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Abstract 

There are many loads subjected to several Power Quality Problems 

such as voltage sags/swells, unbalance, harmonics distortion, and short 

interruption. These loads encompass a wide range of equipment which 

are very sensitive to voltage disturbances.  

The Dynamic Voltage Restorer (DVR) has recently been 

introduced to protect sensitive loads from voltage sags and other voltage 

disturbances in addition to this, it mitigates current harmonics distortion. 

It is a series connected power electronic based device. It is considered as 

one of the most efficient and effective solutions. Its appeal includes 

smaller size and fast dynamic response to disturbances.  

This work describes a proposal of the DVR to improve power 

quality distribution (medium voltage) system. The control of the 

compensation voltage and harmonics cancellation in the DVR is based on 

Adaptive Noise Canceling (ANC) technique. Simulation results carried 

out by PSCAD/EMTDC to investigate the performance of the proposed 

method.  

 

 

 



II 

 

 

 

 

 

Acknowledgement 
 

 

First and foremost, I would like to thank and praise God almighty 

for enlightening my way and directing me through each and every 

success I have or may reach. 

I would like to thank and express my appreciation to my 

supervisor, Dr. Tarek kandil, Faculty of Engineering, Azhar University 

for his encouragement and patience during my research work. It has been 

my honor and privilege to work under his supervision. His enthusiasm, 

guidance and insight throughout the duration of this study were 

invaluable to me. 

I would like to extend my appreciation and deep thanks to Prof.Dr. 

Nabil Ayad and Dr. Ayman Azab, Atomic Energy Authority.  I’m deeply 

indebted for my current achievements to the invaluable guidance I have 

been receiving from them. Their advice and critical discussions are the 

main factors that helped me to accomplish this work. 

I would like to express my sincere gratitude, thanks, and love to 

my father for his continuous encouragement and love during the period of 

study. I would like to extend my gratitude to my family to have their 

support and care all these years. I got mainly from them the strength and 

inspiration that enabled me to finish this work. 

Finally, I would like to express my gratitude to my wife for her 

patience, care, and support through the most difficult periods of this 

work. To her goes a great part of my gratitude. 



III 

 

 

 

Contents  

1. INTRODUCTION ................................................................................... 1 

2. POWER QUALITY ................................................................................. 7 

2.1 POWER QUALITY PROBLEMS ................................................................. 7 

2.1.1 Power quality concerns...................................................................... 8 

2.1.2 Power quality categories ................................................................... 9 

2.1.3 Voltage sag....................................................................................... 11 

2.2 INNOVATIVE AND CONVENTIONAL TECHNOLOGIES FOR THE     

MITIGATION OF POWER QUALITY PROBLEMS  ........................................ 16 

2.3 POWER QUALITY AND CUSTOM POWER DEVICES .......................... 17 

2.3.1 Static VAR compensator (SVR) ........................................................ 18 

2.3.2 Distribution static compensator (DSATCOM)................................. 19 

2.3.3 Solid stat transfer switch (SSTS) ...................................................... 21 

2.3.4 Active filters ..................................................................................... 23 

2.3.5 Solid stat current limiter (SSCL)...................................................... 26 

2.3.6 Uninterruptible power supplies (UPS) ............................................ 27 

2.3.7   Dynamic voltage restorer (DVR) ..................................................... 29 

3. THE DYNAMIC VOLTAGE RESTORER ........................................ 30 

3.1 THE DVR POWER CIRCUIT ..................................................................... 30 

3.1.1 Energy storage ................................................................................. 31 

3.1.2 Voltage source inverter .................................................................... 32 

3.1.3 Passive filter..................................................................................... 35 

3.1.4 Voltage injection transformer .......................................................... 36 

 



IV 

 

3.2 THR DVR OPERATION MODES .............................................................. 38 

3.2.1 Protection mode ............................................................................... 38 

3.2.2 Standby mode ................................................................................... 39 

3.2.3 Injection mode .................................................................................. 40 

3.3 CAPACITY, CONTROL AND PROTECTION OF THE DVR  .................. 40 

3.3.1 Capacity of the DVR ........................................................................ 40 

3.3.2 Control and protection of the DVR .................................................. 41 

4. THE DVR COMPENSATION STRATEGIES AND CONTROL ... 42 

4.1 COMPENSATION STRATEGIES OF THE DVR ...................................................... 42 

4.1.1 Pre-sag compensation ...................................................................... 43 

4.1.2 In-phase compensation .................................................................... 44 

4.1.3 Energy optimization technique ........................................................ 45 

4.2 REFERENCE SIGNAL GENERATORS OF THE DVR CONTROL ................ 46 

4.2.1 PQ theory (clarke transformation) .................................................. 46 

4.2.2 The dqo transformation (park's transformation) ............................. 49 

4.2.3 Adaptive Noise Canceling (ANC) Technique .................................... 52 

4.2.3.1 Principle of operation of (ANC) Technique ............................ 52 

4.2.3.2 Reference Current Generation Using (ANC) Technique ........ 53 

5. DESIGN, MODELING AND SIMULATION OF THE DVR  ......... 57 

5.1 MODELING OF CONTROL CIRCUIT OF DVR BY PSCAD ....................... 59 

5.2  THE DVR FOR HARMONIC COMPENSATION ........................................... 61 

5.3 PARAMETERS DESIGN OF THE DVR .................................................... 63 

5.3.1 PWM voltage source inverter .......................................................... 63 

5.3.2 Energy storage device ...................................................................... 64 

5.3.3 Injection transformer ....................................................................... 65 

5.3.4 Passive filter..................................................................................... 66 

5.4 SYSTEM MODELING AND SIMULATION ................................................. 67 

5.4.1 Simulation examples and results ....................................................... 67 

5.4.1.1 The DVR connected to the system with linear load ................. 67 

5.4.1.2 The DVR connected to the system with non-linear load ......... 78 

 

 



V 

 

6.  CONCLUSION AND FUTURE WORK ............................................ 90 

6.1 CONCULSION ............................................................................................ 90 

6.2 FUTURE WORK ......................................................................................... 92 

  REFERENCES ......................................................................................... 93 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



VI 

 

 

 

 

List of Figures 

Figure 2.1 Waveforms of (a) voltage sag, (b) swell, (c) harmonic, (d) outage, (e) 

unbalance,    (f) Voltage spike, (g) Noise, (h) Voltage fluctuation           (12) 

Figure 2.2 Voltage disturbance                                                                                  (12) 

Figure 2.3 (a) Voltage sag to 50% at normal voltage and (b) rms voltage                (14) 

Figure 2.4 The phasor diagrams of voltage sag types                                               (15) 

Figure 2.5 Custom power devices                                                                             (16) 

Figure 2.6 A Typical SVC (TSC-TCR) Configuration                                             (19) 

Figure 2.7 Schematic diagram of the DSTATCOM as a custom power controller   (20) 

Figure 2.8 Arc furnace load compensation by means of a distribution static 

synchronous     compensator (DSTATCOM)                                           (21) 

Figure 2.9 SSTS position                                                                                           (22) 

Figure 2.10 Schematic representations of the SSTS as a custom power device        (22) 

Figure 2.11 A shunt active filter                                                                                (24) 

Figure 2.12 A series active filter                                                                                (24) 

Figure 2.13 Hybrid filters a) A series active filter with shunt passive filter, b) An 

active filter in series with shunt passive filter                                           (25) 

Figure 2.14 Unified Power Quality Conditioner (UPQC)                                         (26) 

Figure 2.15 Fault Current Limiter                                                                             (27) 

Figure 2.16 Schematic diagram for UPS                                                                  (28) 

Figure 3.1 Power circuit of the DVR                                                                         (31) 

Figure 3.2 Three-phase voltage source inverter                                                        (33) 

Figure 3.3 Principle of sinusoidal PWM generation                                                 (34) 

Figure 3.4 Different filter placements                                                                       (36) 

Figure 3.5 The DVR with Δ-Y connected transformer feeds the load                      (37) 



VII 

 

Figure 3.6 Connection methods for the primary side of the injection transformer, a) 

delta/open configuration, b) Star/open configuration                               (37) 

Figure 3.7 Scheme of the protection mode                                                                (39) 

Figure 3.8 Scheme of the standby mode                                                                    (39) 

Figure 4.1 Pre-sag compensation technique                                                              (43) 

Figure 4.2 In-phase compensation technique                                                            (44) 

Figure 4.3 Combining both pre-sag and in-phase compensation techniques            (45) 

Figure 4.4 Energy optimization technique                                                                 (46) 

Figure 4.5 Power components of the p-q theory in a-b-c coordinates                       (48) 

Figure 4.6 Simplified block diagram of a phase locked loop                                    (50) 

Figure 4.7 Adaptive noise canceling concept                                                            (52) 

Figure 4.8 Scheme for generating the reference current that only represents the 

reactive component of the load current, iLq(t)                                           (54) 

Figure 4.9 Scheme for generating the reference current that only represents the 

harmonics currents, iLh (t)                                                                         (56) 

Figure 5.1 Configuration and modeling of system and the DVR                              (58) 

Figure 5.2 Control signals of the DVR                                                                      (59) 

Figure 5.3 ANC for three single phase (a,b,c)                                                           (60) 

Figure 5.4 The DVR using shunt passive filter                                                         (61) 

Figure 5.5 Equivalent circuit of compensation scheme                                             (62) 

Figure 5.6 Single-phase diagram for the full bridge converter of the DVR              (63) 

Figure 5.7 PWM inverter having IGBTs controllable switches                                (64) 

Figure 5.8 Producing Stages of firing signals using Sinusoidal PWM                     (65) 

Figure 5.9 Three single phase transformer connection                                              (66) 

Figure 5.10 The DVR connected to system with linear load                                     (67) 

Figure 5.11 Three-phase voltages sag (75%) (a)-Source voltage, (b)-Injected voltage, 

(c)- Load voltage                                                                                                       (69) 

Figure 5.12 Three-phase voltages sag (50%) (a)-Source voltage, (b)-Injected voltage, 

(c)-Load voltage                                                                                     (70) 

Figure 5.13 Three-phase multi-stage sag (a)-Source voltage, (b)-Injected voltage, (c)-

Load voltage                                                                                              (71) 

Figure 5.14 Three phase unbalanced sag (SLGF) (a)-Source voltage, (b)-Injected 

voltage, (c)-Load voltage                                                                          (72) 



VIII 

 

Figure 5.15 Three phase unbalanced sag (DLGF) (a)-Source voltage, (b)-Injected 

voltage, (c)-Load voltage                                                                          (73) 

Figure 5.16 Three phase unbalanced sag (DLF) (a)-Source voltage, (b)-Injected 

voltage, (c)-Load voltage                                                                          (74) 

Figure 5.17 Three-phase voltages swell (a)-Source voltage, (b)-Injected voltage, (c)-

Load voltage                                                                                              (75) 

Figure 5.18 Three phase unbalanced voltage (a) Source voltage, (b)-Injected voltage, 

(c)-Load voltage                                                                                        (76) 

Figure 5.19 Three-phase voltage interruption (a)-Source voltage, (b)-Injected voltage, 

(c)-Load voltage                                                                                        (77) 

Figure 5.20 The DVR connected to system with linear load                                    (78) 

Figure 5.21 Three-phase voltages without fault (a)-Source voltage, (b)-Injected 

voltage, (c)-Load voltage, (d)-Load current, (e)-Source current              (80) 

Figure 5.22 Three-phase voltage balanced sag (a)-Source voltage, (b)-Injected 

voltage, (c)-Load voltage, (d)-Load current, (e)-Source current              (82) 

Figure 5.23 Three phase unbalanced sag (SLGF) (a) Source voltage, (b)-Injected 

voltage, (c)-Load voltage, (d)-Load current, (e)-Source current              (83) 

Figure 5.24 Three phase unbalanced sag (DLF) (a) Source voltage, (b)-Injected 

voltage, (c)-Load voltage, (d)-Load current, (e)-Source current              (84) 

Figure 5.25 Three phase voltage swell, (a)-Source voltage, (b)-Injected voltage, (c)-

Load voltage, (d)-Load current, (e)-Source current                                  (87) 

Figure 5.26 Three phase unbalanced voltage, (a)-Source voltage, (b)-Injected voltage, 

(c)-Load voltage, (d)-Load current, (e)-Source current                            (88) 

Figure 5.27 Three phase interruption voltage, (a)-Source voltage, (b)-Injected voltage, 

(c)-Load voltage, (d)-Load current, (e)-Source current                            (89) 

 

 

 

 

 

 

 

 



IX 

 

 

 

List of Tables 

Table 1.1 The power quality problem areas and their possible solutions                  (17) 

Table 1.2 Active Filter Solutions to Power Quality Problems                                  (26) 

Table 5.1 THD of source current and load current without fault                              (79) 

Table 5.2 THD of source current and load current during three phase balanced and 

unbalanced voltage sag.                                                                              (81) 

Table 5.3 THD of source current and load current during voltage swell, unbalanced 

and short interruption                                                                                  (86) 

 

 

 

 

 

 

 

 

 

 

 

 

 



X 

 

 

 

List of Abbreviations 

DVR……………….…Dynamic Voltage Restorer 

VSI……………….…..Voltage Source Inverter 

PWM…………….…...Pulse Width Modulation 

SPWM…………….….Sinusoidal Pulse Width Modulation 

THD……………….…Total Harmonic Distortion 

ANC……………….….Adaptive Noise Canceling 

UPS…………………..Uninterruptible Power Supply 

DSTATCOM……….....Distribution Static Compensator 

SV C……………….….Static Var compensation 

CPS…………………..Custom Power Device 

FACTS………………….Flexible AC Transmission Systems 

GTO…………………..Gate Turn Off 

HV…………………….High Voltage 

MV…………………….Medium Voltage 

IGBT…………………..Insulated Gate Bipolar Transistor 

IGCT…………………..Integrated Gate Commutated Thyristor 

LV.………………….....Low Voltage 

PCC……………………Point of Common Coupling 

PQ………………….….Power Quality 

V SC….………………..Voltage Source Converter 

SSTS…………………...Solid State Transfer Switch 

UPQC………………….Unified Power Quality Conditioner 

SSCL…………………...Solid State Current Limiter 

FCL……………...……..Fault Current Limiter 

SMES………………......Superconducting Magnetic Energy Storage 

MOSFET………….…....Metal Oxide Semiconductor Field Effect Transistor 

SVM…………………….Space Vector Modulation 



XI 

 

PLL………………..…...Phase Locked Loop 

VCO……………………Voltage Controlled Oscillator 

IDVR………………..….Inter-Line Dynamic Voltage Restorer 

 

 



1 

 

 

 

 

 

 

 

 

CHAPTER.1 

1. INTRODUCTION 

The high quality sinusoidal waveform is produced at power 

stations. The widespread applications of power electronic based non-

linear devices as well as, the occurrence of faults cause deviation from 

pure sinusoidal waveform [1]. Customers need constant sine wave shape, 

constant frequency and symmetrical voltage with a constant root mean 

square (rms) value to continue the production. To satisfy these demands, 

the disturbances must be eliminated from the system. The typical power 

quality disturbances are voltage sags, voltage swells, interruptions, phase 

shifts, harmonics and transients [2]. 

The wide usage of nonlinear loads, such as personal computers, 

variable speed drives, UPS systems, and the other electronic equipment 

produce harmonics which represent a major problem in industrial and 

commercial power systems. The current harmonics are widely spread in 

industrial systems. These harmonics interact with system impedances and 

lead to voltage harmonics which badly affect the sensitive loads. 
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Electronic equipment are very sensitive loads against harmonics because 

their control depends on either the peak value or the zero crossing of the 

supplied voltage, which are all influenced by the harmonic distortion. 

These problems are facing electricity customers and suppliers so, one of 

the major concerns in electricity industry is power quality. 

Voltage sag and swell can cause sensitive equipment (such as those 

found in semiconductor or chemical plants) to fail, or shutdown, as well 

as create a large current unbalance that could blow fuses or trip breakers. 

These effects can be very expensive for the customer, ranging from minor 

quality variations to producing downtime and equipment damage [3, 4]. 

There are many different methods to mitigate voltage sags and swells, but 

the use of a custom power device is considered to be the most efficient 

method.  

Voltage swells are not as important as voltage sags because they 

are less common in distribution systems. Switching off a large inductive 

load or energizing a large capacitor bank is typical system events that 

cause swells [5]. 

Voltage sag is considered the most severe cause since the sensitive 

loads are very susceptible to temporary changes in the voltage. Voltage 

sag is produced by a magnitude change with or without a phase shift of 

the supply voltage. The voltage temporarily drops to a lower value and 

comes back again after a certain period of time. Short circuit faults, motor 

starting and transformer energizing will cause short duration increase in 

current, and this will cause voltage sags on the line. Despite their short 

duration, such events can cause serious problems for a wide range of 

equipment [6]. 
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 The characterization of voltage sags is related with the magnitude 

of remaining voltage during sag and duration of sag. In practice the 

magnitude of the remaining voltage has more influence than the duration 

of sags on the system. Voltage sags can cost millions of dollars in 

damaged product, lost production, restarting expenses and danger of 

breakdown [7].  

The wide area solution is required to mitigate voltage sags and 

improve power quality. One new approach is using the Dynamic Voltage 

Restorer (DVR) (voltage source converters connected in series between 

the supply system and the sensitive load). The DVR has recently been 

introduced to protect sensitive loads from voltage sags and other voltage 

disturbances, in addition to this it mitigates harmonics distortion. The 

DVR is specifically designed for large loads ranging from a few MVA up 

to 50 MVA or higher [7, and 8].  

For higher power sensitive loads where the energy storage 

capabilities of uninterruptible power supplies (UPS) become very costly, 

the DVR is highly efficient and cost effective than UPS. The DVR can be 

implemented at both a low voltage (LV) level as well as, a medium 

voltage (MV) level [9].The DVR is a series of connected custom power 

devices. It has been applied as a definitive solution due to the advantages 

of the series compensation over the shunt compensation (such as 

DSTATCOM) in terms of the required power rating for typical voltage 

stiff systems [10]. 

The DVR is a fast, flexible and efficient solution to the voltage sag 

problems. It can restore the load voltage within a few milliseconds and 

hence avoiding any power disruption to that load [7]. 
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The basic operation principle of the DVR is to inject an appropriate 

voltage in series with the supply through injection transformer whenever 

voltage sag or voltage swell is detected. In addition to voltage sags and 

swells compensation, the DVR can also perform other tasks such as, 

harmonic compensation and power factor correction [11]. 

The DVR essentially consists of a Voltage Source Inverter (VSI), 

inverter output filter, energy storage device connected to the DC link, 

control system, protection system and an injection transformer [12]. 

The DVR is now becoming more established in industry to reduce 

the impact of voltage sags on sensitive loads [13].  

Generally, the DVR is categorized into three-operation modes: 

protection mode, standby mode (during steady state) and injection mode 

(during sag). In protection mode, The DVR is protected from the over 

current in the load side due to short circuit on the load or large inrush 

currents. The bypass switches remove the DVR from system by 

supplying another path for current. The bypass system protects the DVR 

components from abnormally high downstream load or fault currents [7, 

14, and 15].  

 In standby mode (normal steady state conditions), the DVR may 

either go into short circuit operation or inject small voltage to compensate 

the voltage drop on transformer reactance or losses [7]. However, the 

DVRs spend most of their time in standby mode so the series-connected 

inverter of the DVR could also be used to compensate for any steady state 

load voltage harmonics, since this would increase the power quality 

“value-added” benefits to the grid system [13]. 
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In injection mode, the DVR goes into injection mode as soon as the 

sag is detected. Three single-phase ac voltages are injected in series with 

required magnitude, phase and wave shape for compensation [7]. 

When a voltage disturbance occurs, the DVR restores the quality of 

the voltage waveform to the load by injecting either only reactive or both 

active and reactive powers into the feeder connected to the critical load 

[16]. The voltage sags resulting from faults can be corrected either in the 

transmission or distribution system. The DVR can compensate small 

disturbances by injecting reactive power and compensate larger 

disturbances by injecting real power to the system. 

To obtain missing voltage, the DVR compares the distorted source 

voltage with its pre-fault value and then generates the control signal for 

PWM. The control unit gives information on required voltage to be 

inserted and its duration during sag. Sinusoidal pulse width modulation 

technique is used to control the DVR. Solid-state power electronic 

switching devices are used in PWM. 

The output of inverter (semiconductor devices) may contain 

harmonics and they can be filtered on the inverter side or the line side to 

smooth the voltage waveform. The filtering scheme should keep the Total 

Harmonic Distortion (THD) of the remaining voltage at the supply side 

and the injected voltage within limits determined by standards [14, and 

15]. 

To restore the load voltage, the DVR, which installed between the 

supply and a sensitive load, should inject voltage and active power from 

DVR to the distribution system during voltage sag. Due to the limit of 

energy storage capacity of DC link, it is necessary the minimize energy 

injection from the DVR [17]. 
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This work describes the DVR to improve the power quality 

problems such as voltage sags/swells, harmonics distortion and 

unbalanced voltages in distribution systems. The control of the DVR is 

based on Adaptive Noise Canceling (ANC) technique.  Simulation results 

carried out by PSCAD/EMTDC to verify the performance of the 

proposed method. 

The basic flow of this thesis is as follows.   Chapter 2 will give the 

reader a general idea about power quality and its problems on the entire 

system, from transmission, to distribution, and utilization. The causes and 

characteristic properties of the voltage sags are analyzed as it is the most 

wide power quality problem. Also, this chapter gives Literature review 

about most of the custom power devices which are used to mitigate power 

quality problems. 

Chapter 3 describes the basic operation, structure, power circuit 

components, operation modes and capacity (MVA rating) of the DVR 

and explains it in detail. 

Chapter 4 investigates the compensation techniques of the DVR. It 

describes the different reference signal generators of the DVR control. 

Then it mentions the used DVR control in detail. 

Chapter 5 determines the design and modeling of control circuit 

and power circuit parameters of the DVR by PSCAD. It proposes 

simulation examples and analyses results of the DVR connected to 

system with different loads (linear and non-linear load). 

In Chapter 6, the important conclusions of the study are explained 

and the future work topics on the DVR are suggested. 
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CHAPTER.2 

2. POWER QUALITY 

2.1. Power Quality (PQ) Problems 

Power quality is obtaining increasing attention by the utilities, as 

well as by both industrial and commercial electrical consumers [9]. 

Power quality can be defined as having a bus voltage that closely 

resembles a sinusoidal waveform of the required magnitude. The users 

demand higher power quality to use more sensitive loads, to automate 

processes and improve quality. Some basic criterions for power quality 

are constant (rms) value, constant frequency, symmetrical three-phases, 

pure sinusoidal wave shape and limited THD. These parameter values 

should be kept between certain limits determined by standards, if the 

power quality level is considered to be high. 

The costly effects of power quality problems are most clearly seen 

in large industrial and commercial facilities when equipment or products 

suffer damage. Not only downtime cost for the affected equipment, but 
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there are also repair and replacement time and costs. In addition, loss of 

product means expensive rework, loss of productivity, and higher 

overhead costs. While most people think that power quality problems 

only affect sensitive electronic components, other aspects, in particular 

harmonic distortion, also affect normal loads such as motors, and 

transformers. The entire system, from transmission, to distribution, and 

utilization, is now subject to damage and destruction from various power 

quality phenomena.  

    2.1.1. Power quality concerns  

The main reasons for concern with power quality (PQ) are as 

following [18]: 

 End user devices become more sensitive to PQ due to many 

microprocessor based controls. 

 Complexity of industrial processes: the re-startup is very costly. 

 Large computer systems in many businesses facilities 

 Power electronics equipment used for enhancing system stability, 

operation and efficiency. They are major source of bad PQ and are 

vulnerable to bad PQ as well. 

 Deregulation of the power industry 

 Complex interconnection of systems, which results in more severe 

consequences if any one component fails. 

 Continuous development of high performance equipment: Such 

equipment are more susceptible to power disturbances. 
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2.1.2. Power quality categories  

PQ problems can be summarized as follows [19]: 

1. Voltage sag (or dip) 

Description: A decrease of the normal voltage level between 10 and 90% 

of the nominal (rms) voltage at the power frequency, for durations of 0.5 

cycle to 1 minute. 

Causes: Faults on the transmission or distribution network (most of the 

times on parallel feeders), faults in consumer’s installation, connection of 

heavy loads and start-up of large motors. 

2. Very short interruptions 

Description: Total interruption of electrical supply for duration from few 

milliseconds to one or two seconds. 

Causes: Mainly due to the opening and automatic reclosure of protection 

devices to decommission a faulty section of the network.  

3. Long interruptions 

Description: Total interruption of electrical supply for duration greater 

than 1 or 2 seconds 

Causes: Equipment failure in the power system network, storms and 

objects (trees, cars, etc) striking lines or poles, fire, human error, bad 

coordination or failure of protection devices. 

4. Voltage spike 

Description: Very fast variation of the voltage value for durations from 

several microseconds to few milliseconds. These variations may reach 

thousands of volts, even in low voltage. 

Causes: Lightning, switching of lines or power factor correction 

capacitors and disconnection of heavy loads. 
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5. Voltage swell 

Description: It is defined as an increase in rms voltage or current at the 

power frequency for durations from 0.5 cycles to 1 minute. Typical 

magnitudes are between 1.1 and 1.8 pu. 

Causes: Start/stop of heavy loads, badly rated power sources, and badly 

regulated transformers (mainly during off-peak hours). 

6. Harmonic distortion 

Description: Voltage or current waveforms with non-sinusoidal shape. It 

is assumed to be the waveform corresponds to the sum of different sine-

waves with different magnitude and phase, having frequencies that are 

multiples of power-system frequency. 

Causes: All non-linear loads, such as: 

 Classic sources: electric machines working above the knee of the 

magnetization curve (magnetic saturation), arc furnaces, welding 

machines, rectifiers, and DC brush motors.  

 Modern sources: all electronic and power electronics equipment. 

7. Voltage fluctuation 

Description: Oscillation of voltage value, amplitude modulated by a 

signal with frequency of 0 to 30 Hz. 

Causes: Arc furnaces, frequent start/stop of electric motors (for instance 

elevators), and oscillating loads. 

8. Noise 

Description: Superimposing of high frequency signals on the waveform 

of the power-system frequency. 

Causes: Electromagnetic interferences provoked by Hertzian waves such 

as microwaves, television diffusion, and radiation due to welding 
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machines, arc furnaces, and electronic equipment. Finally, Improper 

grounding may also be a cause. 

9. Voltage unbalance 

Description: A voltage variation in a three-phase system in which the 

three voltage magnitudes or the phase angle differences between them are 

not equal. 

Causes: Large single-phase loads (induction furnaces, and traction loads), 

incorrect distribution of all single-phase loads by the three phases of the 

system (this may be also due to a fault). 

Figure 2.1 summarizes power quality problems. IEEE 519- 1992 

and IEEE 1159-1995 describe Voltage Reduction as shown in Figure 2.2. 

    2.1.3. Voltage sag 

Among the power quality problems, voltage sags are the most 

important and common of the system. The amplitude of voltage sag is the 

value of the remaining voltage during the sag. Typical values are between 

0.1 p.u. and 0.9 p.u., and typical fault clearing times range from three to 

thirty cycles depending on the fault current magnitude and the type of the 

over current detection and interruption [20]. 
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                            f                                         g                                              h  

Figure 2.1: Waveforms of (a) voltage sag, (b) swell, (c) harmonic, (d) outage, (e) 

unbalance, (f) Voltage spike, (g) Noise, (h) Voltage fluctuation. 

 

 

Figure 2.2: voltage disturbance. 
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Voltage sag event occurs when the rms value of nominal voltage 

drops below the threshold voltage (typical value is 90%). Magnitude and 

duration are two essential and important sag characteristics that determine 

the equipment behavior [21]: 

1. Sag magnitude: It is the net rms voltage reduction during the fault, 

in percent or in pu system nominal (rated) voltage. Field surveys 

have shown that the sag magnitude is relatively constant during the 

fault. 

2. Sag duration: It is the time when the voltage is low, usually less 

than 1 second. The sag duration is dependent on the over current 

protection equipment and how long the fault current is allowed to 

flow. 

The sources of voltage sags are basically faults on adjacent feeders, 

lightening, short circuit event, start up of heavy loads, transformer 

energizing and large motor starting [6]. Voltage sag and swell can cause 

sensitive equipment to fail, or shutdown, as well as create a large current 

unbalance that could blow fuses or trip breakers. These effects may be 

very expensive for the customer, resulting in poor product quality and 

extra financial losses [22]. The majority of voltage sags are within 40% 

of the nominal voltage. Therefore, by designing drives and other critical 

loads capable of riding through sags with magnitude of up to 40%, 

interruption of processes can be reduced significantly [23]. 

In Figure 2.3, the voltage sag has a magnitude of 50% and duration 

of 4 cycles. 
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Figure 2.3: (a) Voltage sag to 50% at normal voltage and (b) rms voltage. 

 

The different types of faults increase the severity of balanced and 

unbalanced voltage sags. If the phase voltages during the sag have 

unequal magnitudes or phase relationship other than 120, the sag is 

considered to be unbalanced [21]. The fault type, transformer connection 

and equipment influence the characteristics of voltage sag in each phase 

of a three-phase system. The voltage sags  experienced by three- phase 

loads can be classified into seven types denoted as A, B, C, D, E, F and 

G. 

Type A is a balanced sag and the other types are unsymmetrical 

sags. Figure 2.4 shows the pastor diagrams of voltage sag types [24, and 

25]. 
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Figure 2.4: the phasor diagrams of voltage sag types. 

 

Type A sag generally occurs on the end user devices. It is rarely 

occurred in the distribution systems. The power requirement is the same 

for each of the three- phase devices. Type B and D are the sags of single-

line faults and they are the most common types in the distribution 

systems, it has an occurrence percent of 70% among all sags. In Type B 

sag, the system is solidly grounded so the non-faulted phases are kept 

healthy. In Type D sag, the system is grounded through the impedance. 

Type C and E are the sags of double-line faults. Type F and G are the 

sags of double-line ground faults. The worst case scenario for this type of 

sags is that the system is grounded through impedance. In that condition, 

the voltage changes in non-faulted phases occur because the zero 

sequence voltage drop increases effectively. 
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2.2. Innovative and conventional technologies for the 

mitigation of power quality problems 

There are two general approaches to the mitigation of power 

quality problems. One, termed load conditioning, it is to ensure that the 

process equipment is less sensitive to disturbances, allowing it to ride 

through the disturbances. The other is to install a line conditioning device 

that suppresses or counteracts the disturbances. Commercially available 

mitigation devices tend to protect against a group of power quality 

disturbances. Mitigation devices vary in size and can be installed at all 

voltage levels of a power system (HV, MV and LV). The mitigation 

device and point of connection are chosen according to its economic 

feasibility and the reliability required. Innovative solutions employing 

power electronics (figure 2.5) are often applied when rapid response is 

essential for suppressing or counteracting the disturbances, while 

conventional devices (eg, switched capacitor banks) are well suited for 

steady state voltage regulation [26].  

 

Figure 2.5: Custom power devices 
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2.3. Power quality and custom power devices 

The provision of Custom Power Devices (CPD) is an extension of 

the FACTS concept to distribution systems, and its IEEE definition is:     

" The concept of employing power electronic (static) controllers in 1 kV 

through 38 kV distribution systems for supplying a compatible level of 

power quality necessary for adequate performance of selected facilities 

and processes'' 

It is complementary to the individual end-use equipment at low 

voltages (such as UPS or standby generators). 

An overview of the power quality problem areas and their possible 

solutions are given in Table 1 [26]. 

Table 1.1: The power quality problem areas and their possible solutions. 
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Next paragraphs will discuss the different types of CPDs: 

2.3.1. Static VAR compensator 

A Static VAR Compensator (SVC) is an electrical device for 

providing fast-acting reactive power on high-voltage electricity 

transmission networks [27, and 28]. SVC is part of the Flexible AC 

transmission system device family, regulating voltage and stabilizing the 

system. The term "static" refers to the fact that the SVC has no moving 

parts (other than circuit breakers and disconnects, which do not move 

under normal SVC operation). Prior to the invention of the SVC, power 

factor compensation was the preserve of large rotating machines such as 

synchronous condensers [29]. 

The SVC is an automated impedance matching device, designed to 

bring the system closer to unity power factor. If the power system's 

reactive load is capacitive (leading), the SVC will use reactors to 

consume VARs from the system, lowering the system voltage. Under 

inductive (lagging) conditions, the capacitor banks are automatically 

switched in, thus providing a higher system voltage. They also may be 

placed near high and rapidly varying loads, such as arc furnaces where 

they can smooth flicker voltage [27, and 30]
  

There are two types of SVC: 

1. Fixed Capacitor-Thyristor Controlled Reactor (FC-TCR). 

2. Thyristor Switched Capacitor - Thyristor Controlled Reactor 

(TSC- TCR). 

The second type is more flexible than the first one and requires 

smaller rating of the reactor and consequently generates less harmonics. 

http://en.wikipedia.org/wiki/Electricity
http://en.wikipedia.org/wiki/Reactive_power
http://en.wikipedia.org/wiki/High-voltage
http://en.wikipedia.org/wiki/Electric_power_transmission
http://en.wikipedia.org/wiki/Electric_power_transmission
http://en.wikipedia.org/wiki/Flexible_AC_transmission_system
http://en.wikipedia.org/wiki/Flexible_AC_transmission_system
http://en.wikipedia.org/wiki/Moving_parts
http://en.wikipedia.org/wiki/Moving_parts
http://en.wikipedia.org/wiki/Circuit_breaker
http://en.wikipedia.org/wiki/Power_factor
http://en.wikipedia.org/wiki/Capacitive
http://en.wikipedia.org/wiki/Volt-amperes_reactive
http://en.wikipedia.org/wiki/Inductance
http://en.wikipedia.org/wiki/Arc_furnace
http://en.wikipedia.org/wiki/Power_quality
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The schematic diagram of a TSC-TCR type SVC is shown in     

Fig. 2.6. This shows that the TCR and TSC are connected on the 

secondary side of a step-down transformer. Tuned and high pass filters 

are also connected in parallel which provides capacitive reactive power at 

fundamental frequency. The voltage signal is taken from the high voltage 

SVC bus using a potential Transformer. 

CONTROL

PT

SVC BUS

Step down 

Transformer

HP

FILTER

TUNED

FILTER
TCR TSC

 

Figure 2.6: A Typical SVC (TSC-TCR) Configuration. 

2.3.2. Distribution Static Compensator (DSTATCOM) 

This shunt connected static compensator was developed as an 

advanced static VAR compensator where a Voltage Source Convertor 

(VSC) is used instead of the controllable reactors and switched 

capacitors. Although the VSCs require self-commutated power 

semiconductor devices such as GTO, IGBT, IGCT, etc. (with higher costs 

and losses) unlike in the case of variable impedance type SVC which uses 

thyristor devices [31]. 
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In its most basic function, the DSTATCOM configuration consists 

of a two level VSC, a dc energy storage device, a coupling transformer 

connected in shunt with the ac system, and an associated control circuit 

[32, and 33] as shown in Figure 2.7. The VSC converts the dc voltage 

across the storage device into a set of three phase ac output voltages. 

These voltages are in phase and coupled with the ac system through the 

reactance of the coupling transformer. Suitable adjustment of the phase 

and magnitude of the DSTATCOM output voltages allows effective 

control of active and reactive power exchanges between the DSTATCOM 

and the ac system. 

 

Figure 2.7: Schematic diagram of the DSTATCOM as a custom power controller 

Under normal power supply conditions, the DSTATCOM operates 

as a reactive power source, or in low-loss standby mode. When voltage 

fluctuations occur, the DSTATCOM responds by injecting currents with 

the proper phase angle and magnitude. The non-linear nature of arc 

furnace loads has a substantial influence on the quality of the power 

supply. Power fluctuations due to arc furnace operation cause unwanted, 

visible voltage flicker effects. The DSTATCOM solution is shown in 

figure 2.8. 
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Figure 2.8: Arc furnace load compensation by means of a distribution static 

synchronous compensator (DSTATCOM). 

The VSC connected in shunt with the ac system provides a 

multifunctional topology which can be used for up to three quite distinct 

purposes [34]: 

a) Voltage regulation and compensation of reactive power; 

b) Correction of power factor; 

c) Elimination of current harmonics. 

2.3.3. Solid State Transfer Switch (SSTS) 

The Solid State Transfer Switch (SSTS) is used to transfer the feed 

to a sensitive load from one feeder to another on the detection of voltage 

sag or power interruption. SSTS improves reliability by using duplicate 

supplies without degradation of power quality. 

The SSTS can be used very effectively to protect sensitive loads 

against voltage sags, swells and other electrical disturbance [35]. The 

SSTS ensures continuous high quality power supply to sensitive loads by 

transferring, within a time scale of milliseconds, the load from a faulted 

bus to a healthy one as shown in Figure 2.9. 
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The basic configuration of this device consists of two three phase 

solid state switches, one for main feeder and one for the backup feeder. 

These switches have an arrangement of back-to-back connected 

thyristors, as illustrated in Figure 2.10. 

 

Figure 2.9: SSTS position. 
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Figure 2.10: Schematic representations of the SSTS as a custom power device. 

 

Each time a fault condition is detected in the main feeder, the 

control system swaps the firing signals to the thyristor in both switches, 

in example, Switch 1 in the main feeder is deactivated and Switch 2 in the 
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backup feeder is activated. The control system measures the peak value of 

the voltage waveform at every half cycle and checks whether or not it is 

within a prespecified range. If it is outside limits, an abnormal condition 

is detected and the firing signals of the thyristors are changed to transfer 

the load to the healthy feeder. 

2.3.4. Active filters 

There is a proliferation of power electronic loads in the distribution 

system, primarily due to the need for energy efficiency and improved 

productivity. However, this leads to generation of harmonic currents 

which can flow in the feeder lines and contribute to increased losses and 

voltage distortion at the Point of Common Coupling (PCC). Passive 

filters made up of tuned L-C filters (at characteristic harmonics) and high 

pass filters have traditionally been used to absorb the harmonics 

generated by large industrial load or high power electronic equipment 

(HVDC converter and SVC). These have the advantage of low cost and 

high efficiency. However, they have the following drawbacks: 

1. Supply impedance strongly influences the effectiveness of the 

passive filters. As the supply impedance decreases, the 

effectiveness also does. 

2. They are prone to resonances. 

3. They cannot solve random variations in the load current waveform. 

The active filters based on VSC have been developed to solve the 

problems associated with passive filters.  
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The active filters are classified according to their configuration as 

follows. 

1. Shunt Active Filters 

2. Series Active Filters 

3. Hybrid Active Filters 

4. Unified Power Quality Conditioners (UPQC) 

VSC

is

PCC iL

Nonlinear Load

iAF

 

Figure 2.11: A shunt active filter 

VSC

PCC

Load

VAF

 

Figure 2.12: A series active filter 

A shunt active filter is shown in Fig. 2.11. This may be used in 

isolation or in parallel with a passive filter. In such cases, the shunt active 

filter has the capability to damp the harmonic resonance between the 

existing passive filter and the supply impedance.  
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A series active filter is shown in Fig. 2.12. It is connected in series 

with the line through an isolation transformer. It injects a voltage VAF 

whereas a shunt active filter injects a current IAF. If the nonlinear load 

injects voltage harmonics, a series active filter blocks their transfer to the 

PCC. On the other hand, harmonic voltages present on the source side are 

also prevented from reaching the load bus. Thus, a series active filter acts 

as a harmonic isolator in addition to damping resonances. 

The selection of the type of active power filter to improve power 

quality depends on the source of the problem as can be seen in Table 2. 

A hybrid active filter consists of both an active and a passive filter. 

There are two configurations (a) a series active filter with a passive (shunt 

connected) filter (b) a series active filter connected in series with the 

passive filter. Both the configurations are shown in Fig. 2.13. 

V
S

C

PCC

Load
VAF

VSC

PCC

Load

VAF

 

a) A series active filter with shunt passive filter        b) An active filter in series with shunt passive filter 

Figure 2.13: Hybrid filters 

Unified Power Quality Conditioner is a combination of shunt and 

series active filters which are connected on the DC side (see Fig. 2.14). 

The series branch of UPQC provides the harmonic isolation in addition to 

voltage regulation and imbalance compensation. The shunt branch 

provides for harmonic and negative sequence current compensation in 

addition to DC link voltage regulation [31]. 
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Table 1.2: Active Filter Solutions to Power Quality Problems 

Active filter connection Load on AC Supply AC Supply on load 

Shunt  Current harmonic 

filtering. 

 Reactive current 

compensation. 

 Current unbalance. 

 Voltage flicker. 

 

Series  Current harmonic 

filtering. 

 Reactive current 

compensation. 

 Current unbalance. 

 Voltage flicker. 

 Voltage unbalance. 

 Voltages sag / swell. 

 Voltage unbalance. 

 Voltage distortion. 

 Voltage interruption. 

 Voltage notching. 

 Voltage flicker. 

 

VSC 1

PCC

Load

VSC 2

VAF

VL

iAF

 

Figure 2.14: Unified Power Quality Conditioner (UPQC) 

2.3.5. Solid State Current Limiter (SSCL) 

The SSCL is one of Fault Current Limiter (FCL) types. A FCL is 

shown in Fig. 2.15. A SSCL is made up of several identical modules 

connected in series to achieve a specified voltage rating. A solid state 
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circuit module can consist of GTO or conventional thyristor switches 

with commutating circuit to interrupt the current flow in the main circuit 

and divert the flow into a parallel connected resistor. The circuit is 

designed to sense and initiate current limiting in a millisecond if the fault 

current is high. This is similar to the action of a current limiting fuse 

which ensures that the first current peak is never seen by the line.  

The SSCL cost is expected to be around six times that of the 

conventional mechanical circuit breakers and relays. The SSCL can also 

operate as a circuit breaker when the thyristor switches can interrupt at 

the first current zero. It is to be noted that GTO switches have very 

limited overload capability even though they can interrupt current with 

negligible delay. A SSCL can also improve power quality for unfaulted 

lines by limiting the duration and magnitude of the voltage sag [31]. 

 

 

Figure 2.15. Fault Current Limiter  

2.3.6. Uninterruptible Power Supplies (UPS) [36]. 

Normally, UPSs are used to interface critical loads such as 

computers and communication systems to the utility systems. In general, 

the basic schematic diagram of the proposed on-line UPS model shown in 

Figure 2.16 consists of three basic elements, full bridge rectifier, battery 

storage, and full bridge PWM inverter. Two transfer switches are used to 
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transfer the input for the converter from the main ac line to the storage 

battery or vice versa. 

In addition, two bypass switches are employed for reverting to 

main ac line in the event of UPS failure or overload. Also, an L-C low 

pass filter is employed at the output of rectifier and inverter for 

eliminating unwanted harmonic component from the output voltage. If 

failure or sags occurred in the main ac source, static switch S1 is opened 

and S2 is closed, shifting the input from the main ac source to the battery 

storage or in this case the dc source. Thus, the full bridge inverter 

receives energy directly from the battery to continue supplying the loads 

(back-up power mode). Practically, after the main ac source recovers, the 

static switch S1 will be closed again and the UPS will change its 

operating mode from back-up power mode to normal operation mode. 

UPS is shown in Fig. 2.16. 

 

 

 

 

 

 

 

 

Figure 2.16: Schematic Diagram for UPS 
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2.3.7 Dynamic Voltage Restorer (DVR) 

The most common custom power devices used to compensate for 

the voltage sags and swells are the UPSs, and the DVR with voltage sag 

compensation facility. Among those the UPSs are the well known. The 

DVRs are less popular due to the fact that they are still in the developing 

stage, even though they are highly efficient and cost effective than UPSs. 

But as a result of the rapid development in the power electronic industry 

and low cost power electronic devices will make the DVRs much popular 

among the industries in the near future [37]. 

UPS and DVR can be considered as the devices that inject a 

voltage waveform to the distribution line. When comparing the UPS and 

DVR; the UPS is always supplying the full voltage to the load 

irrespective of whether the wave form is distorted or not. Consequently 

the UPS is always operating at its full power. Whereas the DVR injects 

only the difference between the pre-sag and the sagged voltage and that 

also only during the sagged period. Thus, the DVR operating losses and 

the required power rating are very low compared to the UPS. Hence the 

DVR is considered as a power efficient device compared to the UPS [37]. 

The basic operation, structure, power circuit components, operation 

modes, compensation techniques and different control methods of the 

DVR is given below in details as shown in figure 3.1. 
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CHAPTER.3 

3. THE DYNAMIC 

VOLTAGE RESTORER 

The Dynamic Voltage Restorer (DVR) is a power electronic 

converter based device that has been designed to protect the critical loads 

from all supply side disturbances other than the outages. It is connected in 

series with a distribution feeder and is capable of generating or absorbing 

real and reactive power at its terminals. The basic operating principle 

behind the DVR is to inject a voltage of the required magnitude and 

frequency in series with the incoming supply voltage so as to restore the 

load voltage to the pre sag state. It is basically consists of power circuit 

and control circuit.  

3.1. The DVR Power Circuit 

The power circuit of the DVR has four main parts; Voltage Source 

Inverter (VSI), voltage injection transformer, DC energy storage device 

and low pass filter [38], as shown in Fig.3.1. 
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Figure 3.1: Power circuit of the DVR 

3.1.1. Energy storage 

The required energy can be taken from an auxiliary supply 

(topologies with energy storage) or grid itself (topologies with no energy 

storage) for compensation of load voltage during sag. The auxiliary 

supply method is applied to increase the performance when the grid of the 

DVR is weak. In this topology, variable DC link voltage or constant DC 

link voltage types are applied. In no energy storage topology, the 

remaining voltage on supply side or load side is used to supply necessary 

power to the system if the DVR is connected to strong grid. In load side 

connected type, the DC link voltage is almost constant because it is 

always fed from corrected constant load voltage [7]. 

Energy storage is required to provide active power to the load 

during deep voltage sags. Lead-acid batteries, flywheel, Super-Capacitors 

and Superconducting Magnetic Energy Storage (SMES) can be used for 

energy storage [31]. For SMES, batteries and capacitors, which are dc 

devices, solid state inverters are used in the power conversion system to 
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accept and deliver power. For flywheels, which have rotating 

components, ac-to-ac conversion is performed [39]. The maximum 

compensation ability of the DVR for particular voltage sag is dependent 

on the amount of the active power supplied by the energy storage devices. 

Lead acid batteries are popular among the others owing to its high 

response during charging and discharging. But the discharge rate is 

dependent on the chemical reaction rate of the battery so that the 

available energy inside the battery is determined by its discharge rate [39, 

and 40]. 

It is also possible to provide the required power on the DC side of 

the DVR's VSI by an auxiliary bridge converter that is fed from an 

auxiliary AC supply [41]. 

3.1.2. Voltage Source Inverter (VSI) 

VSI is used to convert the DC voltage supplied by the energy 

storage device to an AC voltage. This voltage is boosted through injection 

transformer to the main system. Usually the rating of the VSI is low 

voltage and high current due to the use of step up injection transformers 

[42]. It is basically consists of switching devices, there are four main 

types of switching devices: Metal Oxide Semiconductor Field Effect 

Transistors (MOSFETs), Gate Turn-Off (GTO) thyristors, Integrated 

Gate Commutated Thyristor (IGCT) and Insulated Gate Bipolar 

Transistors (IGBTs). Each type has its own advantages and drawbacks 

[43].Voltage Source Inverter is shown in Fig.3.2. 
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Figure 3.2: Three-phase voltage source inverter. 

The three single-phase Pulse Width Modulation (PWM) voltage 

source inverters will be used in this thesis. The voltage control is 

achieved by modulating the output voltage waveform within the inverter.  

The dc voltage is switched in a three-phase PWM inverter by six 

semiconductor switches in order to obtain pulses, forming three-phase ac 

voltage with the required frequency and amplitude. 

The PWM modifies the width of the pulses in a pulse train by using 

control signal. When the value of control voltage increases, it results 

wider pulses. The waveform of the control voltage for a PWM circuit will 

determine the waveform of the produced voltage. The main advantage of 

PWM inverter is including fast switching speed of the power switches. 

PWM technique offers simplicity and good response. Besides, high 

switching frequencies can be used to improve the efficiency of the 

converter, without incurring significant switching losses [44]. 

There are various PWM schemes. Well-known among these are 

sinusoidal PWM, hysteresis PWM, Space Vector Modulation (SVM) and 

“optimal” PWM techniques based on the optimization of certain 

performance criteria, e.g. selective harmonic elimination, increasing 

efficiency, and minimization of torque pulsation. While the sinusoidal 
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pulse-width modulation and the hysteresis PWM can be implemented 

using analog techniques, the remaining PWM techniques require the use 

of a microprocessor. 

Three-phase reference voltages of variable amplitude and 

frequency are compared in three separate comparators with a common 

triangular carrier wave of fixed amplitude and frequency. Each 

comparator output forms the switching-state of the corresponding inverter 

leg.  

As shown in figure 3.3, a saw-tooth- or triangular-shaped carrier 

wave, determining the fixed PWM frequency, is simultaneously used for 

all the three phases. This modulation technique, also known as PWM 

with natural sampling, is called sinusoidal PWM because the pulse width 

is a sinusoidal function of the angular position in the reference signal. 

 

Figure 3.3: Principle of sinusoidal PWM generation. 
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3.1.3. Passive filter 

Low pass passive filters are used to convert the PWM inverted 

pulse waveform into a sinusoidal waveform. This is achieved by 

removing the unnecessary higher order harmonic components generated 

from the DC to AC conversion in the VSI, which will distort the 

compensated output voltage [45].  

The passive filters can be placed either on the high voltage side 

(Figure.3.6a) or the converter side of the boost transformers 

(Figure.3.6b). The advantages of the converter side filters are: (a) the 

components are rated at lower voltage, (b) higher order harmonic currents 

(due to the VSI) do not flow through the transformer windings and (c) it 

will reduce the stress on the injection transformer. The disadvantages are 

that the filter inductor causes voltage drop and phase (angle) shift in the 

(fundamental component of) voltage injected. This can affect the control 

scheme of the DVR. The location of the filter on the high voltage side 

overcomes the drawbacks (the leakage reactance of the transformer can 

be used as a filter inductor [31] or it can be used as a part of the filter, 

which will be helpful in tuning the filter). But in this case since the higher 

order harmonic currents do penetrate to the secondary side of the 

transformer, a higher rating of the transformer is necessary [37]. 
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Figure 3.4: Different filter placements. 

3.1.4. Voltage injection transformer 

Three single phase transformers are connected in series with the 

distribution feeder to couple the VSI (at the lower voltage level) to the 

higher distribution voltage level. The three single phase transformers can 

be connected with star/open star winding or delta/open star winding. The 

latter does not permit the injection of the zero sequence voltage. The 

choice of the injection transformer winding depends on the connections 

of the main step down transformer that feeds the load. If a Δ-Y connected 

transformer (as shown in Fig. 3.7) is used, during an unbalance fault or an 

earth fault in the high voltage side, there will not be any zero sequence 

currents flow in to the secondary so, there is no need to compensate the 

zero sequence voltages (the DVR needs to compensate only the positive 

and negative sequence components only). So, the delta /open star 

configuration (Figure 3.8-a) should be used. Further this winding 

configuration allows the maximum utilization of the DC link voltage. 

However if Y - Y connection with neutral grounding is used, during an 

unbalance fault all three sequence components (positive, negative and 
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zero) flow to the secondary side, the zero sequence voltage may have to 

be compensated so, the star/open star configuration (Figure 3.8-b) should 

be used for the injection transformers, which can pass all the sequence 

components [31]. 
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Figure 3.5: The DVR with Δ-Y connected transformer feeds the load. 
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  (a) delta/open star configuration                                 (b) Star/open star configuration 

Figure 3.6: Connection methods for the primary side of the injection transformer. 

The basic function of the injection transformer is to increase the 

voltage supplied by the filtered VSI output to the desired level while 

isolating the DVR circuit from the distribution network. The transformer 

winding ratio is pre-determined according to the voltage required in the 

secondary side of the transformer (generally this is kept equal to the 
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supply voltage to allow the DVR to compensate for full voltage sag). A 

higher transformer winding ratio will increase the primary side current, 

which will adversely affect the performance of the power electronic 

devices connected in the VSI [37]. 

It is essential to avoid the saturation in the injection transformers. 

In order to reduce the saturation of the injection transformer under normal 

operating conditions, it is designed to handle a flux which is higher than 

the normal maximum flux requirement [39]. 

3.2. The DVR Operation Modes [1]. 

The basic operation principle of DVR is measuring the missing 

voltage by using control unit and injecting the dynamically controlled 

missing voltage in series to the line and providing the load voltage 

unchanged during sag. 

The phase angle and amplitude of the injected voltage are variable 

during sag. This will allow the control of active and reactive power 

exchange between the DVR and the distribution system. Generally, the 

operation of the DVR can be categorized into three operation mode: 

protection mode, standby mode (during steady state) and injection mode 

(during sag). 

3.2.1. Protection mode 

The DVR will be isolated from the system if the system parameters 

exceed the predetermined limits primarily current on load side. The main 

reason for isolation is protecting the DVR from the over current in the 

load side due to short circuit on the load or large inrush currents. The 

control system detects faults or abnormal conditions and manages bypass 

(transfer) switches to remove the DVR from system thus, preventing it 

from damages as shown in Figure 3.9. 
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Figure 3.7: Scheme of the protection mode. 

During the over current period, S1 will be closed, S2 and S3 will 

be opened so, there will be another path for current to flow. By removing 

the DVR from system at fault condition, the effects of additional 

disturbances that can be caused by the DVR are prevented onto the 

system. 

3.2.2. Standby mode 

In standby mode (normal steady state conditions), the DVR may 

either go into short circuit operation or inject small voltage to compensate 

the voltage drop on transformer reactance or losses. Short circuit 

operation of DVR is generally a preferred solution in steady state, 

because the small voltage drops do not disturb the load requirements. The 

solid-state bypass switches are used to perform short circuit operation and 

they are placed between the inverter and secondary (low side) of series 

injection transformer as shown in Figure 3.10. 

 

Figure 3.8: Scheme of the standby mode. 
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If the distribution circuit is weak there is a need to inject small 

compensation voltage to operate correctly. During short circuit operation, 

the injected voltages and magnetic fluxes are virtually zero, thereby full 

load current pass through the primary. So, the short circuit impedance of 

the injection transformer determines the voltage drop across the DVR. 

3.2.3. Injection mode 

The primary function of the dynamic voltage restorer is 

compensating voltage disturbances on distribution system. To achieve 

compensation, three single-phase ac voltages are injected in series with 

the required magnitude, phase and wave shape. The types of voltage sags, 

load conditions and power rating of the DVR will determine the 

possibility of compensating voltage sag. 

3.3. Capacity, Control and Protection of the DVR. 

3.3.1. Capacity of the DVR [46]. 

Transformer rating of DVR is the maximum voltage that can be 

injected to supply, which be determined by specification needed, so 

transformer rating 1 KVA per phase is the multiplication of maximum 

voltage injection and current of primary transformer.  

Maximum injection voltage to system and maximum load current 

determine capacity of DVR. To Determine capacity of DVR be the 

needed supply characteristic, including magnitude of voltage sags and 

load current. 
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MVA rating of DVR: 

MVA (DVR) = rated MVA (load) x Maximum voltage injection (pu) 

So, rating of DVR must not be the same as the rating of load 

served. 

3.3.2. Control and protection of the DVR [31]. 

The control and protection of a DVR designed to compensate 

voltage sags must consider the following functional requirements. 

1. When the supply voltage is normal, the DVR operates in a 

standby mode with zero voltage injection. However if the energy storage 

device (say batteries) is to be charged, then the DVR can operate in a self 

charging control mode. 

2. When a voltage sag/swell occurs, the DVR needs to inject three 

single phase voltages in synchronism with the supply in a very short time. 

Each phase of the injected voltage can be controlled independently in 

magnitude and phase. However, zero sequence voltage can be eliminated 

in situations where it has no effect. The DVR draws active power from 

the energy source and supplies this along with the reactive power 

(required) to the load. 

3. If there is a fault on the downstream of the DVR, the converter is 

by-passed temporarily using thyristor switches to protect the DVR against 

over currents. The threshold is determined by the current ratings of the 

DVR. 
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CHAPTER.4 

4. THE DVR 

COMPENSATION 

STRATEGIES AND 

CONTROL 

4.1. Compensation Strategies of the DVR 

The compensation control technique of the DVR is the mechanism 

used to track the supply voltage and synchronized that with the pre-sag 

supply voltage during a voltage sag/swell in the upstream of distribution 

line. Generally, voltage sags are associated with a phase angle jump in 

addition to the magnitude change. 

The control technique adopted depends on the sensitivity of the 

load to the magnitude, phase shift or wave shape of the voltage 

waveform. Further, when deciding a suitable control technique for a 

particular load it should be considered the limitations of the voltage 

injection capability (i.e. the rating of the inverter and the transformer) and 

the size of the energy storage device [40]. 
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When the system is in its normal condition, the supply voltage (Vs) 

is identified as pre-sag voltage and denoted by Vpre-sag. In such situation, 

since the DVR is not injecting any voltage to the system, the load voltage 

(Vload) and supply voltage will be the same. 

During voltage sag, the magnitude and the phase angle of the 

supply voltage can be changed and it is denoted by Vsag. The DVR is in 

operative in this case and the voltage injected will be Vdvr. If the voltage 

sag is fully compensated by the DVR, the load voltage during the voltage 

sag will be Vpre-sag.  Several control techniques have been proposed for 

compensation [37]. 

4.1.1. Pre-sag compensation. 

This technique (as shown in Fig.4.1.) compensates the difference 

between the sagged and the pre-sag voltages by restoring the 

instantaneous voltages to the same phase and magnitude as the nominal 

pre sag voltage [17, 31, and 47], so this technique is recommended for the 

non-linear loads such as thyristor-controlled loads which use the supply 

voltage and its phase angle as a set point are sensitive to phase jumps 

[17]. This technique needs a higher rated energy storage device and 

voltage injection transformers because there is no control on injected 

active power [47]. 

Vsag

Vdv
r

Iload

Vpre-sag

1 
pu

 

Figure 4.1: Pre-sag compensation technique 
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4.1.2. In-phase compensation 

In this technique (as shown in Fig.4.2.)  the compensated voltage is 

in-phase with the sagged voltage and only compensating for the voltage 

magnitude. Therefore this technique minimizes the voltage injected by 

the DVR. Hence it is recommended for the linear loads, which need not 

to be compensated for the phase angle [31]. 

Vsag Vdvr

Iload

Vpre-sag

1 
pu

 

Figure 4.2: In-phase compensation technique 

It should be noted that the techniques mentioned in 4.1.1 and 4.1.2 

need both the real and reactive power for the compensation and the DVR 

is supported by an energy storage device. 

Combining both the pre-sag and in-phase compensation method [37]. 

It is even possible to combine different compensation techniques 

described earlier, to achieve better efficiency and ease of controllability. 

One such technique is combining both the pre-sag and in-phase 

compensation method. In the combined technique the system initially 

restores the load voltage to the same phase and magnitude of the nominal 

pre-sag voltage (pre-sag compensation) and then gradually changes the 

injected voltage towards the sag voltage phasor. Ultimately the 

compensated voltage is in same magnitude and phase angle with the    
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pre-sag voltage and slowly its phase angle transferred to the sagged 

voltage.  

Figure 4.3 gives an idea about the compensation control strategy, 

when both pre-sag and in-phase compensation techniques are combined. 

It is clear from the Figure when the DVR injected voltage is Vdvr1 (at the 

beginning of the compensation) the system used pre-sag compensation, 

and slowly the injected voltage phasor is moved towards Vdvr4 (in-phase 

compensation). 

Vsag

Iload

Vload3
Vload2

Vdvr4

V
d
v
r2

V
dv

r3

V
d
v
r1

Vpre
-sa

g=Vlo
ad

1

1pu

Vload4

 

Figure 4.3: Combining both pre-sag and in-phase compensation techniques. 

4.1.3. Energy optimization technique 

This technique compensates with minimized energy requirement, 

(as shown in Fig.4.4.) the use of real power is minimized (or made equal 

to zero) by injecting the required voltage by the DVR at a 90° phase 

angle to the load current [42]. However, in this technique the injected 

voltage will become higher than that of the in-phase compensation 

technique. Hence, this technique needs a higher rated transformer and an 

inverter, compared with the earlier cases. Further, the compensated 
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voltage is equal in magnitude to the pre sag voltage, but with another        

a phase shift. 

Vsag

Iload

Vpre-sag
1 

pu
V compensated

    Vdvr

 

Figure 4.4: Energy optimization technique 

4.2. Reference Signale Generatores of the DVR Control. 

4.2.1. PQ Theory (Clarke transformation). 

In 1983 Akagi et al. [48, and 49] proposed a new theory for the 

control of active filters in three-phase power systems called “Generalized 

Theory of the Instantaneous Reactive Power in Three-Phase Circuits", 

also known as “Theory of Instantaneous Real Power and Imaginary 

Power”, or “Theory of Instantaneous Active Power and Reactive Power”, 

or “Theory of Instantaneous Power”, or simply as “p-q Theory”. The 

theory was initially developed for three-phase three wire systems, with a 

brief mention to systems with neutral wire. Later, extended it to three-

phase four-wire systems (systems with phases a, b, c and neutral wire) 

[50]. 

The p-q theory consists of an algebraic transformation (Clarke 

transformation) of the three-phase voltages and currents in the a-b-c 

coordinates to the α-β-0 coordinates, followed by the calculation of the p-

q theory instantaneous power components: 
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   =    .                          Instantaneous zero-sequence power                                (4.2) 

P =    .     +     .          Instantaneous real power                                                 (4.3) 

q =    .     -     .           Instantaneous imaginary power (by definition)               (4.4) 

The power components p and q are related to the same α-β voltages 

and currents, and can be written together: 

[
 
 ] = [

    

     
] . [

  
  

]                                                                                             (4.5)                          

These quantities are illustrated in Fig. 4.5 for an electrical system 

represented in a-b-c coordinates and have the following physical 

meaning: 

 ̅ = mean value of the instantaneous zero-sequence power – 

corresponds to the energy per time unity which is transferred from the 

power supply to the load through the zero-sequence components of 

voltage and current. 

 ̃ = alternated value of the instantaneous zero-sequence power – it 

means the energy per time unity that is exchanged between the power 

supply and the load through the zero-sequence components. The zero-

sequence power only exists in three-phase systems with neutral wire. 

Furthermore, the systems must have unbalanced voltages and currents 

and/or 3
rd

 harmonics in both voltage and current of at least one phase. 
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 ̅ = mean value of the instantaneous real power – corresponds to 

the energy per time unity which is transferred from the power supply to 

the load, through the a-b-c coordinates, in a balanced way (it is the 

desired power component). 

 ̃= alternated value of the instantaneous real power – It is the 

energy per time unity that is exchanged between the power supply and the 

load, through the a-b-c coordinates. 

q = instantaneous imaginary power – corresponds to the power that 

is exchanged between the phases of the load. This component does not 

imply any transference or exchange of energy between the power supply 

and the load, but it is responsible for the existence of undesirable 

currents, which circulate between the system phases. In the case of a 

balanced sinusoidal voltage supply and a balanced load, with or without 

harmonics,  ̅ (the mean value of the instantaneous imaginary power) is 

equal to the conventional reactive power [51]. 

 

Fig. 4.5:  Power components of the p-q theory in a-b-c coordinates. 
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4.2.2. The dqo transformation or Park’s transformation. 

In electrical engineering, direct–quadrature–zero (or dq0 or dqo) 

transformation or zero–direct–quadrature (or 0dq or odq) transformation 

is a mathematical transformation technique used to simplify the analysis 

of three-phase circuits. In the case of three-phase circuits, application of 

the dqo transform reduces the three AC quantities to two DC quantities. 

Simplified calculations can then be carried out on these imaginary DC 

quantities before performing the inverse transform to recover the actual 

three-phase AC results. It is often used in order to simplify the analysis of 

three-phase synchronous machines or to simplify calculations for the 

control of three-phase inverters [52]. 

The dqo transform applied to three-phase voltages and currents are 

shown in these equations. 
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These Equations define the transformation from three phase system 

a, b, c to dqo stationary frame. In this transformation, phase A is aligned 

to the daxis that is in quadrature with the q-axis. The theta (θ) is defined 

by the angle between phase A to the d-axis. 

The two methods (Clarke transformation, Park’s transformation) 

require the Phase Locked Loop (PLL) to generate a signal with the same 

http://en.wikipedia.org/wiki/Electrical_engineering
http://en.wikipedia.org/wiki/Transform_(mathematics)
http://en.wikipedia.org/wiki/Three-phase_electric_power
http://en.wikipedia.org/wiki/Alternating_current
http://en.wikipedia.org/wiki/Direct_current
http://en.wikipedia.org/wiki/Inverter_(electrical)
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frequency and the phase angle of the input signal (Reference signal 

Generation). 

The Phase Locked Loop (PLL): A phase-locked loop or phase 

lock loop (PLL) is a control system that tries to generate an output signal 

whose phase is related to the phase of the input "reference" signal. It is an 

electronic circuit consisting of a variable frequency oscillator and a phase 

detector. This circuit compares the phase of the input signal with the 

phase of the signal derived from its output oscillator and adjusts the 

frequency of its oscillator to keep the phases matched. The signal from 

the phase detector is used to control the oscillator in a feedback loop. 

PLL is a closed loop feedback control system that generates a 

signal with the same frequency and the phase angle of the input signal. 

PLL responds to frequency changes and phase angle changes of the input 

signal by increasing or decreasing the frequency of the oscillator until it is 

matched with those of the reference input signal. Simplified PLL is 

shown in Figure 4.6. 

       Δφ                                         
    

  
     

 in                                                                                                                         

      

 

           Figure 4.6: Simplified block diagram of a phase locked loop 

The phase angle of the input signal is compared with the feedback 

output of the oscillator and produces an error signal. The error signal is 

generated in the form of voltage signal, proportional to the phase angle 

difference between the input and output. The output of the phase detector 

consists of harmonic components, thus it has to pass through a low pass 

Voltage Controlled 

Oscillator (VCO) 

 

Loop 

Filter 

 

Phase 

Detector 

 

http://en.wikipedia.org/wiki/Control_system
http://en.wikipedia.org/wiki/Signal_(electrical_engineering)
http://en.wikipedia.org/wiki/Phase_(waves)
http://en.wikipedia.org/wiki/Electronic_circuit
http://en.wikipedia.org/wiki/Electronic_oscillator
http://en.wikipedia.org/wiki/Phase_detector
http://en.wikipedia.org/wiki/Phase_detector
http://en.wikipedia.org/wiki/Feedback_loop
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filter. But this filtering can introduce transient delays in detecting the 

voltage sags, which is undesirable.  

The controlled voltage output2 of the loop filter is then fed into the 

Voltage Controlled Oscillator (VCO) and provides a phase output. This 

output signal (in the form of a phase angle) is negatively feedback into 

the phase detector. The output of the oscillator is compared with the 

input, and if the two frequencies are different, the frequency of the 

oscillator is adjusted to match the input frequency. 

The two methods (Clarke transformation, Park’s transformation) 

have the inherent disadvantages that they are complex to implement, 

difficult to adjust, or have relatively long delay times. Moreover, since 

dynamic compensation requires rapid detection of the required signal, a 

control circuit that is based on analog components is better than digital 

detection that is not as fast [53, and 54]. Therefore, a detection technique 

that is based on Adaptive Noise Canceling (ANC) is chosen for 

generating the reference signal [55, and 56].  A detail of the technique is 

given in the next sub-section. 
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4.2.3. Adaptive Noise Canceling (ANC) technique design 

   4.2.3.1. Principle of operation of Adaptive Noise Canceling 

(ANC) technique 

The adaptive noise canceling technique has been widely used in 

recent years. It can maintain the system in the best operating state by 

continuously self-studying and self-adjusting from start to end. The basic 

noise-canceling situation is illustrated in figure 4.7. A signal is 

transmitted over a channel to a sensor that receives the signal, s, plus an 

uncorrelated noise, n0. The combined signal and noise, s+ n0, forms the 

“primary input” to the canceller. A second sensor receives a noise n1, 

which is uncorrelated with the signal but correlated in the same unknown 

way with the noise n0. This sensor provides the “reference input” to the 

canceller. The noise n1 is filtered to produce an output y, which is an 

approximate replica of n0. This output is subtracted from the primary 

input s+ n0 to form the system output, s+ n0 –y. 

Signal

Source

Noise

Source

+
-

Adaptive Filter

Primary

Input

Reference

Input

0
ns 

1
n

y

System

Output

Error 

 

Figure 4.7: Adaptive noise canceling concept. 

In the system shown in figure 4.7, the reference input is processed 

by an adaptive filter, which automatically adjusts its own response 
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through a least-squares algorithm. Thus the filter can operate under 

changing conditions and can readjust itself continuously to minimize the 

error signal .  An ideal situation is when the same noise in the primary 

input as in the reference input is completely eliminated and the system 

output contains only the signal components as those contained in the 

primary input.  

Generally speaking, the active component of the fundamental load 

current and the ac source voltage are in phase but with different 

amplitudes. If the fundamental voltage acts as the reference input and the 

load current as the primary input, it is similar to the foregoing situation 

that the reference input is processed by an adaptive filter to produce an 

output, which equals the active component of the primary input in 

amplitude and phase. This output is subtracted from the primary input to 

cancel its active component; consequently the system output will be the 

sum of the harmonic and reactive components.  

       4.2.3.2. Reference current generation using Adaptive Noise 

Canceling (ANC) technique 

The schematic diagram for the circuit that performs the function of 

the adaptive ANC technique is shown in figure 4.8. 

Under normal circumstances, the utility can be assumed to be a 

sinusoidal voltage source. 

tVtv ms sin)(                                                                                      (4.10) 

If a load is applied, iL (t) can be expressed as the sum of a 

fundamental current, iL1 (t), and harmonic current, iLh (t). The 

fundamental current can be further decomposed into an active current 

component iLp(t)  and reactive current component iLq(t). 
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Figure 4.8: Scheme for generating the reference current that only represents the 

reactive component of the load current, iLq(t). 
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Therefore, the load power can be expressed as: 
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By integrating Eq. (4.12) over a whole period, the average power 

can be calculated as: 
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By applying the Orthogonal Function theory [56] on the above 

integration, the second and third terms in the right hand side of Eq. (4.13) 

will be equal to zero. Therefore, the final output of the integration process 

will be: 

11 cosIVp mLav                                                                                          (4.14) 

Comparing Eq. (4.14) with Eq. (4.11), one can see that the value of 

pLav, is equal to the peak value of the fundamental active current iLp when 

it is scaled by a factor equal to Vm, which is done automatically by the 

adaptive filter. 

The load active current component, iLp, is subtracted from the load, 

iL, current to get the final current command, ic.  
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                                                                                        (4.15) 

The system will reach its steady state when the integrator output is 

constant which means that iLp(t) is in phase with vpcc(t).  

Finally, We could get a signal that is equal to the active component 

of the load current, iLp(t), that is subtracted from the load current, iL(t), to 

get the reactive component of the load current, iLq(t). But also, we are 

looking for a reference current that only represents the harmonics 

currents, iLh (t), in the system. Therefore, the circuit in figure 4.9 is 

designed. This circuit can generate a signal that is equal to both the 
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fundamental active and reactive components of the load current that can 

be finally subtracted from the load current to get the harmonic current   

iLh (t). 

By modifying the ANC method, the fundamental component of the 

load current and voltage at the point of common coupling, vpcc(t), are 

mutually correlated. The voltage vpcc(t) is used as a reference for the 

circuit that is a continuously regulated closed loop system. Two adaptive 

filters process this reference input. One to produce an output which 

equals the active component of the load current signal iLp(t)  in amplitude 

and phase and the other to do  the  same  function  but for reactive 

component iLq(t).  The output of the adaptive filters is then subtracted 

from the actual load current iL(t) to obtain the harmonic component,       

iLh (t).  

 

 

Figure 4.9: Scheme for generating the reference current that only represents the 

harmonics currents, iLh (t). 
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CHAPTER 5 

5. DESIGN, MODELING 

AND SIMULATION OF 

THE DVR 

A detailed system has been modeled by PSCAD/EMTDC, as 

shown in Figure 5.1, to study the performance efficiency of the DVR and 

its suggested control strategy for mitigation of power quality problems. 

In this work, the system modeling and simulation have been 

implemented by PSCAD v4.2.0.  

PSCAD is a fast, accurate and easy-to-use power system 

simulation software for the design and verification of all types of power 

systems, in addition to this the control and power electronic 

circuits. PSCAD is most suitable for simulating time domain 

instantaneous responses, also known as electromagnetic transients or 

instantaneous solutions, in both electrical and control systems. 
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Figure 5.1: Configuration and modeling of system and the DVR 
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5.1. Modeling of Control Circuit of the DVR by PSCAD 

ANC circuit is carried out by PSCAD as shown in Figure. 5.3. This 

circuit produces the harmonic component of load current iLh (t) of load 

current iL (t), for the three phase. The harmonic component is multiplied 

in the factor (k) as shown in Figure.5.2. 

 

Figure 5.2: Control signals of the DVR. 
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Figure 5.3: ANC for three single phase (a,b,c). 

The DVR compares the actual source voltage (Vs (a,b,c)) with its 

pre-fault (reference voltage Vr (a,b,c)) value. The resulting of this is 

added to the resulting of multiplication factor (k) and harmonic 
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component iLh (t), and then generates the control signal for PWM as 

shown in Figure 5.2. 

5.2. The DVR for harmonic compensation  

The harmonic compensation is achieved by blocking the harmonic 

currents from flowing from the load to the mains. DVR automatically 

generates a harmonic voltage     
  equal to the harmonic voltage drop   

  

at the shunt passive filter as shown in Figure.5.4. In this   way, harmonics 

cannot go through the mains. Then, the rms value of      
  can be 

evaluated through the harmonic voltage drop at the shunt passive filter: 
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Vdvr
Vf load
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transformer

 

Figure 5.4: The DVR using shunt passive filter 

In this work a shunt passive filter is used (as shown in Figure.5.4) 

with the dynamic voltage restorer. It is tuned to the     and      

harmonics of load to provide a path for all harmonic currents which are 

blocked by the DVR circuit.  

To calculate the parameters of the shunt passive filter, it should be 

improve the system power factor by adding a capacitor has      

capacitance (C). 

                     

                     

        
   

   
    

                                                                                       (5.1) 
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The parameters of the shunt passive filter (capacitance and inductance)   
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In order to achieve harmonic isolation, i.e. prevent the load 

harmonics from flowing through the source, the DVR is controlled as 

voltage source,  

    
                                                                                           (5.2) 

Where      is the harmonic content of the load current and (k) the 

gain of the DVR. 

Neglecting the effect of the compensation voltage of the DVR 

(     ), the supply current harmonics    , is obtained from the equivalent 

circuit (figure 5.5) as. 

     =      
   

       
      

  

       
                                                 (5.3) 

From this equation, the supply current harmonics     depends on 

the gain (k). If the gain is selected so that k <<        the load 

current harmonics will be isolated from the supply. 

Vsh

Vcomp + k ilh

Zf
ilh

Zsish

Vdvr

 

Figure 5.5: equivalent circuit of compensation scheme. 
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Where the source impedance (  ), the passive filter impedance (  ) 

and the supply voltage harmonics (   ) 

5.3. Parameters Design of the DVR      

     5.3.1. PWM voltage source inverter 

Voltage source inverter (as shown in Figure.5.6) is equipped with 

fully controllable switches. The most common four switch types in the 

considered power range are the IGBT, GTO, MOSFET and the IGCT. 

The IGBT switch is chosen for the DVR converters, because it is easy to 

control and suited for the actual power range.  

 

 

E

T4

T1

In
jectio

n
 

T
ra

n
sfo

rm
er

P
a
ssiv

e filter

IGBT

v
 co

n
v

v
 D

V
R

++

T1

T4

                                                                      

Figure 5.6: Single-phase diagram for the full bridge converter of the DVR. 

Fourier series of the instantaneous output voltage       . 
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    5.3.2. Energy storage device  

Lead-acid battery of 9500 V DC works as DC-link voltage for the 

DVR. For the full bridge converter with 9500 V DC the maximum 

fundamental RMS voltage         is 8550 V. 

Modeling PWM inverter by PSCAD: In figure 5.7, the dc voltage 

is switched in a three-phase PWM inverter by 12 semiconductor switches 

(IGBTs controllable switches).  

 

Figure 5.7: PWM inverter having IGBTs controllable switches 

Figure 5.8 shows how the control circuit produces the firing signals 

for the inverter using sinusoidal PWM. A triangular shaped carrier wave 

determines the fixed PWM frequency. It is compared with control voltage 

output, obtained and described in section 5.1, Figure 5.2.  
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Figure 5.8: Producing Stages of firing signals using Sinusoidal PWM. 

5.3.3. Injection transformer 

The three single transformers are connected with delta/open star 

winding. The turn's ratio (n) of the injection transformer can be sized 

according to the injection capability of the VSI and the wished injection 

level into the system.  

Modeling of injection transformer by PSCAD: Three single phase 

transformers are connected in series with the distribution feeder, as 

shown in figure 5.9. 
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Figure 5.9: Three single phase transformer connection  

 

5.3.4. Passive-filter 

Passive-filter for a DVR has been shown in figure 5.9. The filter is 

inserted to damp the switching harmonics generated by the PWM control 

of VSC. 

Passive filter parameters (inductance   , capacitance   ) can be 

calculated by: 

      = 
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5.4. System Modeling and Simulation 

In this section, the performance and effectiveness of the proposed 

DVR connected to system will be tested with different case studies. The 

configuration and modeling of the system and DVR are shown Figure 

5.10. 

DVR 

VOLTAGE

(Vdvr)

SOURCE 

VOLTAGE 

(VS)

LOAD 

VOLTAGE 

(VL)

Step down

Tr

11KV 0.4KV

Foult

Linear Load

filter

DC battary
PWM INVERTER

Injection Tr

  

Figure 5.10: The DVR connected to system with linear load 

5.4.1. Simulation examples and results  

To show the function of the DVR for mitigation of power quality 

problems, the DVR is connected to the system with different loads (linear 

and non-linear loads) and applied different faults.  

5.4.1.1. The DVR connected to the system with linear load 

As shown in figure 5.10, the DVR is connected to an 11 kVrms, 

50Hz radial distribution feeder that supplies the load’s transformer which 

has the following characteristics: (11000/400) Vrms, 2MVA, 50Hz. The 

load is about 1.8MVA, 50Hz, 0.95 p.f. The passive filter is selected to be 

with 190μF, 2 mH, 250Hz resonance frequency and DC battery (Lead-

acid battery) of 9500VDC, connected to a three single phase full bridge 
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inverter. The turn’s ratio of the three single-phase injection transformers 

is (1:1)   and rating power for each (0.5MVA).  

The following are the simulation results for different cases of 

power quality problems: 

Note: all the following figures will be divided into three plots: (a) 

the source voltage, (b) the DVR voltage and (c) the load voltage.  

A. Voltage Sag 

Three phase balanced sag: The voltage will be decreased to 75% 

of its normal value, for duration of 0.1 sec from t = 0.08s till t = 0.18s, as 

shown in figures 5.11(a). Figures 5.11 (b) and (c) show the voltage 

injected by the DVR and the corresponding load voltage with 

compensation. As a result of the DVR, the load voltage is kept at pre-sag 

voltage.  

In figures 5.12 three phase voltage sag to 50% is simulated. 
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Figure 5.11: Three-phase voltages sag (75%) (a)-Source voltage, (b)-Injected voltage, 

(c)-Load voltage. 
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Figure 5.12: Three-phase voltages sag (50%) (a)-Source voltage, (b)-Injected voltage, 

(c)-Load voltage. 
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Multi-stage sag: The voltage sags on the three phases to 50% for 

0.05 sec from t = 0.05s till t = 0.1s, after that, the sag prolonged on 

another stage to 75% for 0.05 sec from t = 0.15s till t = 0.2s as shown in 

Fig. 5.13.  

 

Figure 5.13: Three-phase multi-stage sag (a)-Source voltage, (b)-Injected voltage, (c)-

Load voltage 
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Three phase unbalanced sag Single-Line-To-Ground faults 

(SLGF): The Phase A will be sagged to 50% for 0.1 sec from t = 0.08s 

till t = 0.18s, as shown in figures 5.14(a). Figures 5.14 (b) and (c) show 

the voltage injected by the DVR and the corresponding load voltage with 

compensation. 

 

 

Figure 5.14: Three phase unbalanced sag (SLGF) (a) Source voltage, (b)-Injected 

voltage, (c)-Load voltage. 
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Three phase unbalanced sag Double-Line-To-Ground Fault 

(DLGF): The phases A, and B will be sagged to 50% for 0.1 sec from              

t = 0.08s till t = 0.18s, as shown in figures 5.15(a). Figures 5.15 (b) and 

(c) show the voltage injected by the DVR and the corresponding load 

voltage with compensation. 

  

 

Figure 5.15: Three phase unbalanced sag (DLGF) (a) Source voltage, (b)-Injected 

voltage, (c)-Load voltage. 
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Three phase unbalanced sag Double-Line Fault (DLF): In figure 

5.16 double-line fault is simulated. Phases B, and C will be sagged to 

60% for 0.1 sec from t = 0.1s till t = 0.2s.  

 

 

Figure 5.16: Three phase unbalanced sag (DLF) (a) Source voltage, (b)-Injected 

voltage, (c)-Load voltage 
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B. Voltage swell 

In figures 5.17 three phase voltage swells to 140% is simulated. It 

is initiated at 0.1s and it is kept until 0.2s. As can be seen from the results, 

the load voltage is kept at the nominal value with the help of the DVR. 

 

 

 

Figure 5.17: Three-phase voltages swell (a) Source voltage, (b)-Injected voltage, (c)-

Load voltage. 
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C. Unbalanced Voltage 

In figures 5.18 three phase unbalanced voltage is simulated. Figure 

5.18 (a) shows an unbalanced voltage initiated at 0.08s and it is kept until 

0.18s. Figures 5.18 (b) and (c) show the voltage injected by the DVR and 

the corresponding load voltage with compensation.  

 

 

Figure 5.18: Three phase unbalanced voltage (a) Source voltage, (b)-Injected voltage, 

(c)-Load voltage. 
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D. Voltage short interruption. 

In figures 5.19 three phase voltage interruption is simulated.  

Figure 5.19 (a) shows an interruption voltage initiated at 0.1s and it is 

kept until 0.2s. Figures 5.19 (b) and (c) show the voltage injected by the 

DVR and the corresponding load voltage with compensation. 

 

 

Figure 5.19: Three-phase voltage interruption (a)-Source voltage, (b)-Injected voltage, 

(c)-Load voltage. 
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5.4.1.2. The DVR connected to the system with non-linear load 

As shown in figure 5.20, the DVR  is connected to an 11kVrms 

(phase to phase), 50Hz radial distribution feeder that supplies the        

non-linear load’s transformer which has the following characteristics: 

(11000/400) Vrms, 500kVA, 50Hz. The non-linear load is about 

320KVA, 50Hz, 0.85 p.f. The filter is selected to be with 52μF, 2.4 mH, 

450Hz resonance frequency and DC battery (Lead-acid battery) of 9500 

VDC, connected to three single phase full bridge inverter. The turn’s ratio 

of the three single-phase injection transformers is (1:1)   and rating power 

for each (150kVA).  
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SHUNT

PASSIVE 

FILTER

Source current
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Load current

(iL)

filter

DC battary
PWM INVERTER  

Figure 5.20: The DVR connected to system with linear load 

In this case they used shunt passive filter (as shown in Figure.5.20) 

with the dynamic voltage restorer. It is tuned to     and      harmonics of 

the load. The parameters of the shunt passive filter are 2.6 μF, 0.156 H, 

for      harmonic and 2.6 μF, 0.08 H, for     harmonic. 

The following are the simulation results for the different cases of 

power quality problems: 
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Note: all the following figures will be divided into five plots: (a) 

the source voltage, (b) the DVR voltage (c) the load voltage, (d) the 

source current and (e) the load current.  

The DVR connected to system without fault: Firstly, we take 

simulation result when the DVR is connected to system without fault as 

shown in figures 5.21. Figures 5.21 (a), (b) and (c) show the source 

voltage, the voltage injected by the DVR and the corresponding load 

voltage with compensation. Figures 5.21 (d) and (e) show the load current 

and source current respectively. 

The THD of the source current and load current is given in table 3. 

From this table, we find the DVR prevents most of the harmonic current 

from reaching source side. 

Table 5.1: THD of source current and load current without fault. 

Case THD% (load current) THD% (source current) 

Without Fault 19% 2% 
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Figure 5.21: Three-phase voltages without fault (a)-Source voltage, (b)-Injected 

voltage, (c)-Load voltage, (d)-Load current, (e)-Source current. 
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A. Voltage Sag 

Three phase balanced sag: The voltage will be decreased to 50% 

of its normal value, for duration of 0.08 sec from t = 0.24s till t = 0.32s, 

as shown in figures 5.22, figure 5.22(a) is the source voltage. Figures 

5.22 (b) and (c) show the voltage injected by the DVR and the 

corresponding load voltage with compensation. Figures 5.22 (d) and (e) 

show the load current and source current respectively.  

Three phase unbalanced sag Single-Line-To-Ground faults 

(SLGF):  Phase A will be sagged to 50% for 0.08 sec from t = 0.24s till     

t = 0.32s, as shown in figures 5.23.  

Three phase unbalanced sag Double-Line- fault (DLF):  Phases 

A, B will be sagged to 70% for 0.08 sec from t = 0.24s till t = 0.32s, as 

shown in figures 5.24. 

As a result of the DVR of the three upper cases, the load voltage is 

kept at pre-sag voltage and without harmonic distortion.  

The THD of source current and load current is given in table 4. 

From this table, we find the DVR prevents most of harmonic current from 

reaching source side. 

Table 5.2: THD of source current and load current during three phase balanced and 

unbalanced voltage sag. 

Case THD% (load current) THD% (source current) 

Three phase balanced sag 19% 3.6% 

Single-Line-To-Ground 

fault (SLGF) 

19% 2.8% 

Double-Line- fault (DLF) 19% 3.8% 
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Figure 5.22: Three-phase voltage balanced sag (a)-Source voltage, (b)-Injected 

voltage, (c)-Load voltage, (d)-Load current, (e)-Source current. 
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Figure 5.23: Three phase unbalanced sag (SLGF) (a) Source voltage, (b)-Injected 

voltage, (c)-Load voltage, (d)-Load current, (e)-Source current. 
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Figure 5.24: Three phase unbalanced sag (DLF) (a) Source voltage, (b)-Injected 

voltage, (c)-Load voltage, (d)-Load current, (e)-Source current. 
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B. Voltage swell 

In figures 5.25 three phase voltage swell to 140% is simulated. It is 

initiated at 0.24s and it is kept until 0.32s. Figures 5.25 (a), (b), (c) show 

the source voltage, the voltage injected by the DVR and the 

corresponding load voltage with compensation respectively. Figures   

5.25 (d) and (e) show the load current and source current respectively. 

C. Unbalanced Voltage 

In figures 5.26 three phase Unbalanced Voltage is simulated. 

Figure 5.26 shows an unbalanced voltage initiated at 0.24s and it is kept 

until 0.32s.  

D. Voltage short interruption 

In figures 5.27 three phase voltage interruption is simulated.  

Figure 5.27 shows an interruption voltage initiated at 0.24s and it is kept 

until 0.32s.  

As can be seen from the results of the three upper cases, the load 

voltage is kept at the nominal value and without harmonic distortion with 

the help of the DVR. 
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The Total Harmonic Distortion (THD) of source current and load 

current is given in table 5. From this table, we find the DVR prevents 

most of harmonic current from reaching source side. 

Table 5.3: THD of source current and load current during voltage swell, unbalanced 

and short interruption. 

Case THD% (load current) THD% (source current) 

Voltage swell 19% 6.7% 

Unbalanced Voltage  19% 4.5% 

Voltage short interruption 19% 5.4% 
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Figure 5.25: Three phase voltage swell, (a)-Source voltage, (b)-Injected voltage, (c)-

Load voltage, (d)-Load current, (e)-Source current. 
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Figure 5.26: Three phase unbalanced voltage, (a)-Source voltage, (b)-Injected voltage, 

(c)-Load voltage, (d)-Load current, (e)-Source current. 
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Figure 5.27: Three phase interruption voltage, (a)-Source voltage, (b)-Injected 

voltage, (c)-Load voltage, (d)-Load current, (e)-Source current. 
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CHAPTRE.6 

6. CONCULSION AND 

FUTURE WORK 

6.1. CONCULSION 

The aim of the work is to explain power quality problems in 

medium voltage distribution network and its bad effect on critical loads    

and illustrate custom power devices used for mitigation it in details.  

In this investigation, we introduced the Dynamic Voltage Restorer 

(DVR) for improving  power quality that it is considered one of the 

custom power devices and one of the most efficient and effective solution 

for improving power quality. 

The basic operation concept, structure, power circuit components, 

operation modes, compensation techniques and different control methods 

of the DVR explained in detail. 

In this work, the detection technique control of the DVR is based 

on Adaptive Noise Canceling (ANC) for harmonics cancellation. 
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The design and modeling of control circuit and power circuit 

parameters of the DVR are carried out by PSCAD/EMTDC program. The 

performance and effectiveness of the proposed DVR connected to the 

system is tested with different case studies. To show the function of the 

DVR for mitigation of power quality problems, the DVR is connected to 

system with different loads (linear and non-linear loads) and applied 

different faults. The simulation examples and results of the DVR 

connected to system with different loads are introduced.  

Case one, The DVR connected to system with linear load  

When the DVR is connected to system with linear load and 

different types of faults are applied (voltage balanced sag, unbalanced sag 

(SLGF, DLGF and DLF), swell, unbalanced and short interruption), it is 

found that the proposed DVR is very effective to restore the load voltage 

to the pre-fault value.  

Case two, The DVR connected to system with non-linear load 

When the DVR is connected to system with non-linear load and 

different types of faults are applied. It is found that the proposed DVR is 

very effective to restore the load voltage to the pre-fault value. without 

harmonics distortion and it prevents harmonic current from reaching 

source side.  

Finally, a modeling of the proposed DVR using PSCAD/EMTDC 

has been presented. The selected control system is based on Adaptive 

Noise Canceling (ANC) technique which is a simple control algorithm. 

Simulation results show that the proposed DVR model can achieve 

satisfactory performance. It is effective in mitigating the above mentioned 

power quality problems and provides excellent voltage regulation and 

harmonics cancelation. The DVR injects the appropriate voltage 
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component to correct rapidly any anomaly in the supply voltage to keep 

the load voltage balanced and constant at the nominal value. It is 

expected that the proposed DVR will be beneficial since its dynamic 

performance capability can increase the possibility of adding more 

number of sensitive equipments to use in the system. 

6.2. FUTURE WORK 

In the future work, we will discuss effect of the power quality 

problems on the load (sensitive loads) when this load is fed from two 

different distribution feeders.  

For mitigation of power quality problems and investigation of 

power system stability a new device which is named Inter-line Dynamic 

Voltage Restorer (IDVR) will be discussed. This device consists of two 

conventional DVRs which are installed in two different distribution 

feeders and the DC link.  

The proposed device (IDVR) and its new control strategy will be 

modeled and simulated by PSCAD/EMTDC.  
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 ملخص البحث

نخفاض الجهد إ) نظمة القوى الكهربية مثل أالموجوده فى  جودة الطاقة ن مشاكلإ

 نتيجة ضطرابات مصاحبه للموجهإو طويل ووجود تشوهات وأوزيادته فى زمن قصير 

ن لهذه المشاكل أتعتبر مشاكل فى غاية الخطورة حيث   (...بالشبكة الخ ةدوللتوافقيات الموج

 .شديدة التأثر بأى اضطرابات  فى الجهد (حساسةال حمالألاخاصة )حمال ألعلى اثير السلبى أالت

حمال من مشاكل القوى ألفي اآلونة االخيرة قدم معيد االجهد الديناميكى كحل لحماية او

 ستجابتةإو الصغير ضافة الى  حجمهإلوفعالية با كفاءة الحلول أكثر من واحدا يعتبر فهو الكهربية

التخلص من معظم هذه  هو الهدف من هذا البحثفإن  لذا .ضطراباتإللل السريعة الديناميكية

 فصولن هذا البحث يحتوى على عدة أالمشاكل وذلك عن طريق معيد الجهد الديناميكى حيث 

 .مرتبطة ببعضها البعض  ةرئيسي

 هميته أهمية معيد الجهد الديناميكى وبيان أتوضح  ةول وهو عباره عن مقدماأل الفصل

 .نظمة القوى الكهربيةأوظيفته فى التخلص من المشاكل الموجوده فى و

 السابقه المستخدمه فى  ألجهزةسترجاعية  تعرض اإالثانى يحتوى على دراسة  الفصل

 .لى معيد الجهد الديناميكىإحل مشاكل انظمة القوى الكهربية حتى الوصول 

 الجهد الديناميكى وتوضيحها جزاء المكونه لمعيد تعرضنا لبيان األ الفصل الثالث

 .وضاع التشغيل الخاصة بهأضافه الى بالتفصيل  باإل

 بيان طرق التحكم المستخدمه لمعيد الجهد الديناميكى وذكرها بالتفصيل  به الرابع فصلال

األسلوب التكيفى للتخلص من  وهى فى هذا البحث المستخدمة طريقة التحكم وتقديم

وتوضيحها   ( adaptive noise cancellation technique) الموجات المتداخله

 .بالتفصيل

 الخامس وفيه تم تصميم األجزاء المكونه لمعيد الجهد الديناميكى وتوضيح ذلك  فصلال

يحتوى  ج لمعيد الجهد الديناميكى ومحاكاته  مع نظامذلى عرض نموإضافه إلحسابيا با

مشاكل القوى الكهربية وعرض ثناء تعرضه للعديد من أ غير خطيه/على أحمال خطيه 

 .النتائج

 ستنتاج ومناقشته وتوضيح نقطة البحث المستقبليةإلالسادس عرض ا الفصل. 

 



 


