOM, resulting in the device absorbing inductive reactive power [8]. 

2.4 D-STATCOM Control Concept 

As illustrated in the previous section, the output voltage of D-STATCOM is controlled in 

such a way that the phase angle between the inverter voltage and the line voltage δ  is 

dynamically adjusted so that the D-STATCOM generates or absorbs the desired reactive 

power at PCC point [8]. Hence, the phase angle control  between the voltage of PCC and 

the source voltage is the main principle of  D-STATCOM control. The aim of such control 

scheme is to maintain constant voltage magnitude at the point of the load under system 

disturbances [22]. Figure 2.5 shows the control concept of D-STATCOM. 

 

Figure 2.5: Direct PI control for D-STATCOM 

The controller input is an error signal obtained from difference of the reference rms voltage 

and the rms value of the terminal voltage measured. The controller processes the error 

signal and generates the required angle to drive the error to zero, i.e., the load rms voltage 

is brought back to the reference voltage. Such error is processed traditionally by a PI 

controller, or by any other controllers. The output angle δ  is provided to the Sinusoidal 

Pulse Width Modulation (SPWM) signal generator. The generated SPWM signal is fed to  
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the VSC of the D-STATCOM to pulse the IGBT gates; Figure 2.6. 

 

Figure 2.6: PWM based generation pulses 

Complex power injection of the D-STATCOM can be expressed as, 

*                                                                                                      (2.1)

-  
                                                               

sh L sh

s L
sh L s L

s

S V I

V V
I I I I

Z

=

= − = −              (2.2)
      

2.5  Sinusoidal Pulse Width Modulation SPWM Technique 

Sinusoidal Pulse Width Modulation (SPWM) technique is used to control the fundamental 

component of the line-to-line converter voltage. Three-phase converter voltages are 

obtained by comparing the same triangular voltage of trif  frequency with three reference 

sinusoidal control voltages of 1f  frequency as shown in Figure 2.7.  

The frequency of the triangular voltage (carrier frequency trif ) determines the converter 

switching frequency and the frequency of the control voltages 1f  determines the 

fundamental frequency of the converter voltage (modulating frequency). Hence,  

modulating frequency is equal to supply frequency in D-STATCOM. 
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Figure 2.7 SPWM Technique for three phase voltages [14] 

Frequency modulation ratio fm  is defined as : 

  tri
f

1

m  =                                                                                                    (2.3)
f

f
 

fm  must be chosen as an odd integer to form an odd and half wave symmetric converter 

line-to-neutral voltage. Therefore, even harmonics are eliminated. Moreover, fm  is chosen 
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as a multiple of 3 in order to eliminate the harmonics at fm  and odd multiples of fm  in the 

converter line-to-line voltages. Harmonics in the converter voltages appear as sidebands, 

centered around the switching frequency and its multiples. This is true for all values of 

amplitude modulation ratio (m) in the linear range [14,27].  

In this thesis the fundamental frequency of the converter voltage (modulating frequency 1f ) 

is 50 Hz which is the power system frequency, and the carrier frequency ( trif ) is chosen as        

2500 Hz, hence fm  ratio of equation (2.3) is 5. This fm  ratio is a good and proper ratio for 

the D-STATCOM converter in order to produce smooth conversion of the DC voltage into 

AC voltage according to Figure 2.7, and to provide better harmonics elimination. 

The control parameters for SPWM are the modulation index (m) and phase shift angle δ . 

Amplitude modulation (m) ratio is defined as : 

          

1

tri

V
 =                                                                                                        (2.4)

V
m  

where  

1V        peak amplitude of the reference voltage  

triV       peak amplitude of the triangular voltage 

The magnitude of the triangular voltage is kept constant and the amplitude of the control 

voltage is allowed to vary. Linear range of SPWM is defined for 0≤m≤1. These control 

parameters of SPWM; modulation index m and phase shift angle δ , are fed from the                         

D-STATCOM controller, to produce the compensated control signal from the SPWM                       

as a switching pattern of the IGBT gates of the D-STATCOM inverter (VSC). 

SPWM techniques present i) cost effective, efficient and more compact systems, ii) nearly 

sinusoidal input/output waveforms, and iii) superior control characteristics  that can be used 

for D-STATCOM control [28]. 
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2.6 D-STATCOM  System Modeling 

2.6.1 Background 

Henceforth, the term D-STATCOM system will be used to express the D-STATCOM device 

connected to the studied system of the local low voltage utility of Gaza.  

For the proposed control strategy of the thesis, based on optimal control, the state-space 

model of the D-STATCOM system circuit must be introduced. State-space model is an 

important part of designing optimal controllers; LQR, , which will be further 

explained in Chapter 3. State-space model is important also to test the step response of the 

system with the PI and optimal controllers. This is the objective of this section. 

Several aspects are assumed in formulation the equations that describe the D-STATCOM 

system according to analysis and control strategy used by the designer, and the states, 

inputs and outputs chosen to be manipulated by the controller. For example, [15,17,20] 

obtain the state-space representation in dq stationary frame with four, three and five states 

respectively, and [29-32] obtain the state-space representation in abc stationary frame with 

four states to represent the D-STATCOM system. 

Due to its simplicity and clarity of describing the D-STATCOM system, the choice is to 

adopt the equivalent circuit that used in [29,32] and shown in Figure 2.9, to represent the                

D-STATCOM system, and to be used in the proposed controller in this thesis.   

2.6.2 Derivation of The System State-Space Model 

As mentioned in Section 2.1, the D-STATCOM as a shunt compensator is connected to                 

a three-phase grid connected system through a coupling transformer. The rating of this  

transformer is comparable with the source of the low voltage network which is the case 

study of the thesis. That is unreasonable and high cost requirement. The coupling 

transformer can be represented by its leakage inductance added to an L-filter or LC-filter 

inductance [13,14,16,17,24] which together work the same role of voltage coupling and 

signal filtering.  

Returning back to Figure 2.3, and combining the LC-filter to the connection branch of  

2  and H H ∞
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D-STATCOM to the main system, The D-STATCOM system can be represented as shown 

in Figure 2.8. 

 

Figure 2.8: Basic configuration of  D-STSTCOM system with LC-filter 

This configuration may be represented per phase basis as shown in Figure 2.9. 

 

Figure 2.9: Single-phase circuit of  D-STSTCOM system  

where, 

s

s

   supply votage

R   supply resistance

L    supply inductance

sV
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L

L

    supply currnet

   voltage at load point 

   load currnet

R   Load resistance 

L   Load inductance 

   currnet in L-branch of filter

s

c

L

f

i

V

i

i

 

c

c

  currnet in C-branch of filter

R   filter resistance (includes coupling transformer losses) 

L   filter inductance (includes leakage inductance of coupling transformer)            

C   shunt filter c

fci

apacitor

 DC voltage of the storage device dcV

 

Referring to Figure 2.9, the following equations can be written to express the system: 

s s c

c c

L  + R + V                                                                                  (2.5) 

 L   - R +                                                                    

s
s s

f
c f dc

di
V i

dt

di
V i V

dt

=

= −

L L

        (2.6)  

L  + R                                                                                        (2.7) 

C                                                                  

L
c L

c
fc

di
V i

dt

dV
i

dt

=

=                                     (2.8)

 

The filter capacitor C is connected to the PCC to provide a path for the harmonic currents 

generated due to switching, while the main branch of the compensated current is the             

L-branch with its compensated current fi . Hence, it is correct to express fci as: 

                                                                                               (2.9)   fc f s Li i i i= + −  

that is from the currents relation of PCC node: 

 =                                                                                                      (2.10)  f s fc Li i i i+ +  

then, by substituting equation (2.9) in equation (2.8) we get:
 

C                                                                                          (2.11) c
f s L

dV
i i i

dt
+ − =  
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Equations (2.5), (2.6), (2.7) and (2.11) can be rewritten as: 

c

s s s

c
c

c c c

V
 - R                                                                                       (2.12) 

L L L

V
- R                                                              

L L L

s s s
s

dcf f

di V i

dt

Vdi i

dt

= −

= −

L
L L

                         (2.13) 

- R                                                                                              (2.14) 
L L

                                   
C

cL L

c s f L

Vdi i

dt

dV i i i

dt

=

+ −
=                                                          (2.15) 

 

As mentioned previously, the assumption of system input, output and states is differ from 

design to another according to analysis and control strategy used. This also the case for 

[29,32] although using the same system circuit configuration and equations.  

The proposed  control strategy in this thesis is applied with constant DC link voltage to 

detect the voltage sag/ swell caused in the voltage source sV  and process the error signal to 

produce controlled voltage signal to compensate the sag/ swell at the PCC point. This 

controlled signal is cV voltage. Hence, sV will be considered as the system  input  u, while  

cV  will be considered as the system output  y. The dcV  term in equation (2.13) is a constant 

term, which can be ignored in state-space representation.  The states will be chosen as: 

source current si , compensated current fi  , load current li and the PCC voltage cV . Thus, 

1 2 3 4 = ,   = ,   = ,   =  s f L cx i x i x i x V  4and   = y x .  

Therefore, the differential equations (2.12)-(2.15) can be expressed by linear continuous 

time system, or state-space model of the form: 

 

where, 
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 =   
s

c

u V

y x V=
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the state variables are: 
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                                                (2.17) 

and the state-space model can be given in equation (3.14).  
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3 CHAPTER  3:  THE PROPOSED CONTROL STRATEGY FOR           
D-STATCOM  

3.1 Introduction 

The dynamic performance of the D-STATCOM is important since the load will not 

maintain the normal operation if it is exposed to voltage sag/ swell.  Although design and 

implementation of the conventional control methods are simple, they do not yield an 

optimal control system and it result with some difficulties and undesired results as showed 

in the literature review (Section 1.6). 

The key factors for testing and comparing controller performance of  D-STATCOM device 

are: 

- Magnitude of sag/ swell voltage after controlling process; sag/swell % of equations 

(1.1) and (1.2). 

- Resultant total harmonic distortion of the voltage signal; THD of equation (1.5). 

- The total power factor of the electrical network; p.f.  

- Conventional response criteria's of controllers, such that settling time, max. overshoot 

and steady-state error. 

The first two factors, sag/swell % and THD, must be decreased by the controller as 

minimum as possible and within the IEEE standards (Tables 1.1 and 1.2), while the third 

factor, p.f, must result with the highest value closed to one (100%). That is with faster 

controller response. Hence, the best controller must yield: 

- min. sag/ swell %  

- min. THD  

- max. p.f 

- faster and best response. 

In order to meet these requirements, an  optimal based control strategy of D-STATCOM  
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with constant DC link is presented in this Chapter, and step response will be tested for        

D-STATCOM system. 

3.1.1 DQ Rotating Transformation 

It is common practical in power system application to transform three-phase AC dynamics 

(voltages and currents) into orthogonal components in a rotating reference frame. dq 

transformation is a very common transformation for power systems, and the major control 

strategies depend on that transformation [13-20]. The use of dq transformation for                

D-STATCOM control open the field for other control methods strategies than the 

traditional one to be applied and utilized for the D-STATCOM applications. The 

components are referred to the direct or real 'd', quadrture or reactive 'q' and zero '0' 

components, those that lead to useful work in power systems. From the power system 

theory we get the real and reactive components relative to a rotating reference frame with 

angular frequencyω  ( 2 fω π= ) as showed in Figure 3.1. 

 

Figure 3.1: dq reference frame  

The two axes are called the direct or d-axis, and the quadrature or q-axis. The q-axis is at an 

angle of 90� to (in quadrature with) the direct d axis. They follow the trajectory of the 

voltage vector by the angular speed of ω  and maintaining the 90�  between each other. The 
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three components d,q,0 can be calculated from the three-phase abc stationary coordinate 

system by the following transformation [26]: 

0

                                                                                                       (3.1)
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and the inverse transformation can be evaluated as [25]: 
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Such transformation is accomplished for the abc voltage or current wave forms, the 

controller of the proposed control process is applied to the resultant real 'd' and reactive 'q' 

components instead of the abc signal itself.  

The benefits of such arrangement are: the control problem is greatly simplified because the 

system variables become DC values under balanced condition; multiple control variables 

are decoupled so that the use of classic control method is possible, and even more physical 

meaning for each control variable can be acquired [24]. The dq method gives the sag depth 

and phase shift information with start and end times. In the balanced condition                          

d component is equal to system voltage, and q and 0 components are zero [33]. Then the 
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controlled dq components are retransformed to the original three-phase abc stationary 

coordinate system which will contain all dynamic signal  information after control.  

3.1.2 Synchronization Scheme 

A very impressive part of the proposed control strategy of D-STATCOM is a Phase-Locked 

Loop (PLL). The Phase-Locked Loop (PLL) is a feedback control system includes                   

voltage-controlled oscillator (VCO), phase detector and low pass filter; Figure 3.2. Its 

purpose is to track the frequency and phase of the input signal [34], hence the PLL 

synchronizes the converter AC output voltage with the main AC system voltage. 

 

Figure 3.2: Configuration of PLL scheme [33] 

3.2 Methodology of the Proposed Control Strategy  

Basing on the main control concept of D-STATCOM; Figure 2.5, only one control loop of 

the measured voltage will be used. Using more than one control loop as [15-19,23,24] is 

more complex and time consuming, and requires several voltages and currents 

measurements. 

3.2.1 Controlled Signal Components  

As mentioned in the analysis of the previous researches (Section 1.6),  dq transformation of 

the voltage and current signals makes the ability for other control methods and strategies to 

be applied other than the traditional PI control method. Hence, the use of the dq 

transformation of the measured voltage signal is a main part of the proposed control 

strategy. To show the effect of the dq components, simulation of  D-STATCOM system of 

Figure 1.9 is presented. The simulation was performed for 1.0 sec. with applied voltage sag 

of 22.5% for the time duration of 0.2-0.4 sec, and 15.0% voltage swell for the time duration 
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of 0.6-0.8 sec. Figure 3.3 shows the resultant three-phase load voltages, and the 

corresponding  and  d qV V  response. 

 

Figure 3.3: Simulation the case study system voltages during sag and swell situations;                                                   
(a)  3-phase voltages.  (b)  

dq0V components 
 

It is clear from Figure 3.3 (b), that dV component represents the main 3-phase voltage 

information which is affected by any change of the original signal. It has 0.985 pu rated 

value, 0.7725 value pu during sag duration and 1.155 pu value during swell duration, while 

qV component has some distortion (0.155 pu rated value and -0.066 during sag duration) 

with value 0≠  unlike the expected behavior. 

Hence, it can be concluded that for system control purpose, only  and d qV V  need to be 

controlled; 

- Controlling dV  by adjusting it to 1.0 pu value, and  

- Controlling 
qV  by adjusting it to 0.0 pu value. 
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This is a new control scheme compared with the present researches which can be classified 

into: controlling the abc stationary voltage form as [7,8,12,21,22,32], or controlling only 

dV  component with and without controlling dcV as [14-19,23,24]. 

3.2.2 Phase-Locked Loop (PLL) Scheme 

There are two choices to use the phase-locked loop (PLL) technique for synchronization 

purpose. The first is derivation of the frequency and phase shift information dynamically 

from the controlled system and feed it to the retransformation pattern of the controlled 

signal from the dq frame to abc frame to track the main system voltages, and this is the 

used PLL scheme in [2,3,10-12, 15,17,18,20,28]. The second is extraction a fixed                     

50 Hz, 0�phase shift values for the retransformation pattern of the controlled signal. This 

PLL scheme is used for pole placement control strategy of [24], but it was applied for 

current components instead of voltage components. 

By applying the two choices for the studied D-STATCOM system, it was found that the 

second choice is better for sag/ swell compensation due to its ideal extracted information 

and behavior that complete the control process by returning the system to its ideal 

frequency and phase shift situation which may be affected by any undesired actions, while 

the first choice requires additional internal control loop with its PI parameters tuning, to 

control the frequency and phase shift system information, and it has a great effect on the 

dynamic operation of the device and a new auxiliary regulator is needed to enhance the 

dynamic performance. This fixed PLL scheme will be illustrated in Figure 3.4. 

3.2.3 DC Storage Device 

The DC storage device is an effective part the D-STATCOM. It is considered as the voltage 

source to compensate the voltage during sag/ swell conditions. Using a DC capacitor as a 

DC storage device is a common control strategy which has been used in [4,8,15,16,                 

18-21,23, 26,28,32]. The role of that capacitor is to be charged and recharged during power 

exchange process. This strategy requires more control loops to control the DC voltage 

across the capacitor and to control the power exchange, which is also more complex and 

may be affected by some voltage deviations and slow response time. 
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Traditional D-STATCOM only has DC capacitor; thus, only reactive power can be injected 

to the power system by D-STATCOM. Whereas both active and reactive power can be 

injected to the power system by D-STATCOM if constant DC source is used as in 

[12,14,17,22] with faster step response. This is also a result of applying the two DC storage 

schemes on the studied D-STATCOM system.  Thus, constant DC link voltage scheme is 

adopted in the proposed control strategy. 

3.2.4 Optimal Control 

Due to the weakness of researches of the robust and optimal control methods for                          

D-STATCOM to improve its performance, the interest in this thesis is concerned on 

optimal control methods for D-STATCOM, such that applying LQR, 2  and H H ∞  

controllers in addition of the PI controller to control the  and d qV V components separately, 

that is in order to utilize the benefits of the optimal control methods to reach optimum 

solutions of power quality problems. The system which is the end result of an optimal 

design is supposed to be the best possible system of a particular  type and provides the best 

possible performance with respect to given measure of performance by mean of the                

cost function. Optimal controllers will be explained further and designed in Section 3.4. 

3.3 Algorithm of the Proposed Control Strategy  

Now, the proposed control strategy is ready to be presented as the following algorithm, and 

showed in Figure 3.4: 

� The AC three phase voltages at the PCC point is measured and transformed                    

into dq reference frame. 

� The  and d qV V components are processed by separated, but similar two controllers to 

derive the compensating dq components. dV  component  is compared with the 1.0 pu 

reference value and the 
qV  component is compared with the 0.0 pu reference value, to 

maintain the non disturbance voltage signal. 

� The resultant dV  and
 qV controlled components are combined with the 0V  component                   

(of '0' value) and then retransformed to the original three-phase abc stationary 
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coordinate system using virtual PLL fixed at 50 Hz frequency and 0�  phase shift, 

which result with ideal synchronized voltage signal with the main network voltage. 

� The resultant abcV voltage signal is fed to the SPWM pattern to produce a switching 

pulses of the IGBT's gates of the D-STATCOM inverter. 

� The two separated controllers for the dV  and 
qV  components will be: conventional PI 

controller, and optimal controllers; LQR, 2  and H H ∞ . 

 

Figure 3.4: Configuration of  the proposed control strategy 

3.4 Design of Optimal Controllers 

3.4.1 Background  

In the main, the primary aim of the designer using classical control design methods is to 

stabilize a plant, and to obtain a certain transient response, bandwidth, steady state error,           

and so on.  Optimal control is one particular branch of modern control (since 1960's), as 

opposed to classical, that sets out to provide analytical designs of a specially appealing 

type. The system which is the end result of an optimal design is not supposed merely to be 

stable, or satisfy any one of the desirable constraints associated with classical control, but it 

is supposed to be the best possible system of a particular type [35].  
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An optimal control is characterized by the specification of a cost function that combines all 

the variable performance specifications. This cost function is a real, scalar-valued function 

of the system that can be minimized to obtain the single best controller, such that superior 

performance is indicated by a smaller numerical value. Linear Quadratic Regulator (LQR), 

2H controller and H-infinity ( )H ∞ optimization problem are solutions of optimal control 

problem [36]. 

3.4.2 Linear Quadratic Regulator (LQR)  

The regulator problem is providing a plant input or applying a control to take the plant 

from a nonzero state to the zero state. This problem may typically occur where the plant is 

subjected to unwanted disturbances that perturb its output [35].  

Consider a system represented as: 

                                         
( ) = ( ) + ( )  

( ) = ( ) + ( )

x t Ax t Bu t

y t Cx t Du t

ɺ

                                               (3.5)                 

The regulator problem is to achieve a control law so that an input u(t) is required to be an 

instantaneous function of the plant state x(t). Linear Quadratic Regulator (LQR) is a control 

scheme that provides the best possible performance with respect to given measure of 

performance, which is the cost function. LQR is produced by the minimization of the cost 

function; J, where the state equation of the plant is linear and the cost function is              

quadratic [35]. 

The nature of this function may be permitted to vary with time,  

                                                 ( ) ( )u t Kx t= −                                                       (3.6) 

The natural formulation of a cost for the system is given directly in terms of states and 

inputs, rather than inputs and outputs. Thus, a cost function  J  is defined as [37]:  

              0

1 1
( ) ( ) ( ) ( ) ( ) ( ) ( )

2 2

ft

T T T

f f f

t

J x t Q t x t x t Qx t u t Ru t dt = + + ∫                    (3.7) 

where Q and R are real positive-definite and positive-semidefinite matrices, respectively, 
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for all t, which can always be taken as symmetric. The optimal control problem posed in            

equation (3.7) is a constrained optimization problem.  This optimal control problem can be 

converted to unconstrained optimization problem by the application of Lagrange multiplier  

in the following form [36]: 

                   

[ ]
0

T

1 1 1
( ) ( ) ( ) { ( ) ( ) ( ) ( )

2 2 2

                                          ( ) ( ) ( ) }

ft

T T T

L f f f

t

J x t Q t x t x t Qx t u t Ru t

Ax t Bu t x t dtλ

= + +

+ + −

∫

ɺ

               (3.8)  

where ( )tλ  is the family of Lagrange multipliers, one at each point. The optimal control is 

found by forming the Hamiltonian system as [36]: 

[ ]T

1

1
( ) ( ) ( ) ( ) ( ) ( ) ( )                                  (3.9 a) 

2

0;  ( ) ( )                                                                                  (3.9 b)

T T

T

H x t Qx t u t Ru t t Ax t Bu t

H
u t R B t

u

λ

λ−

 = + + + 

∂
= = −

∂

ɺ

1

( ) ( ) ( )                                                                      (3.9 c)

( ) ( ) ( )                                                                      

T

T

T

H
t Qx t A t

u

x t Ax t BR B t

λ λ

λ−

∂ = − = − − ∂ 

= −ɺ             (3.9 d)
 

where H is the Hamiltonian, and ( )u t of equation (3.9 b) is the optimal control. 

Substituting equation (3.9 b) into equation (3.9 d) and combining the resulting equation 

with equation (3.9 c) into a single state equation yields the Hamiltonian system of            

equation (3.10): 

                                      
1( ) ( )

( ) ( )

T

T

x t x tA BR B

t tQ Aλ λ

− −   
=     − −    

ɺ

ɺ
                                           (3.10) 

Now, let ( ) ( )t Px tλ = , then: 

                                                ( ) ( ) ( )                                                     (3.11)t Px t Px tλ = +ɺ ɺ ɺ  

Substituting ( ) and ( )t x tλɺ ɺ  from equations (3.9 c) and (3.9 d), respectively, into equation 

(3.11) yields: 

                                       
1T TP A P PA PBR B P Q−− = + − +ɺ                                     (3.12) 
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which called Algebric Ricatti Equation. The  Ricatti Equation has only final conditions and 

can, therefore, be solved for P(t) backward in time using any numerical integration method 

with boundary condition: ( ) ( )
f f

P t Q t= , and the solution P(t) is a unique positive definite 

solution matrix that minimizes the cost function [36].  

The optimal control can be found by finding this unique solution matrix and substituting it 

into equation (3.9 b) to have the optimal control law: 

                                                            
1( ) ( )Tu t R B Px t−= −                                            (3.13) 

where 1 TR B P−− = K is the LQR gain matrix of the control law (3.6). A suitable choice of 

the Q and R matrices leads to the computation of the LQR gain K [35].  

As mentioned in Section 1.6, the LQR can be applied to design the control law of error of 

system states. Thus, the LQR control law will be:                                         

                                             [ ]( ) ( ) ( ) ( )refu t K t x t x t= − −                                   (3.14) 

Linear Quadratic Regulator (LQR) is an optimal control method and is also a pole 

placement method. LQR achieve the optimal tradeoff between the use of control effort, the 

magnitude and the speed of response [24].  

The major limitations of the LQR are: the test conditions are limited to initial conditions 

and no disturbance inputs, and the entire state must be measured [36]. 

3.4.3 H 2222  Optimal Control 

The LQR can be posed as 2-norm optimization problem due to the formulation of the cost 

function to be minimized [36]. In general, 2-norm of a stable transfer function G can be 

defined as: 

 ( )
1

22

2
G G j dω ω

∞

−∞

 
=  
 
∫                                                                        (3.15) 

LQR is an optimal control problem of minimizing the 2-norm of the closed-loop system 
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 when the plant is appropriately defined and within the limitation of  that the entire state 

must be measured. In many applications, some states are unmeasurable, and in addition, no 

measurement is ever exact. The 2H  controller is an optimal controller that utilizes partial 

state information and noisy information. The 2H  controller estimates the system state, 

which then used in the LQR. Hence, the 2H  controller is basically a regulator, and the 2H  

controller is designed to reject white-noise disturbance inputs [36].  

Formulation of 2H  control Problem 

Consider a standard feedback design diagram of  Figure 3.5, which can be described by the 

system dynamics (3.16). 

 

Figure 3.5: Standard feedback control system  

                                            
1 2

1 12

2 21

( ) = ( ) + ( ) + ( ) 

z( )  = ( ) + ( ) 

( ) = ( ) + ( ) 

x t Ax t B v t B u t

t C x t D u t

y t C x t D v t

ɺ

                              (3.16) 

where v is a vector of uncorrelated white-noise disturbances with unit intensity, u is the 

control input vector, z is the performance vector, and y is the measurement vector. The task 

is to find  a state space controller K , such that the feedback interconnection of G and K is  

well-posed, defines a stable state space model F(G,K), and minimizes the 2H  norm of 

F(G,K) described as [38]:  

                                           
          

2

2 2
( ) ( , )J K F G K=                                         (3.17) 
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The stable state space model F(G,K) is: 

                                                  
( ) = ( ) + ( ) 

( ) = ( ) 
c c c

c c

x t A x t B u t

y t C x t

ɺ

                                  (3.18) 

Recall the cost function of LQR (equation (3.7)) which is also a 2-norm optimization 

problem. It is appropriate to introduce the time-domain characterization of the cost (3.17): 

                                                       2

0

( ) ( ) ( ) TJ K z t z t dt

∞

= ∫                                  (3.19 ) 

It is easy to see that the cost functions (3.7) and (3.19) are equivalent, because the positive 

(semi) defnite matrices Q and R can always be factorized as [38]: 

                                           1 2 1 2 1 2 1 2( ) ,    ( )T TQ Q Q R R R= =                              (3.20) 

Defining the matrices [38]: 

                                                 

1 2

1 12 1 2

0
,   

0

Q
C D

R

   
= =   

                                         (3.21) 

it follows from equation (3.16) that: 

                         
1 12 1 12( ) ( ) ( ( ) ( )) ( ( ) ( ))

                 ( ) ( ) ( ) ( )

T T

T T

z t z t C x t D u t C x t D u t

x t Qx t u t Ru t

= + +

= +
                        (3.22) 

and the costs (3.19) and (3.7) are thus equivalent [38]. 

The solution of 2H control problem follow the same procedures of  the solution of control 

LQR problem, but by applying the control gain into the estimation of the states, such that 

 the cost (3.19) is minimized by the static state-feedback controller [36,38]: 

                                                     2 ˆ( ) ( )u t K x t=                                                (3.23) 

where ˆ ( )x t is the state estimation, and 2K can be represented as: 

                                            1
2 12 12 2( )T T

HK D D B P−= −                                          (3.24)  
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where HP  is the unique symmetric positive definite solution to the Algebraic Riccati 

equation [38]: 

                             1
2 12 12 2 2 2( ) 0T T T T

H H H HA P P A P B D D B P C C−+ − + =                      (3.25) 

The optimal state-estimation problem 

Consider the system: 

                                                  
1

1

2 21

( ) = ( ) + ( ) 

z( )  = ( ) 

( ) = ( ) + ( ) 

x t Ax t B v t

t C x t

y t C x t D v t

ɺ

                                  (3.26) 

Notice that in the estimation problem, we need not consider the input u(t). A stable causal 

state estimators F that the state estimate is determined from the measured output y 

according to: ˆ ( )x s =F(s)y(s). In the 2H optimal estimation problem, the problem is to 

construct an estimator, such that its 2H -cost: 

                                 [ ] [ ]1 1

0

ˆ ˆ( ) ( ) ( ) ( ) ( )
T T T

eJ F x t x t C C x t x t dt

∞

= − −∫                     (3.27) 

is minimized [38]. The solution of the optimal state estimation problem is given as: 

                                        2ˆ ˆ ˆ( ) ( ) ( ) ( )x t Ax t L y t C x t = + − 
ɺ                                  (3.28) 

where 

                                                      1
2 21 21( )T TL SC D D −=                                       (3.29) 

and S is the unique symmetric positive definite solution to the Algebraic Riccati         

equation [38]: 

                                     
1

2 21 21 2 1 1( ) 0T T T T TA S SA SC D D C S B B−+ − + =                      (3.30) 
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2H
 optimal controller 

Combining the optimal state-feedback problem (3.23) and the optimal state-estimation 

problem (3.28), then the controller u(t) = K y(t) which minimizes the 2H cost (3.19) is 

given by the equation [38]: 

                               

 

( )2 2 2

2

ˆ ˆ ˆ( ) ( ) ( ) ( )

ˆ( ) ( ) ( )

x t A B K x t L y t C x t

u t K t x t

 = + + − 
=

ɺ

                         (3.31) 

3.4.4 H∞  Optimal Control 

The 2-norm optimization problem can also be posed using the system ∞–norm as a cost 

function. The ∞–norm is the worst case gain of the system and therefore provides a good 

match to engineering specifications, which are typically given in terms of bounds on errors 

and controls. The  ∞–norm of a stable transfer function G can be defined as: 

( )supG G jω
∞

∞

=                                                                                  (3.32) 

Formulation of H ∞  control Problem 

Recall again the standard feedback design diagram of Figure 3.5, equation (3.16). The 

standard task of H∞ optimal problem is to find  a state space controller K , such that the 

feedback interconnection of G and K is well-posed, defines a stable state space model 

F(G,K), and minimizes the H ∞ -norm of F(G,K) described as [39]:  

                                               
2

( ) ( , )J K F G K∞ ∞
=                                           (3.33) 

The direct minimization of the cost ( )J K∞  turns out to be a very hard problem, and it is 

therefore not feasible to tackle it directly. Instead, it is much easier to construct conditions 

which state whether there exists a stabilizing controller which achieves the H ∞ -norm 

bound: 

                                                       ( )J K γ∞ <                                                   (3.34) 
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for a given γ  > 0, and then checking the achievability of the performance bound (3.34) for 

various values of γ  (for any degree of accuracy) by iteration procedures [39]. 

The H ∞ performance measure can be characterized in terms of the worst-case gain in terms 

of 2-norm as [39]: 

                                                
2

2

( ) sup ,  0
z

J K v
v

∞

  
= ≠ 

  
                                    (3.35) 

The performance bound (3.34) is thus equivalent to: 

                                 

          

2 222
2 2

2

  or  0
z

J z v
v

γ γ∞< = − <                              (3.36) 

which is equivalent to: 

                                    2

0

[ ( ) ( ) ( ) ( )] 0,   0T TJ z t z t v t v t dt vγ
∞

∞ = − < ≠∫                       (3.37) 

Similar to 2H control problem, The problem of finding a controller u = Ky such that the 

cost J∞  is minimized, and it will be solved in two stages: the first is solving a problem with 

complete state information, and the second stage consists of an associated worst-case 

estimation problem.  A combination of the two stages provides the solution of the original 

H ∞ control problem.  

The H ∞  optimal state-feedback problem 

A controller that achieves the bound (3.37) is given by the static state-feedback              

controller [39]: 

                                                        ( ) ( )u t K x t∞=                                             (3.38) 

                                             1
12 12 2( )T TK D D B X−

∞ ∞= −                                         (3.39)  

where X ∞ is the unique symmetric positive semidefinite solution to the Algebraic Riccati 

equation [39]: 

            
1 2

2 12 12 2 1 1 2 2( ) 0T T T T TA X X A X B D D B X X B B X C Cγ− −
∞ ∞ ∞ ∞ ∞ ∞+ − + + =           (3.40) 
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Now, define the signals [39]: 

                                   
   

1/ 2 1/ 2
12 12 12 12 2

2
1

( )= ( ) ( ) ( ) ( )

( ) ( ) ( )

T T T

T

z t D D u t D D B X x t

v t v t B X x tγ
∞

−
∞

+

= −

ɶ

ɶ

                   (3.41) 

Then we have: 

                      
2 22

2 2
0J z vγ∞ = − <ɶ ɶ ɶ   or  

2 22

2 2
0J z vγ∞ = − <ɶ ɶ                      (3.42) 

which is equivalent to inequality (3.37). Introducing the signals ( ) and ( )z t v tɶ ɶ into the 

system equations (3.16) gives:

 

                                            

1 2

1 12

2 21

( ) = ( ) + ( ) + ( ) 

( ) = ( ) + ( ) 

( ) = ( ) + ( ) 

x t Ax t B v t B u t

z t C x t D u t

y t C x t D v t

ɶ ɶ ɶɺ ɶ

ɶ ɶɶ

ɶ ɶ ɶ

                                     (3.43) 

where 

                                       

2
1 1

1 1

2 2

1 / 2
1 12 12 2

2
2 2 21 1

1 / 2
12 12 12

21 21

= 

( )

=   +  

=  ( )

T

T T

T

T

A A B B X

B B

B B

C D D B X

C C D B X

D D D

D D

γ

γ

−
∞

−
∞

−
∞

= +

=

=

=

ɶ

ɶ

ɶ

ɶ

ɶ

ɶ

ɶ

                                     (3.44) 

 

 

 

 

 

 

 

 

 

 

Notice that in the state-feedback case the output zɶ  can be made equal to zero by the 

controller (3.38). 

The H ∞  optimal estimation problem 

Similar to 2H control problem, the H ∞ -optimal control problem is transformed to an 

equivalent H ∞ -optimal estimation problem.  Consider a stable causal state estimator  F  of 

the output z based on the measured output y according to: ˆ ( )z s =F(s)y(s). In the H ∞

optimal estimation problem, we define the H ∞ -norm of the transfer function from the  
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disturbance v to the estimation error ˆz z− [39],  

                                        

2

2

ˆ
( ) sup ,  0

z z
J F v

v
∞

 − 
= ≠ 

  
                                        (3.45) 

and consider the existence of an estimator which achieves the bound: 

                              
2 22

2 2
ˆ( )   or  0J F J z z vγ γ∞ ∞′< = − − <                                   (3.46) 

The solution of the H ∞ -optimal estimation problem can be characterized as [39]: 

                                          
2

1

ˆ ˆ ˆ( ) ( ) ( ) ( )

ˆ ˆ( ) ( )

x t Ax t L y t C x t

z t C x t

∞  = + − 

=

ɺ

                              (3.47) 

where 

                                               1
2 21 21( )T TL YC D D −

∞ =                                              (3.48) 

And Y is the unique symmetric positive definite solution to the Algebraic Riccati         

equation [39]: 

                1 2
2 21 21 2 1 1 1 1( ) 0T T T T TA Y YA YC D D C Y YC C Y B Bγ− −+ − + + =                      (3.49) 

In contrast to the 2H -optimal estimator, the H ∞ -optimal estimator also depends on the 

output z which is estimated. 

The H ∞  optimal controller 

Combining the optimal state-feedback problem (control law (3.38) applied into the transformed 

system (3.43) ) and the optimal state-estimation problem (3.47), then the H ∞ optimal 

estimate of the output zɶ of the transformed system (3.43) ; ẑɶ  can be written as [39]: 

                                   2 2ˆ ˆ ˆ( ) ( ) ( ) ( ) ( )

ˆ( ) ( )

Zx t Ax t B u t L y t C x t

u t K x t∞

 = + + − 
=

ɺ ɶ ɶɶ

                          (3.50) 

where 

                                               1
2 21 21( )T T

ZL ZC D D −= ɶ ɶ ɶ ,                                              (3.51) 
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K ∞  is defined as (3.39), and Z is the unique symmetric positive definite solution to the 

Algebraic Riccati equation [39]: 

            1 2
2 21 21 2 1 1 1 1( ) 0T T T T TA Z ZA ZC D D C Z ZC C Z B Bγ− −+ − + + =ɶ ɶ ɶ ɶ ɶ ɶɶ ɶ ɶ ɶ                      (3.52) 

3.5 Step Response of D-STATCOM System 

The state-space model of D-STATCOM system was presented in Chapter 2; equation  

(2.18).  To verify the performance of the D-STATCOM with the new controllers, a step 

response is presented using the state-space model to test its characteristics and performance 

 using different parameters for each controller, and then the best parameters of the 

controllers will be used to simulate the real D-STATCOM system and show the results in 

Chapter 4. Step response and simulations will be executed using Simulink toolbox in 

MATLAB environment.  

First, system parameters will be calculated and presented in Section 3.5.1, and then the step 

response and the results will be showed in Section 3.5.2. 

3.5.1 System Parameters 

Referring to state-space model of the D-STATCOM system of equation (2.18), the needed 

system parameters to be calculated and determined are: 

s

s

L

L

c

c

R   supply resistance

L    supply inductance

R   Load resistance 

L    Load inductance    

R   filter resistance

L   filter inductance            

C   shunt filter capacitor 

 

Calculations and methodology of extracting all of such parameters are presented in this 

section. 

3.5.1.1 Source Parameters 

The parameters of the source can be calculated from the data available in Annex A, as:   
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s sR  = 0.254 ,  L  = 0.808 mHΩ  

3.5.1.2 Load/ Power Calculations 

For different load conditions, the single-phase load data of the studied system can be 

summarized as indicated in Table 3.1 [40].  

 

Table 3.1: Summarized Single-phase Load Data of The Studied System [40]  

Load Status  Current  I (A) phV (V) p.f 

Rated  593 

230  0.92  Max. 905  

Min.  110 

 
 

The following equations are used to extract load resistance L R and load inductance L L of 

the single-phase circuit for the rated, maximum and minimum load conditions of the 

studied system as listed in Table 3.2. 

phActive power      P (W) = 3   cos                                                          (3.16)V I φ  

ph

ph

where    is single-phase voltage (phase to neutral)

             cos   is the system . . 

apparent power    S  (VA) = 3                                                                  (3.17)

react

V

p f

V I

φ

ph

ph

L

ive power   Q (VAR) = 3   sin                                                          (3.18)

load impedance per phase     Z ( ) =                                                      (3.19)

loa

V I

V

I

φ

φΩ

{ }
{ }

L L

L L

d resistance per phase      R ( ) = Z                                                    (3.20)

load inducyance per phase    L (H) = Z 2                                           (3.21)

Re

Im fπ

Ω
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Table 3.2: Results of Load/ Power Calculation For The Studied System 

 

3.5.1.3 Filter Parameters 

As mentioned in Section 2.2, a filter is one of D-STATCOM parts that is useful to filter 

those harmonics in the current due to the switching ripple caused by the PWM technique, 

and this filter can be L-filter or  LC-filter (Figure 2.8). 

The experiments on D-STATCOM system were began with the simplest type; L-filter with 

relatively comparable values with the L-filter used by Cai Rong (2004) [17]. That is 

because the applied system in his thesis is an 400V system which is similar with the studied 

system in this thesis. The used L-filter parameters by Rong's thesis were: 

R 0.0248  ,  L = 2 mH= Ω . These values have been applied first for the D-STATCOM 

system, and the values are then tuned by trial and error to reach the best L-filter parameters 

for the D-STATCOM system according to the simulation results. Then a capacitor C was 

added in order to eliminate the remaining switching harmonics with simple tuning.  

Hence, the resultant LC-filter parameters are: c cR 0.010  ,  L  = 2.5 mH and C = 60 Fµ= Ω .  

3.5.1.4 Summery of System Parameters 

Finally, the parameters of the D-STATCOM system which complete the D-STSTCOM 

system circuit of Figure 2.9, and hence, D-STSTCOM system state-space model of 

equation  (2.18), can be summarized as shown in Table 3.3. 

Thus, the simulation of D-STATCOM system will be implemented for the studied system 

with three load conditions; rated, maximum and minimum load to verify the D-STATCOM 

performance for the studied system during various load conditions. 

Load Status 
Real Power  
 P  (KW) 

Reactive Power 
  Q (KVAR)  

Apparent Power  
S (KVA) 

load resistance 
per phase 

L R  ( )Ω  

load inductance 
per phase 
 L L  (mH)   

Rated  376.44 160.36 410 0.357 0.484 

Max. 574.50 243.53 625 0.234 0.317 

Min. 69.83  29.60  76  1.92  2.608  
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Table 3.3: D-STATCOM System Parameters 

Parameter value 

sR  0.254 Ω  

sL  0.808 mH 

LR  0.357, 0.234, 1.92 Ω  

LL    0.484, 0.317, 2.608 mH 

cR  0.010 Ω  

cL    2.5 mH  

C   60  Fµ  

 

The state-space models will be yield with the following state-space matrices. 

System 1; Rated Load:  

[ ]

- 31.43 0 0 1237.62 1237.62

0 - 4 0 -400 0
  =   ,  =  

0 0 -736.62 2057.6 0

16666.67 16666.67 16666.67 0 0

 = 0 0  0 1                                                           ,  = [0]

A B

C D

−   
   
   
   
   

−   

              (3.22) 

System 2; Max. Load: 

[ ]

- 31.43 0 0 1237.62 1237.62

0 - 4 0 -400 0
  =   ,  =  

0 0 -738.99 3144.7 0

16666.67 16666.67 16666.67 0 0

 = 0 0  0   1                                                        ,  = [0]

A B

C D

−   
   
   
   
   

−   

              (3.23) 
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System 3; Min. Load:  

[ ]

- 31.43 0 0 1237.62 1237.62

0 - 4 0 -400 0
  =   ,  =  

0 0 -736.196 383.43 0

16666.67 16666.67 16666.67 0 0

 = 0 0 0 1                                                            ,  = [0]

A B

C D

−   
   
   
   
   

−   

             (3.24) 

The difference between the systems is only in A(3,3) and A(3,4) elements, which contain 

the LR and LL components. 

3.5.2 Step Response Results  

The step response now is performed for the three load condition systems (3.22, 3.23 and 

3.24), by applying 2PI, LQR,   and H H ∞ controllers for each system. Closed-loop control 

for D-STATCOM is showed in Figure 3.6, where the "controller" block represents the 

2PI, LQR,   and H H ∞ controllers separately. 

 

Figure 3.6: Closed-loop control system for D-STATCOM 

The step response is tested during the following conditions: 

- The input is 1.0 step value represent 1.0 pu voltage source to be tracked by the 

controller. 
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- The voltage sag will be represented by the added disturbance value of -0.225 to 

simulate a voltage sag of 22.5% decreasing below the 1.0 pu value. 

- The voltage swell will be represented by the added disturbance value of 0.15 to 

simulate a voltage swell of 15.0% increasing above the 1.0 pu value. 

- The settling time as one of the step response characteristics is considered as the time 

required for the step response to settle to within 5.0% of its final value. 

The voltage sag condition of the value 22.5% is a situation of the system due to 3-phase to 

ground fault through 0.3Ω  resistance which result with faulted current > 900A. This 

faulted current value is closed to the rated current of the source transformer of the network 

which can't be exceeded. Thus a 22.5% voltage sag is adopted as a tested voltage sag 

condition representing the worst case sag condition for the studied network. 

The voltage swell condition of the value 15.0% is a situation of the system due to 

connecting a 200 KVAR capacitive load as a test situation to produce the voltage swell. 

This 200 KVAR capacitive load is a very large value compared with the normal loads that 

can be connected and consumed within the studied network. 

3.5.2.1 Response of  PI Controller 

In order to reach the best parameters for PI controller, several experiments of PI parameters 

will be applied on System 1; Rated Load (system equation 3.22) as a reference system, and 

then the best parameters resulted is adopted for the other systems.  

Step Response For system 1 (Rated Load): 

The step response is tested initially using PI parameters: 0.002, 50i pK K= = , which 

resulted with the step response of Figures 3.7 and 3.8 for sag and swell compensations, 

respectively. The PI parameters were tuned by trial and error manner until reaching the best 

response showed in the Figures with 0.2, 200i pK K= = . 
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Figure 3.7: System Step Response of PI controller during sag condition for system 1 

 
(a) 

 
(b) 

             Figure 3.8:  (a) System Step Response of PI controller during swell condition for system 1                                                   
(b) An oscillation on step response- zoomed view  
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It is clear that the PI parameters of 0.2, 200i pK K= =  had the best performance for sag 

compensation with no overshoot, no steady state error, and 0.5 sec settling time. Although 

thus parameters had an oscillation during swell compensation; Figure 3.8 (b), but it had 

faster response compared to other parameter response with 0.6 sec settling time, and the 

other had 1.2 sec settling time. Hence, these PI parameters will be used for simulations of 

systems 2 and 3. 

Step Response For system 2 (Max. Load) and system 3 (Min. Load): 

 

Figure 3.9: System Step Response of PI controller during sag condition for systems 2,3. 

 

Figure 3.10: System Step Response of PI controller during swell condition for systems 2,3. 
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Figures 3.9 and 3.10 show the resultant response of the systems 2 and 3 (max. and min. 

load) for sag and swell compensations, respectively, by applying 0.2, 200i pK K= =  

parameters. The two systems has same response (the two signals are over-riding each other) 

with 0.7 settling time during sag compensation 0.65 sec settling time and an oscillation 

during swell compensation. 

3.5.2.2 Response of  PI/LQR Controller  

The LQR controller is used to improve the PI controller response. The key features of LQR 

design is choosing the weighting matrices Q and R. The LQR gain K (equation (3.9)) is 

applied to the error of the system states. It is expected that applying the LQR control              

law (3.11) to the error of system states that processed by a PI controller will improve the 

performance of the controlling process. Thus, the controller is named as PI/LQR controller.  

The selection of Q and R is weakly connected to the performance specifications, and                

a certain amount of trial and error is required with an interactive simulation before                      

a satisfactory design results. For the D-STATCOM system Q is 4 4×  matrix and R is             

1 1×  matrix, and since Q and R are symmetric, so there are 8 distinct elements in Q and 1  

element in R for a total of 9 distinct elements need to be selected. Also, the matrix Q and R 

should satisfy the positive definitions. One practical method is to set Q and R to be diagonal 

matrix such that only five elements need to be decided.  

The value of the elements in Q and R is related to its contribution to the cost function J of 

equation (3.7). The two variables (states) that are most important to be controlled are the 

load current Li , and the voltage at PCC; cv , which are the third and fourth state variables of 

the state-space model (2.18). The weighting Q matrix reflects the importance of those 

states, so it will be selected as a diagonal matrix with 0 elements except the diagonal 

elements. 

Design of PI/LQR Controller  

The PI controller with the adopted PI parameters; 0.2, 200i pK K= = , will be applied and 

followed by the LQR gain. The LQR for D-TATCOM system is designed for different 

values of Q and R using a MATLAB code indicated in Annex B. Several experiments of             
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Q and R parameters will be applied on System 1; Rated Load as a reference system, and 

then the best parameters resulted is adopted for the other systems. Only the corresponding 

elements of the resultant LQR gain K for the two states   and c Lv i  are used in the 

controller. 

Step Response For system 1 (Rated Load): 

First, the Q matrix is selected as diag{Q}= [0, 0, 200, 10] and R = [1] which used by                    

A. Shukla, A. Ghosh, and A. Joshi (2007) [29]. The response showed that it is needed to pay 

more cost weight to cv as the most important state in order to satisfy the requirement. Thus 

the Q and R matrices were modified by trial and error manner until reaching the best 

response with diag{Q}= [0, 0, 2000, 100], R = [100] and the resultant 
 3,4K = [-0.746,  

0.756] which are the LQR gain of  cv and Li states.  

The resultant response is showed in Figures 3.11 and 3.12 for sag and swell compensations, 

respectively. It is clear that the LQR parameters of { }diag Q  = [0, 0, 2000, 100], R = [100], 

and resultant 3,4K = [-0.746, 0.756] had the best performance for sag compensation with 

12.0% overshoot, no steady state error, and 0.6 sec settling time. The main contribution of 

LQR controller is clearing the oscillation occurred during swell compensation occurred 

with alone PI controller (Figure 3.8 (b)). These parameters will be used for simulations of 

systems 2 and 3. 

 
Figure 3.11: System Step Response of PI/LQR controller during sag condition for system 1 
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Figure 3.12: System Step Response of  PI/LQR controller during swell condition for system 1 

Step Response For system 2 (Max. Load) and system 3 (Min. Load): 

The resultant response for the two systems are showed in Figures 3.13 and 3.14 for sag and 

swell compensations, respectively, by applying { }diag Q  = [0, 0, 2000, 100] and R = [100] 

parameters. The resultant 3,4K  gain are: [-0.846,   0.359] for system 2, and [-1.127,  0.958] 

for system 3. 

 

Figure 3.13: System Step Response of  PI/LQR controller during sag condition for systems 2,3. 
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Figure 3.14: System Step Response of  PI/LQR controller during  
swell condition for systems 2,3 

 

As showed in the previous Figures, system 2 (max. load) has the better response for sag and 

swell compensations than system 3 (min. load). System 2 had 0.75 sec settling time, 7.3% 

overshoot for sag compensation, and 0.65 sec settling time, 7.3% overshoot for swell 

compensation, while system 3 had 1.05 sec settling time, 28.5% overshoot for sag 

compensation, 0.96 settling time, and no overshoot for swell compensation. 

3.5.2.3 Response of  2H  Controller  

Design of 2H Controller  

Designing the 2H  controller in MATLAB environment requires a set of models that have 

different values parameters to be added to the original system, and then to be augmented in 

order to provide good performance of 2H  controller for the system with greater robustness. 

In the proposed control strategy of D-TATCOM system, the number of models is three, and 

the 2H  performance will be tested for several models to reach the best performance.  

The models that will be chosen and added to the original system will be represented by its 

transfer functions as weighting functions; 1 2 3,   and W W W .These weighting functions are 

used to design the 2H  controller using a MATLAB code indicated in Annex B. 
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Several experiments of 1 2 3,   and W W W  parameters will be applied on System 1; Rated 

Load as a reference system, and then the best parameters resulted is adopted for the other 

systems.  

Step Response For system 1 (Rated Load): 

A very useful choice of the weighting functions for  2H  controller is [41]: 
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which was applied and tested for D-STATCOM system, and resulted with the step response 

showed in Figure 3.15 for sag and swell compensations. It had weak response; 40% 

overshoot and 3.0 sec settling time.  

The three weighting functions; 1 2 3,   and W W W  were modified by trial and  error manner 

until reaching the best response of 2H controller showed in the Figure 3.15 with: 
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which had 0.025 sec settling time and no overshoot. These best weighting functions will be 

the case for step response of systems 2 and 3. 

Step Response For system 2 (Max. Load) and system 3 (Min. Load): 

The result response for the two systems is showed in Figures 3.16 for sag and swell 

compensations, respectively, by applying the values of weighting functions as: 
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Figure 3.15: System Step Response of 2H controller during sag and swell                                                      

conditions for system 1 

 

 

Figure 3.16: System Step Response of 2H controller during sag and swell  

conditions for systems 2,3 

As shown in Figure 3.16, systems 2 and 3 had the same response for sag and swell 

compensations (the two signals are over-riding each other) with 0.03 sec settling time and 

no overshoot. 
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3.5.2.4 Response of  H ∞ Controller 

Design of H ∞ Controller  

Similar to 2H  controller, a set of models that have different values parameters is added to 

the original system to be augmented to provide good performance of H∞ controller in order 

to guarantee the system robustness.  The models that will be added are three also, and the 

H ∞  performance will be tested for several models to reach the best performance.  

The weighting functions (models); 1 2 3,   and W W W  are used to design the H ∞  controller 

using a MATLAB code indicated in Annex B.  Several experiments of 1 2 3,   and W W W  

parameters will be applied on System 1; Rated Load as a reference system, and then the 

best parameters resulted is adopted for the other systems. 

Step Response For system 1 (Rated Load): 

A very useful choice of the weighting functions for  H ∞  controller is [41]: 
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which was applied and tested for D-STATCOM system, and resulted with the step response 

showed in Figure 3.18 for sag and swell compensations. It had weak response; 14% 

overshoot, 1.0 sec settling time and 3.0% steady-state error.  

The three weighting functions; 1 2 3,   and W W W  were modified by trial and  error manner 

until reaching the best response of H ∞ controller showed in the Figure 3.17 with:                  
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which had 0.02 sec settling time and no overshoot. These best weighting functions will be 

the case for step response of systems 2 and 3. 

 

Figure 3.17: System Step Response ofH∞  controller during sag and swell                                                      

conditions for system 1. 

 

Step Response For system 2 (Max. Load) and system 3 (Min. Load): 

 

Figure 3.18: System Step Response of H∞ controller during sag and swell  

conditions for systems 2,3 
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The resultant response for the two systems is showed by applying the values of weighting 

functions as: 
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As shown in Figure 3.18 for sag and swell compensations, respectively, systems 2 and 3 

has same response for sag and swell compensations (the two signals are over-riding each 

other) with 0.02 sec settling time, and no overshoot. 

3.5.2.5 Summery of Results 

The step response results  for all cases can be summarized as shown in Tables 3.4 and 3.5 

for sag and swell compensations, respectively, using the best parameters of different 

controllers adopted as: 

� PI gains:  0.2,  200i pK K= =  

� LQR  matrices :  { }diag Q  = [0, 0, 2000, 100] , R = [100] and resultant 3,4K =                      

[-0.4493, 0.5572] 

� 2H  weighting functions: 
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� H∞  weighting functions: 
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Table 3.4: Step Response Results For Sag Compensation 

 

Table 3.5: Step Response Results For Swell Compensation 

 

3.6 Conclusion 

In general, the four controllers PI, PI/LQR, 2  and H H ∞ controllers applied to                         

D-STATCOM system have good  performance for sag and swell compensations tasks. That 

is a result of the response for various load conditions covered overall system situations; 

rated, maximum and minimum load, with relatively small deviations between the 

Performance 

Controllers  

PI  PI /LQR  2H H ∞ 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Max. 
Overshoot  (%)  0.0 0.0 0.0 1.0  7.3  28.5 0.0 0.0 0.0  0.0 0.0 0.0 

Settling Time  
(sec)  0.50  0.70 0.70 0.6 0.75  1.05  0.025 0.03 0.03  0.02 0.02 0.02 

S.S error 
(%) No S.S. error 

Performance 

Controllers 

PI  PI /LQR  2H  H ∞ 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Max.  
Overshoot (%)  0.0 0.0 0.0 1.0 7.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Settling Time  
(sec)  0.5  0.65 0.65 0.7 0.65 0.96 0.025 0.03 0.03 0.02 0.02 0.02 

S.S error 
(%) No S.S. error 
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performances of the three system conditions.  The typical results of each controller for sag 

and swell compensations ensure that the proposed optimal based control strategy will do 

well with  various power quality problems.  

Although the PI/LQR controller has some transient overshoot, it has an advantage of 

clearing the oscillation occurred in swell compensation performance of PI controller. The 

performance of PI/LQR controller differ for the three system conditions, but it has good 

performance for the three systems, which will be ensured by the real simulation in          

Chapter 4. 

Its clear that the 2  and H H ∞ controllers has better response compared with the others, and 

the H∞  controller is the best one for both sag and swell compensations. It is important to 

conclude that the good and careful selection of the weighting functions for 2  and H H ∞  

controllers is the optimality key for those controllers, such that hasty or wrong selecting of 

these weighting functions may result with weak performance as shown in Figures 3.15 and 

3.18. Good selection of weighting functions is related to the system dynamics and expected 

disturbances, and also related to the experience of the controlling process. 
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4 CHAPTER  4: SIMULATION OF D-STATCOM SYSTEM USING                                  

THE OPTIMAL BASED CONTROL STRATEGY  

The proposed control strategy based on optimal control methods for D-STATCOM have 

been explained in Chapter 3, and its algorithm presented in Section 3.3. Simulation of                 

D-STATCOM system with the  proposed control strategy is presented in this chapter to 

show the behavior of the designed controllers and results control process. The simulation 

will be tested for sag and swell compensation, and for harmonic distortion mitigation as the 

main power quality problems to be solved by the proposed control strategy. The simulation 

will be tested for various forms of sag conditions; single-phase, double–phase and                 

three–phase faults, and during various load conditions.   

Simulink model have been built for D-STATCOM system using "SimPowerSystems" 

toolbox in MATLAB environment to represent the real power system with real                        

D-STATCOM device. MATLAB environment provide rich and useful tools for all needed 

power elements, conditions and measurements to simulate the real situations. 

The simulation will be first performed for the studied system at rated load under sag and 

swell conditions without any control to show the effect of the sag/ swell situations. Then 

the simulation will be implemented for the D-STATCOM system under same problems 

with applying the proposed control strategy using PI, PI/LQR, 2  and H H ∞ controllers, with 

the adopted parameters for each controller summarized in Section 3.5.2.5. Finally, 

comparisons and discussion will be presented to illustrate the advantages and benefits of 

the proposed control strategy. 

4.1 Simulation model 

The simulated model of the studied system (Al-Zaitoon Neighborhood-Gaza low voltage 

network) is shown in Figure 1.9. The model of D-STATCOM connected to the system with 

its control is shown in Figures 4.1 and 4.2. All system parameters have been listed in   

Table 3.3. 
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Figure 4.1: Simulated model of D-STATCOM system (rated load) 

 

 

Figure 4.2: D-STATCOM device and its control   

The simulation will be executed for time duration of 1.0 sec with applied voltage sag of 

22.5% for the time duration of 0.2-0.4 sec, and 15.0% voltage swell for the time duration of 

0.6-0.8 sec. The simulation results of the studied system without control is presented in 

Figure 4.3 that show the effect of sag and swell situations.  
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As mentioned in Section 3.5.2, the voltage sag condition is made by 3-phase to ground fault 

with faulted current < 900 A which closed to the maximum source current, and the voltage 

swell condition is made by connecting a 200 KVAR capacitive load, which is very high 

value compared with the normal loads that can be connected and consumed within the 

studied network. These 3-phase fault and capacitive load conditions are applied at the point 

nearest to the source, therefore, these conditions are considered as the worst case sag/ swell 

conditions that can be occurred on the studied system.  

For comparison purposes, the performance factors for the controller of D-STATCOM 

device are: 

- sag/ swell % 

- THD 

- p.f 

- Max. overshoot 

The simulation results of the studied system under sag/ swell conditions without                        

D-STATCOM control is showed in Figure 4.3.  

The simulation show the voltage magnitude variations during sag/ swell situations, and the 

resultant  and d qV V response. The resultant Total harmonic distortion (THD) of the voltage 

signal is computed as 8.83% which exceed the IEEE standard (Table 1.2). THD is 

computed using  Fast Fourier Transform (FFT) tool of MATLAB for up to 60th harmonic 

order, which yield with Figure 4.4. 
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          Figure 4.3: Simulation of the studied system during sag and swell situations  
without control 
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Figure 4.4: Harmonics of the studied system during sag and swell  

situations without control     

Table 4.1: Results of System Simulation without Control 

 

 

 

 

 

 

 

 

4.2 Simulation of PI Controller 

The proposed control strategy depends on constant DC link voltage (Section 3.2.3). Size of 

the DC storage device is a quantity related to the applied system and the size of the sag 

voltage to be compensated. Experimenting the different sizes of DC storage device for the 

studied system under the sag/ swell compensation was made and simulated. The 

experiments yield a 700V DC storage device as the best choice for the studied system. 

In general, using more size DC storage device is useful to recover more sag size but may 

result with unmitigated harmonic distortion, and using less size DC storage device, such 

that 600V and 650V DC storage device doesn’t recover the desired sag size. Hence, careful 

Key Factors value 

Voltage during          
Sag (pu)  0.775 

Voltage during           
Swell (pu)    1.156  

THD (%) 8.83 

p.f 0.92 
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selection of the suitable DC storage device is an important role for success D-STATCOM 

control process. 

Performing PI control  for D-STATCOM system for different conditions yields the 

following results and figures. 

4.2.1 System 1; Rated Load 

Figure 4.5 shows the effect of controlling d and q components of the voltage signal. dV is 

fixed at 1.0 pu value and 
qV  is fixed at 0.0 pu value which is the desired behavior, and that 

reflects the effectiveness of the proposed control strategy. The controlling (compensation) 

process can be understood according to 

 
Figure 4.5: Simulation results of  D-STATCOM, PI control for system 1 

the compensation currents wave form in Figure 4.6, such that the compensation currents are 

injected dynamically to the main system according to the compensation process. As                      

a result, the voltage sag was compensated to 0.9 pu value (10% sag), and the THD was 
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mitigated to 3.87%; Figure 4.7, and although theses values meet the IEEE standards, but it 

still need to be more mitigated. To attenuate harmonics, generally, harmonic filters are 

placed at the point of the load as mentioned in Section 1.2.2. Harmonic filter is                            

a combination of RLC circuit elements that tuned to eliminate the most harmonic orders 

causes distortion on the signal. 

 
Figure 4.6: Compensated currents with PI controller, system 1 

 

Figure 4.7: Harmonics of PI control without harmonic filters  

Harmonic filters is added to the D-STATCOM system as shown in Figure 4.8, and it has 

been tuned to eliminate 5th, 7th and 11th harmonic orders, which is the best harmonic 
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tuning trials. The results now is mitigated to 0.93 pu voltage value during sag (only 7.0% 

sag) and 1.05% THD; Figure 4.9. Comparing the THD in Figures 4.7 and 4.9 shows the 

useful effect of harmonic filters that well eliminate unwanted harmonics. 

In order to recover more sag level, the use of 750V and 800V DC was tested, but it result 

with unmitigated harmonic distortion, therefore, a 700V DC storage device is the best 

choice for D-STATCOM with PI controller, with acceptable resultant compensated sag 

level (7.0% sag). 

 

 

Figure 4.8: Simulated model of D-STATCOM system with added Harmonic filters 

The swell problem was compensated to 1.0 pu voltage value but with clear oscillation, 

which is equivalent to the oscillation of the step response of Figure 3.8. Therefore,  it is 

expected that the PI/LQR controller will mitigate thus oscillation.  

The resultant power factor p.f after control process can be determined easily using the 

active and reactive power values (Figure 4.5), and it was obtained as 0.975 which is perfect 

result of power factor mitigation using this proposed control strategy for D-STATCOM. 

Small overshoot can be observed for small time duration during start and end of sag 
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compensation with 3% and 10%,  respectively, and these overshoot values doesn't exceed 

the IEEE limits. 

 

Figure 4.9: Simulation results of  D-STATCOM, PI control  
with added Harmonic Filters, system 1 

As mentioned previously, the above simulation is tested according to three–phase to ground 

fault which is the worst case faults on power systems. Single and double–phase to ground 

faults are more frequently power problems. It will be tested also, and the results is 

presented in Figures 4.10 and 4.11 for single-phase and double–phase faults, respectively, 

to show the effect of the D-STATCOM control to face these problems.  
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Single-phase fault has relatively no effect on the power system with presence of the                   

D-STATCOM with easy fully recovery the sag occurred. Double–phase fault was 

successfully recovered by the D-STATCOM from 12.0% to 0.0% sag, but with swelling 

occurred on the unfaulted phase (phase c) but within the IEEE limits, which indicated by 

the zoomed view-Figure 4.11 (b), The compensated currents is clearly injected as the need 

of compensation process for the proper phase as shown in Figures 4.10 and 4.11. 

Therefore, the results of PI control for rated load system can be summarized as shown in       

Table 4.2 for the case of three–phase fault for comparison purposes. 

 

Figure 4.10: D-STATCOM control with PI controller for  
single-phase to ground fault (phase a) 
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(a) 

 

(b) 

 
Figure 4.11:  D-STATCOM control with PI controller for double-phase 

    to ground fault (phases a and b).   (a) Full view.  
                 (b) Zoomed view for swelled phase (phase c) during sag 
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Table 4.2: Results of System Simulation with PI control, System 1 

 

 

 

 

 

 

 

4.2.2 System 2; Max. Load 

 

Figure 4.12: Simulation results of  D-STATCOM, PI control for system 2 

Key Factors value 

Voltage during          
Sag (pu)  0.93 

Voltage during Swell 
(pu)    1.0 

THD (%) 1.05 

p.f 0.975  
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Figure 4.13: Compensated currents with PI controller, system 2 

The voltage sag was compensated to 0.966 pu value (only 3.4% sag), and the THD was 

mitigated to 1.15%. The different compensated currents between the cases of system 1 and 

system 2; Figures 4.7 and 4.13 respectively, show the dynamically behavior of the                        

D-STATCOM control to face different problems with different sizes. p.f was mitigated 

again to 0.978 value. Small overshoot can be observed for small time duration during start 

and end of sag compensation with 5% and 10%, respectively. 

Table 4.3: Results of System Simulation with PI control, System 2 

 

 

 

 

 

 

 

 

Key Factors value 

Voltage during          
Sag (pu)  0.966  

Voltage during Swell 
(pu)    1.0 

THD (%) 1.15  

p.f 0.978  
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4.2.3 System 3; Min. Load 

As shown in Figure 4.14, the voltage sag was completely compensated to 1.0 pu value, but 

the swell was not compensated with resultant 11.38% swell. This is swell result is an 

expected result due to the large reactive power injected to the system with low power 

consumption by the load. Applying more reality capacitive load condition; 100 KVA, yield 

the results of Figure 4.15; 1.0 pu voltage during sag and 1.015 during swell.  p.f  was 

mitigated to 0.90 value which is within the acceptable limit. Small overshoot can be 

observed also for small time duration during start of sag and start of swell compensation 

with 8.0% and 8.0%, respectively. THD was mitigated to 3.15% value. 

 
Figure 4.14: Simulation results of  D-STATCOM, PI control for system 3,                                                 

(200KVAR capacitive load) 
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Figure 4.15: Simulation results of  D-STATCOM, PI control for system 3,                                              
(100KVAR capacitive load) 

 

 
Figure 4.16: Compensated currents, PI controller, system 3 
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Table 4.4: Results of System Simulation with PI control, System 3 

 

 

 

 

 

 

 

4.3 Simulation of PI/LQR Controller 

As mentioned previously, the most important two variables (states) of the D-STATCOM 

system are: the voltage at PCC; cv , and the load current Li , so the LQR gain of these 

states are used to mitigate the PI control performance of the two states according to the 

LQR applied to the concept of system error scheme of equation (3.11). The two states; cv

and Li , are compared with corresponding references values, and then processed by the 

similar PI controller of Section 4.2 with the proposed control strategy of controlling the               

d an q components of the both, and then followed by the corresponding LQR gain values.  

 

Figure 4.17: Feedback PI/LQR control scheme for D-STATCOM system 

Key Factors value 

Voltage during          
Sag (pu)  1.0 

Voltage during Swell 
(pu)    1.015  

THD (%) 3.15  

p.f 0.90  
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Figure 4.18: PI control scheme for dq components of 
L
i   

As known, the voltage reference values is 1.0 pu for the three system conditions, while the 

current reference values are taken from the load data listed in Table 3.1 for the three system 

conditions as; 593 A,  905 A and 110 A respectively. 

4.3.1 System 1; Rated Load 

As shown in Figure 4.19, the voltage sag was compensated to 0.935 pu value (only 6.5% 

sag) which is approximately the same sag result with PI control scheme, but the THD was 

well mitigated to 0.57%. As expected, the swell compensation was achieved without 

oscillation that occurred with alone PI controller. p.f was mitigated to 0.97 value. Small 

overshoot can be observed for small time duration during sag start, sag end, swell start and 

swell end compensations with 13.0%, 10.0%, 9.0%, and 6.0%, respectively.  

Single and double–phase to ground faults were tested and the results was similar to results 

of PI controller case; Figures 4.10 and 4.11. 
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Figure 4.19: Simulation results of  D-STATCOM, PI/ LQR control for system 1 

Table 4.5: Results of System Simulation with PI/ LQR control, System 1 

 

 

 

 

 

 

 

 

4.3.2 System 2; Max. Load 

As shown in Figure 4.20, the voltage sag was compensated to 0.96 pu value (only 4.0% 

sag), THD was mitigated to 1.0%, and p.f was mitigated to 0.973 value. Small overshoot 

Key Factors value 

Voltage during          
Sag (pu)  0.935 

Voltage during Swell 
(pu)    1.0 

THD (%) 0.57 

p.f 0.97  
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can be observed for small time duration during start and end of sag compensation with 

6.0% and 11.0%, respectively. 

 

Figure 4.20: Simulation results of  D-STATCOM, PI/ LQR control for system 2 

 

Table 4.6: Results of System Simulation with PI/ LQR control, System 2 

 

 

 

 

 

 

Key Factors value 

Voltage during        
  Sag (pu)  0.96 

Voltage during 
Swell (pu)    1.0 

THD (%) 1.0 

p.f 0.973  
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4.3.3 System 3; Min. Load 

Similar to PI controller, PI/LQR controller will be tested with 100 KVAR capacitive load 

as a swell condition. As shown in Figure 4.21, the voltage sag and swell were compensated 

to 1.0 pu value, THD was mitigated to 2.92%., and p.f  was well mitigated to 0.937 value. 

Small overshoots can be observed for small time duration during start and end of sag 

compensation with 8.0% and 10.0%, respectively. 

 

Figure 4.21: Simulation results of  D-STATCOM, PI/ LQR control for system 3  
(100KVAR capacitive load) 
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Table 4.7: Results of System Simulation with PI/ LQR control, System 3 

 

 

 

 

 

 

 

4.4 Simulation of 2H  and H ∞ Controllers 

2H  and H ∞ controllers guarantee the system robustness by good selection of the weighting 

functions. This was tested and ensured by the step response in sections 3.5.2.3 and 3.5.2.4. 

Thus, it is expected that the simulation of D-STATCOM system with 2H  and H ∞

controllers will result with better performance than the later ones. Using the same system 

parameters of the D-STATCOM system with PI and PI/LQR controllers; filter and DC 

storage device sizes, yield with improperly and slow response as shown in Figure 4.22.  

 
Figure 4.22: Simulation results of  D-STATCOM, 2H  and H ∞ controllers (700V DC) 

Key Factors value 

Voltage during          
Sag (pu)  1.0 

Voltage during Swell 
(pu)    1.0 

THD (%) 2.92  

p.f 0.937  
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It was observed that there is a possibility of increasing the DC storage device with better 

results and well mitigated THD. Thus, a 900V DC storage device is used.  Harmonic filters 

added to the D-STATCOM system with 2H  and H ∞ controllers was tuned to eliminate 5th, 

7th, 48th and 52nd harmonic orders, which is the best harmonic tuning trials. 

4.4.1 System 1; Rated Load 

As shown in Figure 4.23, the voltage sag and swell was fully recovered to 1.0 pu value,            

p.f was mitigated to 0.991 value, and THD was mitigated to the values showed in          

Tables 4.8 and 4.9. The voltage signal shape is very smooth and well mitigated, and that 

reflects the effectiveness of 2H and H ∞ controllers. Small overshoots can be observed for 

small time duration during sag start, sag end, swell start and swell end compensations with 

5.0% 5.0%, 7.0%, and 3.0%, respectively. 

 

Figure 4.23: Simulation results of  D-STATCOM, 2H  and H ∞ controllers for system 1 (900V DC) 



 90 

 

Figure 4.24: Compensated currents  with 2H  and H ∞ controllers, system 1 (900V DC) 

Table 4.8: Results of System Simulation with 2H
 control, System 1 

 

 

 

 

 

 

Table 4.9: Results of System Simulation with H ∞ control, System 1 

 

 

 

 

 

 

Key Factors value 

Voltage during          
Sag (pu)  1.0 

Voltage during Swell 
(pu)    1.0 

THD (%) 0.55  

p.f 0.991  

Key Factors value 

Voltage during          
Sag (pu)  1.0 

Voltage during Swell 
(pu)    1.0  

THD (%) 0.54  

p.f 0.992  
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Single and double–phase to ground faults are tested also and the results is presented in 

Figures 4.25 and 4.26 for single-phase and double–phase faults, respectively.  

 
Figure 4.25: D-STATCOM control with 2H  and H ∞ controllers for 

single-phase to ground fault (phase a) 

 
Figure 4.26: D-STATCOM control with 2H  and H ∞ controllers for 

double-phase to ground fault  (phases a and b) 
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4.4.2 System 2; Max. Load, and System 3; Min. Load 

Similar good results can be showed for both system 2 and system 3 using 2H  and H ∞

controllers, which can be summarized in Table  4.10.  

Unlike PI and PI/LQR controllers, 2H  and H ∞ controllers have a capability of 

compensating more size of swell condition. Applying 200KVA capacitive load yield the 

results shown in Figure 4.27. 

 

Figure 4.27: Simulation results of  D-STATCOM, 2H  and H ∞ controllers                                                   

for systems 2 and 3 
 

 

4.5 Results and Conclusion 

The results of all simulations for the proposed control strategy for D-STATCOM system 

using optimal control methods; LQR, 2  and H H ∞ controllers, for the three load conditions; 



 93 

rated, maximum and minimum load, can be summarized in Table 4.10. The                          

Max. Overshoot  listed in the table is the maximum overshoot of the sag start, sag end, 

swell start and swell end cases occurred for the voltage signal, which can be considered as 

one of the performance factors of the controller.  

Table 4.10:  Summery of Simulation Results 

 

The summarized results of Table 4.10 can be represented by the statistical                            

Figures 4.28 (a)-(e) for each performance factor. 

 
[ 

 (a) 

Performance 

Controller 

PI PI /LQR  2H  H ∞ 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Rated 
Load 

Max. 
Load  

Min. 
Load 

Voltage during   
       Sag (pu) 0.93 0.966  1.0 0.935 0.96 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Voltage during   
      Swell (pu)  1.0 1.0 1.015  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

THD (%) 1.05 1.15  3.15  0.57 1.0 2.92  0.55  0.57  1.28  0.54  0.58  1.40  

p.f 0.975  0.978  0.90  0.97  0.973  0.937  0.991  0.99  0.99  0.992  0.99  0.99  

Max.  
Overshoot  (%) 10.0 10.0  8.0 13.0  11.0  10.0  7.0  5.0 10.0 6.3  5.0 10.0  
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(b) 

 

(c) 

 

(d) 
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(e) 

Figure 4.28: Summery of simulation results 
                                                                     (a) Voltage during Sag  

          (b) Voltage during Swell 
                                                                     (c) THD  
                                                                     (d) p.f 
                                                                     (e) Max. Overshoot  
  

 
In general, the proposed control strategy for D-STATCOM gave good performance for the 

four controllers; PI, PI/LQR, 2  and H H ∞  for all system load conditions and various              

sag/ swell problems including three-phase, double-phase, single-phase faults and high 

capacitive load conditions. The load variations has no effect on the success of the four 

controllers involved in the proposed control strategy since all results are within the IEEE 

standards. 

The PI controller had good performance with acceptable voltage level and THD values. 

This was the case also for PI/LQR controller, but with special contribution of mitigating the 

oscillation of voltage waveform during the swell compensation occurred with PI controller 

alone. Compared with 2  and H H ∞ controllers, the disadvantages of PI and PI/LQR 

controllers are: the limited size of the used DC storage device which can't be exceeded 

more than 700V DC value, such that increasing DC voltage source will result with more 

and unmitigated THD. Thus the size of the DC storage device is constrained for some 

limitations and the trade off must be made between the recovered voltage level and the 

resultant THD. The other disadvantage is its limitation of compensating the swell situation 
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during minimum load condition, and the slightly reduction of the power factor during this 

case (0.90 value) but within the acceptable limit. These disadvantages are not the case of 

2  and H H ∞ controllers which have the capability of using more than 700V DC value in 

order to compensates more sag size, compensating more swell size situations and better 

power factor mitigation. 

Harmonic filters with good tuning play an important role to mitigate THD to the optimum 

levels, but the D-STATCOM itself perform a good THD mitigation as shown in the 

simulation result of the D-STATCOM control without harmonic filters. 

2  and H H∞ controllers had perfect performance with fully recovered voltage level (1.0 pu, 

no oscillation), lowest THD values (0.55% and 0.54% for rated load), lowest overshoot 

cases (7.0% and 6.3% for rated load), max. p.f  (0.992) and smoothest voltage wave form. 

The main contribution of the 2  and H H∞ controllers are: the approximately fully 

elimination of THD, its ability to overcome system noise and disturbances, and its ability to 

use more DC storage device sizes in order to overcome more depth voltage sags.  

As shown in Figures 4.23, and 4.27, the active and reactive power consumption in the case 

of 2  and H H ∞ controllers has sustained values during various power problems and its 

compensations, which provide fixed system power factor compared with the other 

controllers.   

 

 

 

 

 

 

 



 97 

5 CHAPTER 5:  CONCLUSION AND FUTURE WORK 

5.1   Conclusion 

The objective of this thesis is to design an optimal based control strategy for                            

D-STATCOM as a power quality solution, improve the performance of the D-STATCOM 

within this control strategy, and verify its work and improvement by simulation on one of 

Gaza low voltage (400V) networks for various load conditions as a case study. The analysis 

was composed of two parts; one is theoretical analysis using step response of the proposed 

control strategy, and the other is designing four controllers of the  D-STATCOM; PI, 

PI/LQR, 2H  and H∞ controllers, and simulating its performance for compensating the main 

power quality problems; voltage sag, voltage swell and harmonic distortion.  

Being a shunt device, the D-STATCOM is considered as a current source to contribute to 

the compensation of the voltage sag/ swell. The step response analysis and the design of 

LQR, 2H  and H∞  controllers require the state space model of the system with                          

D-STATCOM connected, which has been derived.  

The proposed control strategy depends on controlling the d and q transformed components 

of  the 3-phase abc voltage signals using PI, PI/LQR, 2H  and H∞ controllers. Phase-Locked 

Loop (PLL) technique is used for synchronization purpose with fixed 50 Hz, 0 � phase shift 

information to avoid the additional control loops and to ensure ideal  synchronization 

between the injected compensation signal and the main signal. Constant DC link voltage is 

the case in the proposed control strategy such that both active and reactive power can be 

injected to the power system by D-STATCOM with faster response comparing with other 

DC storage schemes. This thesis mainly focused on the optimal control for the                       

D-STATCOM, which were not yet fully discovered in the past, and that have made this 

research area very attractive. Optimal control knowledge is a very suitable base for           

D-STATCOM control and power quality solutions due to its role to provide the best 

possible performance with respect to given measure of performance (cost function) and to 

give the best possible system for voltage sag/ swell compensation and THD elimination, in 

addition to disturbance and noise rejection.  
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Comparing with the other control strategies of D-STATCOM in the literature, the proposed 

control strategy is lower cost,  more simple, and more fixable due to the facts of: 

- It has only one control loop to control only the voltage at the load point (PCC), 

- Only voltage measurement is required to achieve the control process,  

- The using of dq transformation, to control only d and q components, and 

- Ideal synchronization using virtual PLL scheme. 

As shown in the simulation results, the constant DC link voltage source provide  a useful 

active and reactive power exchange between the D-STATCOM and the power system 

according to the compensation needs. This is very useful specially for voltage sag 

compensation and power factor mitigation. It was observed also, that the D-STATCOM 

capacity for power compensation and voltage regulation depends mainly on two factors: the 

rating of the DC storage device and the characteristics of the filter between the device and 

the main system. The simulation results showed that the controller response time is very 

fast (less than 50 ms as the worst case).  

Applying 2H  and H∞  as an optimal and modern controllers for D-STATCOM provided   

perfect results; fully recovered voltage level (1.0 pu, no oscillation), lowest THD values 

(0.54%), max. p.f  (0.992), lowest overshoot, fastest response (0.02 sec) and smoothest 

voltage wave form.  Hence, the main thesis problem was covered and the improvement of  

D-STATCOM performance with optimal control was investigated. This is the main 

contribution of the thesis with the weakness of researches on optimal control of                        

D-STATCOM. These are an expected results due to the nature of 2H  and H∞ controllers by 

considering the system disturbances and noise, and guarantee the system robustness as 

showed in the simulation results. It is clear that good selection of the weighting functions 

for 2H  and H∞ controllers with the suitable size of DC storage device is the key factor for 

2H  and H∞ optimality.  

By varying the system parameters, the proposed control strategy is proved to be able to 

compensate the power quality problems at 400V networks of Gaza utility for various load 
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conditions. Therefore, it can be concluded that the D-STATCOM with the optimal based 

control strategy is a practical and realistic solution for power quality problems of Gaza 

power utility, and it can replace the manual tap changer used in the transformers to 

overcome the voltage variations during faults and load variations.   

In addition to its role to compensate the sag, swell voltages and THD, D-STATCOM has 

very good behavior in order to improve the power factor (p.f ) for excellent levels. 

Finally, it can be concluded also that 2H  and H∞ controllers have the Optimum 

Performance for sag/swell compensation tasks, and THD and power factor mitigation. 

5.2   Future Work 

Although this thesis has covered the optimal control of D-STATCOM, additional work is 

required for future research.  

It is interesting to extend the researches for the uncertainty of the system parameters in 

order to improve the controllers design to consider uncertain control design. This can be 

illustrated by the various load conditions of the electrical utility and the variations of power 

quality problems.  

As mentioned in the conclusion, the rating of the DC storage device is an important factor 

for D-STATCOM capacity for power compensation and voltage regulation. The required 

energy can be stored in Dry batteries, Transportable Battery Energy Storage System 

(TBESS), Ultra-Capacitor energy storage, etc. Thus, it may be one of the topics to be 

covered by researchers to determine optimum and most economic DC storage device for D-

STATCOM control.  

In the case of Gaza strip power utility, the present research cover the low voltage             

networks. It is interesting also to model the medium and high voltage networks of Gaza 

strip and apply the STATCOM control to overcome power quality problems allocated 

within the utility. 
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ANNEX A:  Low voltage network of "Southern of Al-Zaitoon 

Neighborhood" - Gaza 

 

 

Figure A.1: Plan of  Southern of Al-Zaitoon Neighborhood low voltage network-Gaza [25] 

 

Internal parameters of 630 KVA transformer [25]: 

2
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base  = 400 V, and the rated  = 630 KVAV KVA , hence, 
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s

R  = 0.254 

L  = 0.808 mH

Ω
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Rated load of the Network = 410 KVA, 593 A 

Max. capacity of the transformer = 625 KVA, 905 A 

 

Resistance R and inductive reactance L values for distributed lines per kilometer: 

For each line, 

Dc resistance ( /km)  Length (m) / 1000                                                (A.3)

inductive reactance at 50Hz ( /km)  Length (m) / 1000                        (A.4)

R

X

= Ω ×

= Ω ×
 

DC resistance and inductive reactance can be found from the following data sheet of the  

LV XPLE type Cables: 
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ANNEX B:  MATLAB Code 

 

B.1   System State-Space Model        

 

Rs = 0.0254;             % source resistance 

Ls = 0.808e-3;           % source reactance 

Rl = 0.357;              % load resistance: varied according to 
load condition 

Ll = 0.484e-3;           % load reactance: varied according to 
load condition 

Rc = 0.010;              % filter resistance 

Lc = 2.5e-3;             % filter reactance 

C  = 60e-6;              % filter capacitance 

  

a = [-1*Rs/Ls    0       0     -1/Ls; 
         0    -1*Rc/Lc   0     -1/Lc;  
         0       0   -1*Rl/Ll   1/Ll; 
         1/C    1/C    -1/C       0   ]; 
  
b = [1/Ls; 0; 0 ;0]; 
  
c = [ 0  0  0  1]; 
  
d= [0]; 

  

B.2     Design of LQR Controller 

  

 Q=[0   0   0   0; 

   0   0   0   0; 

   0   0  2000  0; 

   0   0   0 100];          

     

R=[100]; 

 

[K1,S,e] = LQR(a,b,Q,R)      % K - Gain Matrix (Kalman gain), e - 
closed-loop  eigenvalues 
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B.3     Design of 2H  Controller 

 

format short 

  

% performance  function W1 

num1=[0.03 0.05 0]; 

den1=[0.05 15  10]; 

% inout weighting function W2 

num2=[5 10]; 

den2=[10 10]; 

% robust weighting function W3 

num3=[1]; 

den3=[1]; 

 

sys = ss(a,b,c,d); 

 

% Construct the wieghting functions 

[aw1,bw1,cw1,dw1] = tf2ss(den1,num1); sysw1 = ss(aw1,bw1,cw1,dw1); 

[aw2,bw2,cw2,dw2] = tf2ss(num2,den2); sysw2 = ss(aw2,bw2,cw2,dw2); 

[aw3,bw3,cw3,dw3] = tf2ss(den3,num3); sysw3 = ss(aw3,bw3,cw3,dw3); 

  

sys_=augss(sys,sysw1,sysw2,sysw3,0);   % augss  --- state space 
plant augmentation with 
weighting function 

 

[A,B1,B2,C1,C2,D11,D12,D21,D22]=branch(sys_); 

 

[ss_cp,ss_cl]=h2lqg(sys_);     % --  H_2 optimal controller design 

 

[ae,be,ce,de]=ssdata(ss_cp); 

 

p=[A B1 B2;C1 D11 D12;C2 D21 D22]; 

 

 

 



 108 

B.4    Design of H∞  Controller 

 

format short 

 

% performance weighting function W1 

num1=[0.03 0.05 ]; 

den1=[0.05 15 ]; 

% inout weighting function W2 

num2=[5 10]; 

den2=[10 10]; 

% robust weighting function W3 

num3=[1.0]; 

den3=[1.0]; 

  

sys = ss(a,b,c,d); 

 

% Construct the wieghting functions 

[aw1,bw1,cw1,dw1] = tf2ss(den1,num1); sysw1 = ss(aw1,bw1,cw1,dw1); 

[aw2,bw2,cw2,dw2] = tf2ss(num2,den2); sysw2 = ss(aw2,bw2,cw2,dw2); 

[aw3,bw3,cw3,dw3] = tf2ss(den3,num3); sysw3 = ss(aw3,bw3,cw3,dw3); 

 

s=zpk('s');  

 

sys_=augtf(sys,sysw1,sysw2,sysw3)   % augss     --- state space 
plant augmentation with 
weighting function 

  

[A,B1,B2,C1,C2,D11,D12,D21,D22]=branch(sys_); 

 

[K,CL,GAM]=hinfsyn(sys_);     % -- H_inf optimal controller design   

 

[ae,be,ce,de]=ssdata(K)  

 

p=[A B1 B2;C1 D11 D12;C2 D21 D22]; 
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