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ABSTRACT

KEYWORDS: Custom Power; Custom Power Park; Power Quality; Voltage

Sag/Swell; Harmonics; Interruption.

Custom Power Park (CPP) concept means integration of multiple custom power devices

within an industrial or commercial park which offers the customers high quality and

reliable power at distribution system voltage level. Custom Power Park is one of the

most useful solution to prevent/mitigate voltage sag/swell, interruption and voltage and

current harmonics in distribution system.

In this thesis CPP has been modelled using MATLAB/SIMULINK. The modelled CPP

consists of Solid State Transfer Switch (SSTS) which is used for transferring loads to

a healthy feeder when some faults occur on connected feeder, Distribution Static Com-

pensator (DSTATCOM) which is used to mitigate current harmonic problems, Dynamic

Voltage Restorer (DVR) with DC energy storage used for voltage compensation under

different voltage quality disturbance such as sag/swell and harmonics and standby or

backup Diesel Generator (DG) is used to supply loads under total feeder loss.

A fast sag/swell detection technique which can work even under distorted grid voltages

is used for detecting the supply quality of the feeders, and an effective control scheme

for the coordination of devices are also presented.

The ability of the custom power park for improving power quality under various distur-

bances are studied using MATLAB/SIMULINK through extensive simulation studies.
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CHAPTER 1

INTRODUCTION

This chapter presents the background and motivation behind the work carried out in this

project. It discusses the need of power quality improvement in a distribution systems

briefly, then it briefly introduces the concept of Custom Power Park. This is followed

by the project objectives and limitations. Finally an outline about the organization of

thesis is provided at the end of the chapter.

1.1 Background

In recent years both industrial, commercial electrical consumers have reported a ris-

ing tide of mis-adventures related to power quality. The major cause of power quality

problems are from today’s automated equipments, electrical drives or robots, automated

manufacturing lines or machine tools, Programmable Logic Controllers (PLC) or power

supplies in personnel computers. They and their likes are far vulnerable to the distur-

bances in distribution systems than their previous generation electromechanical equip-

ments, less automated production and information systems.

For the reason described above, there is growing interest in equipment for mitigation

of power quality disturbances, especially power electronic based devices called custom

power devices.

Custom Power (CP) is power electronic based solution for improving power quality

disturbances, CP devices such as SSTS, DSTATCOM and DVR are applied in the dis-

tribution system for protecting an entire plant, feeder or a group of customers or loads.

Custom Power Park (CPP) is a new concept in improving power quality which is able to

offer customers high quality power and to meet the needs of sensitive and critical loads

within an industrial/commercial park [1]. The concept requires integration of multiple

custom power devices which have previously deployed independently. These devices

compensate for power quality disturbances to protect sensitive loads as well as improve



service reliability. The custom power park concept requires integration of state of art

power quality devices within an utilities distribution system which could provide ten-

ants with electronically controlled, cost effective, nearly undisturbed energy: energy

corrected for major sags, swells, harmonics, interruption and other disturbances. Here

in this work SSTS, DSTATCOM and DVR are the state of art technologies installed

to coordinate each other and monitor power supply so as to mitigate disturbances. The

distinguished features of these devices i.e., ability of SSTS for transfer of loads between

two feeders, harmonic and reactive power compensation capability of DSTATCOM and

voltage compensation capability of DVR can be combined to create a new system that

can provide improved quality of electrical service as per the requirement of customers.

B_Ma

Preferred 

feeder

Alternate 

feeder

Distribution system

SSTS

L3

DVR
B_l3

Backup

generator

B_Ge

L2

B_l2

L1

DSTATCOM

B_Ds

B_l1

B_dvr

Figure 1.1: Single line diagram of CPP used in study.

The custom power park model studied in this work has three loads L1, L2 and L3

and each receives different power quality levels CP-1, CP-2 and CP-3. All loads in the

park will get the benefit of SSTS which will transfer the loads to an alternate feeder if

some kind of fault is detected on preferred feeder. The DSTATCOM is connected in

shunt with load L1 which is a unbalanced and nonlinear load, it will compensate for

2



the current harmonics and unbalance. DVR is connected in series with load L3, DVR

protects this load against sag/swell. The loads L2 andL3 will get benefit of diesel gener-

ator which will comes to operation under total feeder loss. A fast control algorithm for

detection of the power quality disturbances is also presented. The single line diagram

of the CPP model used for simulation is as shown in Fig. 1.1.

The major power quality problems taken in to consideration in this work are bal-

anced voltage sag/swell, unbalanced voltage sag/swell current and voltage harmonics

and interruption. To maintain power quality there should be proper coordination be-

tween devices used in the CPP. Hence it demands use of fast acting controllers so as to

make detection and mitigation of power quality disturbances very fast.

1.2 Project Objectives and Scope

The project involves design and modelling of various custom power devices and its

controllers along with a common control strategy to maintain different power quality

levels in the CPP.

The major objectives of this work are:

• Design and simulation of different custom power devices which includes SSTS,
DSTATCOM and DVR for mitigating power quality problems such as voltage
and current harmonics voltage sag/swell and interruption.

• Combining the custom power devices and Diesel Generator (DG) to form a cus-
tom power park where the customers will get different power quality levels ac-
cording to their requirements.

• Developing an efficient control algorithm for proper coordination of devices used
in custom power park

1.3 Organization of Thesis

Chapter 1 presented a brief introduction about motivation behind this work and it also

discusses about the objectives of the work.

3



Chapter 2 presents literature review which has mainly three sections, the first part

briefs about different power quality problems, their causes and effects on the power

system. The second section discusses about different custom power devices and their

operating principles. The final section describes about gives an idea about the custom

power park and its different topologies present in literature, It also explains some tech-

niques used for fault detection in custom power park.

Chapter 3 discusses about design and modelling of different custom power devices.

The operation of SSTS, voltage sag/swell detection method and its control are explained

in the first part of this chapter. Operation DSTATCOM and its reference current gen-

eration are described in second part. The final part is discusses about the DVR and its

control.

Chapter 4 presents the modelling of Custom Power Park, it also discusses about

the control algorithm used for control and coordination of the custom power devices in

CPP.

Chapter 5 presents the simulation results. The operation of the CPP and effective-

ness of the control algorithm used for coordination of devices are also discussed with

the help of simulation results.

and Chapter 6 summarizes the work carried out in this project and it also gives an

outlook of further research that can be carried out based on this thesis

4



CHAPTER 2

LITERATURE REVIEW

This project is to model a Custom Power Park (CPP) for improving power quality of

sensitive and critical loads, before going to details of CPP it is necessary to have an idea

about the different power quality problems, their causes and effects on power system

operation.

2.1 Introduction to Power Quality

Power quality in electrical networks is one of the most concerned areas of electric power

systems. Institute of Electrical and Electronics Engineers (IEEE) standard IEEE 1100

defines power quality [2] as "The concept of powering and grounding sensitive elec-

tronic equipments in a manner suitable for the equipment." The power quality has se-

rious implications for customers, utilities and electrical equipment manufacturers. A

simple word power quality is the set of electrical boundaries that allow a device to

function in its intended manner without significant loss of performance.

2.2 Power Quality Problems, Causes and Effects

Power quality and its related issues are most concern nowadays. The ideal power supply

voltage should maintain a steady magnitude and a perfect sinusoidal wave shape with-

out any interruptions. Any phenomena that will alter ideal situation are classified as

disturbances. the widespread use of electronic equipments such as information technol-

ogy equipments, PLC’s, Adjustable Speed Drives (ASD) and energy efficient lighting

systems will cause harmonics in currents as well as voltages [2]. Further more conven-

tional loads such as large arc furnaces and welding machines cause voltage fluctuations,

voltage unbalance and flicker. The increased sensitivity of industrial as well as domes-

tic processes to power quality problems requires the availability of electric power with



quality in every sector. The most critical areas which will be affected by poor power

quality are continuous process industries and information technology systems where

a disturbance may cause huge financial loss and consequently it will leads to loss of

productivity and competitiveness. Although many efforts are taken by the utility for re-

ducing power quality related problems some customers require a higher level of power

quality than that is available from modern electrical distribution networks. This im-

plies some measures must be taken to improve the power quality which will be mostly

done by incorporating custom power devices in the distribution systems. A variety of

disturbances such as harmonics, transients, outages, sags, swells, and flicker can be as-

sociated with the term "power quality" [2]. The various terminologies used in power

quality studies are given as follows.

2.2.1 Voltage Sag

Voltage sag or dip can be defined as short duration reduction in voltage level between

10 and 90% of the nominal rms voltage at power frequency for a duration of one half

cycle to one minute [3]. Voltage sags are mostly caused by connection of heavy loads,

start-up of large motors and fault in customer installations. Starting of large induction

motors can result in voltage dip as it draws a starting current which can be up to 10

times the rated full load current. The consequences of voltage sag are disconnection

and loss of efficiency in rotating electrical machines; tripping of electromagnetic relays

and malfunctioning of computer or microprocessor based control systems.

2.2.2 Voltage Swell

Voltage swell can be defined as the momentary increase in voltage level at power fre-

quency outside the nominal tolerances for more than one half cycle and typically less

than few seconds [3]. Voltage swell’s are mainly because of line faults, badly dimen-

sioned power sources and incorrect tap setings in tap changers in substations. A single

line to ground fault can result in voltage swell in healthy phases. Swell can also re-

sult from energisation of large capacitor banks. The consequences of voltage swell are

flickering of lighting and screens, data loss and stoppage of sensitive equipments.

6



2.2.3 Interruptions

An interruption can be defined reduction in line voltage or current to less than 10 % of

nominal value not exceeding 1 minute. Interruption can be classified in to two depend-

ing on their duration as given below:

2.2.3.1 Very Short Interruption

Very short interruption is defined as total interruption of electric supply few millisec-

onds to one or two seconds [2]. Normally very short interruptions happens because

of insulation failures, lightning, system faults, equipment failures and flashover. The

consequences of very short interruptions are loss of information and malfunctioning of

data processing equipments tripping of protection devices and stoppage of power for

sensitive equipments.

2.2.3.2 Long Interruption

Long interruption are defined as loss of utility power lasting more than 2 minutes due

to major local area or regional area electrical events in the power system networks [2].

These are caused by equipment failures storms and objects striking on transmission

line or poles, power system faults and control malfunctioning. The consequences long

interruption are total stoppage of all the equipments.

2.2.4 Transients

Transients are defined as the very fast variation of voltage values for duration from

several microseconds to few milliseconds [3]. The variation may reach thousands of

volts even in low voltage systems. Transients are of two types as given below:

2.2.4.1 Impulsive Transients

An impulsive transient is brief unidirectional variation in voltage current or both on a

power line. These are caused due to lightning, switching of inductive loads and dis-

connection of heavy loads. The consequences of impulsive transients are destruction of

7



electronic equipment, failure of insulation materials, data processing errors and electro-

magnetic interference [4].

2.2.4.2 Oscillatory Transients

An oscillatory transient is a brief bidirectional variation in voltage, current or both on

a power line. These are caused due to power factor correction capacitors, switching

of inductive loads and transformer ferro resonance. The consequences of oscillatory

transients are failure of insulation materials, overheating of cables and equipments and

electromagnetic interferences [4].

2.2.5 Harmonic Distortion

Harmonic distortion is caused by non linear devices in the power system. A non linear

device is one which current is not proportional to applied voltage, while the applied

voltage is perfectly sinusoidal the resulting current is distorted. Increasing the voltage

by few percent may cause the current to double and take on different wave shape. Non

linear loads include ASD’s, arc furnaces and electric power converters [3], [4]. Any

periodic distorted waveforms can be expressed as sum of sinusoid’s with different mag-

nitudes and phases having frequencies that are multiples of power system frequency.

Harmonics are also caused due to electric machines operating above the knee of mag-

netization curve, arc furnaces, welding machine rectifiers and non linear loads. The

consequences of harmonics are increased probability of occurrence of resonance, over-

heating of cables and equipments, neutral current over load in three phase systems, loss

of efficiency in electric machines and electromagnetic interference with communication

systems.

Harmonic levels can be described by calculating Total Harmonic Distortion (THD)

which measures the complete harmonic spectrum with magnitudes and phase angles of

individual components. THD is the summation of all harmonic components of the volt-

age or current waveform compared against the fundamental component of the voltage

or current wave.
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Voltage THD (THDV ) is given by:

THDV =

√ ∞∑
n=2

V 2
n

V1
(2.1)

where,

V1 is the rms value of fundamental component (V),

Vn is the rms value of harmonic component ’n’ (V),

and n = 2, 3.....,∞.

2.2.6 Voltage Fluctuation

Voltage fluctuations are systematic variation of voltage or a series of random changes in

voltage magnitudes which lies in the range of 0.9 to 1.1 pu [4]. The voltage fluctuations

are caused due to frequent start or stop of electric motors, oscillating loads and arc

furnaces. The consequences of voltage fluctuations are under voltages and flickering of

lighting and screens.

2.2.7 Noise

Noise is defined as super imposing of high frequency signals on the wave form of power

system frequency [4]. Noise is caused due radiation due to welding machines, elec-

tromagnetic interferences, arc furnaces and improper grounding. The effects of noise

mainly are disturbances on sensitive electronic equipments and data processing errors.

2.2.8 Voltage Unbalance

Voltage unbalance is defined as voltage variation in three phase systems in which the

voltage magnitudes and phase angle difference between the phases are not equal [4].

Voltage unbalance is caused due to large single phase loads and incorrect distribution

of single phase loads in three phase systems. The voltage unbalance will leads to the

existence of negative sequence component which is harmful to all three phase loads.

The most affected loads are three phase induction machines.
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2.3 Custom Power Devices

The concept of Custom Power was introduced by N.G Hingorani in 1995 for improving

performance electric distribution systems. The concept of custom power is similar to

Flexible AC Transmission Systems (FACTS) the former is used in distribution systems

while the latter is used in transmission systems. The custom power devices are power

electronic based controllers in distribution systems to supply high quality and reliable

power to customers [5]. Just as FACTS devices improve the reliability of power trans-

mission systems by enhancing power transfer capability and stability custom power

devices enhances the power quality in distribution systems. Due to increase in load

demand and increased use of power electronics in equipments custom power devices

becoming a relevant part of electric distribution networks. A custom power solution

may include provision for

• Tight voltage regulation including protection against short duration sag’s or swell’s.

• Low harmonic voltage and current.

• No power interruption.

• Acceptance of non linear loads without effect on terminal voltage [6].

The power electronic controllers used in custom power solution can be classified in

to two types, they are network reconfiguring type and compensating type [6].

2.3.1 Network Reconfiguring Type Custom Power Devices

The network reconfiguring type custom power devices are mainly GTO or thyristor

based devices used for current limiting, current breaking and load transferring, they are

Solid State Current Limiter (SSCL), Solid State Circuit Breaker (SSCB) and Solid State

Transfer Switch (SSTS) [6]. SSCL is commonly used for the purpose of limiting fault

current, it consists of a back to back connected GTO switches, inductor for limiting fault

current and ZnO arrester connected as shown in Fig. 2.1(a), when a fault is detected

it inserts the inductor in series with the power line or cable so as to limit the fault

current. SSCB is a high speed switching device applied to reduce large current because

of fault in distribution systems. Its structure is similar to SSCL except that a back

to back connected thyristor switch is connected in series with the inductor. SSTS is
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used for protecting sensitive loads against voltage sag or swell. It is composed of two

GTO or thyristor blocks connected anti parallel connected, each block consists of three

such pairs corresponding to three phases of the system. As shown in Fig. 2.1(b) it is

ZnO arrester

Back to back

connected

Thyristor switch

(a)

Sensitive

load

Switch 1 Switch 2
Preferred

feeder

Alternate

feeder

(b)

Figure 2.1: Schematic diagrams of: (a) SSCL. (b) SSTS [6].

connected to two different power sources namely Preferred Feeder (PF) and Alternate

Feeder (AF). Under normal conditions, PF feeds the load through switch 1, when a fault

occurs in the PF load is transferred to AF through switch 2. The transfer time of SSTS

varies from 0.25 to 0.5 cycles of fundamental frequency.

2.3.2 Compensating Type Custom Power Devices

The compensating type custom power devices are VSI based and used for active power

filtering, load balancing, power factor correction and voltage regulation. There are

mainly three types of compensating type custom power devices, they are Distribu-

tion Static Compensator (DSTATCOM), Dynamic Voltage Restorer (DVR) and Unified

Power Quality Conditioner (UPQC) [7]. A DSTATCOM is generally used active power

filtering load balancing and power factor correction. In it’s most basic form DSTAT-

COM consists of a dc capacitor, an inverter and an interface filter to connect the output

of inverter at the load terminals as shown in Fig. 2.2(a). When DSTATCOM operated

in current control mode it supply’s the harmonic and reactive part of the load current so

that current drawn from the supply is perfectly balanced and in phase with the system

voltage. In voltage control mode DSTATCOM supply’s the reactive power required by

the load so as to maintain the voltage at the load terminal a constant. The DVR is a

controller that is commonly used for mitigation of voltage sags/swells at the point of
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Figure 2.2: Schematic diagrams of: (a) DSTATCOM. (b) DVR. (c) UPQC [7].

connection. The DVR employs the same blocks as the DSTATCOM, except that a cou-

pling transformer is connected in series with the ac system. Fig. 2.2(b) represents the

schematic diagram of DVR. The main functions of DVR are voltage regulation, com-

pensation for voltage sags and swells and unbalance voltage compensation for 3-phase

systems. The VSI generates a three phase ac output voltage which is controllable in

phase and magnitude. These voltages are injected into the ac distribution system in

order to maintain the load voltage at the desired voltage reference. UPQC is a combi-

nation of DSTATCOM and DVR as shown in Fig. 2.2(c). UPQC allows mitigation of

both voltage and current related power quality problems for a sensitive load to which it

is connected.
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2.4 Custom Power Park

The concept of custom power park have been introduced in [1] by N. G Hingorani.

All customers of the park benefit from high-quality power supply which, in the basic

form, is superior to the normal power supply from a utility. The electrical power to

the park is supplied through two feeders from two independent substations. Both these

feeders are joined together via a Solid State Transfer Switch (SSTS) that can make a

subcycle transfer from the preferred feeder (PF) to the alternate feeder (AF) such that

the duration of any voltage dip can be reduced to less than 10 ms. In addition, one or

more VSI based devices are used to eliminate harmonic currents and voltages, to correct

voltage sag/swell and for power factor correction.

In [8] A. Ghosh discussed about the concept of an mini-custom power park in which

voltage at CPP bus is tightly regulated by a DSTATCOM. The park has three loads

namely L1, L2 and L3, a DSTATCOM which is operated in voltage control mode and

a Diesel Generator (DG) which is used as a backup to supply the loads on the occasion

of total feeder loss. The schematic diagram of this mini-custom power park is as shown

in Fig. 2.3. In [9], same author compared performances of two different compensating

devices in a mini-custom power park. The performance of DSTATCOM and DVR

which are operated independently along with an SSTS in a mini-custom power park is

investigated.

PF AF

L1 L2

DG Cf 

DSTATCOM
L3

vs1 vs2 

SSTS

B1 B2 B3 B4

Figure 2.3: Schematic diagram of mini-custom power park [8].

In [10] an extended custom power park is presented which has both current and volt-

age quality improving devices. The park has four loads LA1, LA2, LAA and LAAA.

The load LA2 is dc load and an APF is connected in shunt with it mitigates the harmonic

13



current drawn by the load. LAAA is the most critical load and a DVR is connected in

series with it maintains the voltage across it as a constant. DG provides the power to

loads LAA and LAAA under total feeder interruption. The Fig. 2.4 shows the single

line diagram of the extended custom power park.

A custom power park with distributed generation is presented in [12]. Instead of

diesel generator used in [10], DVR and distributed generation are used to supply the

critical loads during interruption. The park has four loads LA1, LA2, LAA and LAAA.

APF is used to mitigate the harmonic currents drawn by the load LA2. DVR is con-

nected in series with the load LAAA, it is supported by distributed generation (DG)

along with a DC/DC boost converter as in Fig. 2.5.

The another important part in a Custom Power Park is the method which is used

for detection of the voltage sag, swell, interruption and other power quality problems.

The voltage sag’s/swells can be detected by measuring the peak value or rms value, it

can also be done using Fourier based methods. Most commonly used method is based

on Synchronous Reference Frame (SRF) based algorithm which is used for controlling

custom power park in [12]. The block diagram for identification of sag or swell in

feeders using SRF is as shown in Fig. 2.6.

The SRF based algorithm for involves transforming the three phase voltage to a

positive sequence synchronous rotating frame based on abc to dq transformation for

achieving sag detection.

 vd

vq

 = Ks


va

vb

vc

 (2.2)

where

Ks =
2

3

 sin(θ) sin(θ − 120) sin(θ + 120)

cos(θ) cos(θ − 120) cos(θ + 120)

 (2.3)

θ(t) =

∫ t

0

ω(ξ)dξ + θ(0) (2.4)

where va, vb and vc are preferred or alternate feeder phase to neutral voltages, vd and
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Figure 2.4: Single line Diagram of extended CPP [10].
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Figure 2.5: Single line diagram of CPP with DG unit [12].
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Figure 2.6: Block diagram of SRF based sag or swell detection.

vq are the corresponding dq components, ω is the rotating frame angular frequency and

θ(t) is transformation angle.

The voltage disturbance can be detected based on vdq which is given by

vdq =
√
v2d + v2q (2.5)

In this method vdq is filtered with a LPF (fc = 50 Hz) and the output of LPF is

compared with a reference voltage vref to detect the sag or swell and to generate transfer

signals. As a LPF with cut-off frequency, fc = 50 Hz is used the response time for the

detection of the power quality disturbances will be more and hence the time taken for

switching between the feeders after occurring a disturbance will increase.

The another method used for voltage imperfection detection is single phase dq the-

ory which detects both single phase and three phase voltage imperfections such as bal-

anced or unbalanced sag/swell with better performance than SRF based voltage imper-

fection detection [14]. The block diagram for identification of sag or swell in feeders

using single phase dq theory is as shown in Fig. 2.7. In this method each single phase

va

PLL vd

vq

X2

X2

vd
2

vq
2

LPF

Comparatorvref

vdq
Sag/swell 

signal

2
Phase 

shift

tsin

tcos



v

v

Figure 2.7: Block diagram of single phase dq theory based sag or swell detection.

voltages are converted to two phase stationary voltages (αβ reference frame) by giving

a phase shift of π/2 with the help of (2.6), then they are converted to dq reference frame
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using (2.7), and signal vdq is generated as in (2.5).

 vα

vβ

 =

 v(ωt)

v(ωt± π
2
)

 (2.6)

 vd

vq

 =

 cos(ωt) −sin(ωt)

sin(ωt) cos(ωt)

 vα

vβ

 (2.7)

and again

vdq =
√
v2d + v2q

vdq is filtered using a LPF and output of the LPF is compared with the reference

signal vref to generate the sag or swell signal for this phase, and signals from both

the three phases are used for transfer signal generation. This method can give good

response as compared to SRF based method as it can detect balanced and unbalanced

sag’s or swell’s, but the requirement of detection in all the three phases of two feeders

makes the control complicated.

2.5 Summary

This chapter has given an overview about power quality, power quality terminologies,

custom power devices and custom power park. It also discussed about some control

strategies used for detecting voltage imperfections in custom power park. The next

chapter discusses about the operation, modelling and control of the custom power de-

vices used in this work and the proceeding chapter discusses about the operation and

control of the custom power park.
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CHAPTER 3

MODELLING OF SSTS, DSTATCOM AND DVR

Solid State Transfer Switch (SSTS), Distribution Static Compensator (DSTATCOM)

and Dynamic Voltage Restorer (DVR) are the different devices used in the custom

power park. The modelling of SSTS and its transfer signal generation, modelling

of DSTATCOM and its reference current generation using instantaneous symmetrical

component theory, dc link design and filter inductance design and modelling of DVR,

its control and filter design are discussed in this chapter.

3.1 Solid State Transfer Switch

The increasing sensitivity of customer equipment to voltage variations has given rise to

use of custom power devices in distribution system. One of the most effective custom

power device is Solid State Transfer Switch (SSTS). If an alternate feeder exists or can

be provided to a critical load at reasonable cost, SSTS can transfer the load bus to an

alternate feeder and sensitive load experiences only a shallow sag of short duration.

Obviously SSTS is not effective in the case of a utility complete outage and cannot

provide power conditioning, if both feeders sag simultaneously as might be the case of

fault near a point where two utility joins.

The voltage sag magnitude and duration at the load terminals depend directly on the

SSTS control scheme. Hence voltage detection and transfer need to be as fast as possi-

ble. Furthermore the transfer and gating logic must assure that in no case paralleling of

the sources will occur, which would case severe damage to the thyristor switches [16].

In this work GTO based solid state transfer switch is used for simulation study.

GTO has several disadvantages like the magnitude of latching, holding currents is more

compared to conventional thyristors of the same rating, on state voltage drop and the

associated loss is more, due to multi-cathode structure of GTO triggering gate current

is higher than that required for normal thyristor, gate drive circuit losses are more and



its reverse voltage blocking capability is less than the forward voltage blocking capa-

bility. Though GTO is having these disadvantages, using GTO makes the control and

switching circuitry simple as no external commutation circuitry is required for turning

off the GTO.

While designing an SSTS to have a reliable system the following three modes of

operation should be taken in to account:

1. Normal mode: Under normal circumstances the control system should ensure
that the preferred feeder is connected to the load terminals.

2. Power failure mode: When the preferred feeder voltage fails or drops below
a reference value the system should check whether the alternate feeder is having
better voltage than preferred feeder. If the alternate feeder is having better voltage
then it should transfer the load automatically to the alternate feeder.

3. Return mode: When the power at the preferred feeder returns SSTS should trans-
fer the load back to the preferred feeder.

va-pf

vb-pf

vc-pf

va-af

vb-af

vc-af

Rs-af

Rs-af

Rs-af

Ls-af

Ls-af

Ls-af

Rs-pf

Rs-pf

Rs-pf

Ls-pf

Ls-pf

Ls-pf
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Feeder 
Alternate 

Feeder 
SSTS

N N

CPP
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To Load

L1

To Load

L2

To Load

L3

TPp

TPn

Tan

Tap

Figure 3.1: Power circuit of SSTS used for simulation study.

Fig. 3.1 shows the power circuit of SSTS used for the simulation study. Two feeders,

preferred and alternate are connected to the Custom Power Park (CPP) bus, to supply

the loads of the park. When a sag or swell occurs at the preferred feeder the loads will
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be transferred to alternate feeder within a short time span. Next section explains the

control theory used for the detection of voltage disturbances.

3.1.1 Voltage Sag/Swell Detection

The function of control unit is to monitor the voltage quality of both feeders, to detect

voltage sag or swell in the system and to transfer the load from one feeder to another

if required. The each phase voltage from both the feeders are the inputs to the control

unit and outputs are gating pattern for the preferred and alternate feeder GTO switches.

Under normal conditions the control unit triggers only the GTO’s of the preferred feeder

(Tpp and Tpn). If the preferred feeder does not meet the voltage requirements, the control

unit will transfer the load bus to the alternate feeder if it meets the voltage requirements.

This is accomplished by taking off gate signals from Tpp and Tpn GTO’s and triggering

Tap and Tan .

The control unit consists of synchronously rotating reference frame based voltage

transformation and a switching pulse generation logic based on the output of voltage

transformation unit. The total ’operating time’ of the SSTS depends on this voltage

sag or swell detection logic and the time taken to transfer the load from one switch to

another. So to have a fast operation the voltage sag or swell detection should happen

quickly, this will be explained here and the switching logic will be explained while

discussing operation of custom power park.

The SRF based voltage detection is discussed in Section 2.4. As shown in Fig. 2.6

the output vdq is filtered using a LPF (fc = 50Hz) and the filtered signal is compared

with a reference value to generate sag or swell signal. However this method introduces

a delay in the output because of LPF which is used to filter out the ripples causing faulty

transfer signals.

In this study an improved method is used for the control of SSTS which uses the

method described in [19] and [20] for sag/swell detection under distorted grid voltages.

This involves transforming the phase voltages firstly to a stationary reference frame

(αβ) using Clarke transformation [21] and then to synchronous rotating frame (dq)

using Park transformation [22]. The dq voltages in the synchronous reference frame

and their relationship with αβ reference frame are shown in Fig. 3.2.
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Figure 3.2: Voltages in stationary reference frame and SRF.

We can get the phase voltages transformed to dq values of the positive sequence

synchronous rotating frame using equations (3.1), (3.2) and (3.3).

R(θ) =

 sin(θ) −cos(θ)

cos(θ) sin(θ)

 (3.1)

C =

 1 −1
2

−1
2

0
√
3
2

−
√
3

2

 (3.2)

 vd(p)

vq(p)

 =
2

3
R(ωt)C


va

vb

vc

 (3.3)

R(θ) rotates the stationary reference frame quantities by a phase angle θ, if θ = ωt,

it represents the SRF. The subscript (p) in (3.3) represents that the value is in positive

sequence synchronous rotating frame and d, q represents the d-axis and q-axis values of

voltages. For a positive sequence synchronous rotating frame positive sequence com-

ponent rotates in counter clockwise direction and negative sequence component rotates

in clockwise direction. So the positive sequence voltage becomes dc component and

negative sequence become 100 Hz (for 50 Hz network frequency) component. The d

and q components of the voltage for a balanced and unbalanced voltage sag is as shown
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Figure 3.3: The d and q axis components of voltage for balanced and unbalanced sags.

in Fig. 3.3.

From Fig. 3.3 it is clear that for a balanced sag or swell the d and q components will

be dc value and for unbalanced sag/swell the d axis voltage is in a shifted sinusoidal

form and q axis voltage is a sinusoid, both the signals are with a frequency double

the network frequency as they are part of negative sequence components appearing in

supply voltages.

From Fig. 3.3 it is clear that during an unbalanced sag starting from t = 0.15 s

(here it is a single phase unbalanced sag of 40%) both d and q axis components contain

components having same amplitude and frequency 2ω. The sag detection method is

based on shifting the q axis 2ω component by −90 degrees and adding this to the d axis

voltage. Shifting is done using a discrete differentiator, and as a result 2ω component

is eliminated, this result can be filtered using an LPF of high cut-off frequency (fc = 1

kHz), so a fast voltage detection can be achieved. But as we are using a differentiator

if the grid voltage is distorted the rate of change will become very high so faithful

detection cannot be achieved. So it is important to design the cut-off frequency of LPF

so as to work under distorted grid voltages. Before going to the design of LPF let’s

discuss mathematically how we can achieve the cancellation of the negative sequence

components present in vd, for that equation (3.3) can be rewritten once again,

 vd(p)

vq(p)

 =
2

3
R(ωt)C


va

vb

vc



The above equation contains positive sequence dc components and negative se-
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quence 100 Hz components which can be expressed as vd(p)

vq(p)

 =

 vdp

vqp

 +R(−2ωt)

 vdn

vqn

 (3.4)

In equation (3.4) the subscripts p and n represents the value of original positive

and negative sequence components respectively, which are dc components. To detect

sag/swell only these components are sufficient, the procedure to extract the dc compo-

nents is as follows:

Differentiating equation (3.4) we will get ˙vd(p)

˙vq(p)

 = −2ωR(
π

2
)R(−2ωt)

 vdn

vqn

 (3.5)

The differential of R(ωt) can be derived to be −2ωR(π
2
)R(−2ωt), vdp and vqp are

constants so their differential will be zero. Multiplying both sides of (3.5) by R(π
2
) and

dividing it by −2ω gives (3.6).

−1

2ω
R(
π

2
)

 ˙vd(p)

˙vq(p)

 = R(π)R(−2ωt)

 vdn

vqn

 (3.6)

Adding (3.4) and (3.6) we will get vd(p)

vq(p)

− 1

2ω
R(
π

2
)

 ˙vd(p)

˙vq(p)

 =

 vdp

vqp

 (3.7)

From (3.7) the dc component of positive sequence d axis voltage can be written as

vdp = vd(p) +
1

2ω
˙vq(p) (3.8)

The discrete differentiation of the signal vq(p) is achieved as follows, if we are con-

sidering a sampling interval ∆t at any arbitrary time t1

˙vq(p)[t1] =
vq(p)[t1]− vq(p)[t1 −∆t]

∆t
(3.9)
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The ∆t is used in (3.9) should be higher than the sampling time used for simulation

to achieve good result.

The vdp signal generated in (3.8) can be passed through a LPF and can be com-

pared with reference voltage vref to generate sag or swell signal. If the supply voltage

is undistorted we can use a LPF with high cut-off frequency to filter out the high fre-

quency components that comes from differential result. In practical cases the supply

voltage will be distorted, the most common harmonics in voltage are 250 Hz which

forms the negative sequence and 350 Hz which forms the positive sequence. Both these

components will come in dq reference frame as 300 Hz components. Other most proba-

ble harmonic frequencies are 550 Hz and 650 Hz which will come in dq reference frame

as 600 Hz components. Therefore the component vdp is invalid if supply voltage contain

harmonics.

To figure out this problem the LPF cut-off frequency (fc) is designed, taking into

account harmonic frequencies. However, in the design criteria will consider only the

lowest frequency or 300 Hz component and the higher frequency need not be taken

into account, due to the frequency response of LPF [20]. To filter out 300 Hz the filter

cut-off frequency can be selected as

fc =
6f

2
(3.10)

where f is the supply frequency. The block diagram of voltage sag or swell detection

logic is as shown in Fig. 3.4 and Fig. 3.5 represents the different output signals when

a single phase sag of magnitude 0.4 pu occurred in the feeder between 0.15 and 0.2

second’s.

vabc
abc
to
dq

PLL

vd(p)

vq(p)

ωt

LPF

Comparatorvref

Sag/swell 

signal

dt

d

2

1

vdp
vq(p)

vdp

Figure 3.4: Block diagram of voltage sag/swell detection.

The Fig. 3.5(a)-(d) shows the various components in generating the fault detection

signals. An unbalanced sag of 40% is started at t = 0.15 s, during the sag the sinusoidal
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Figure 3.5: Example waveforms for 0.4 pu single phase sag: (a) vd(p). (b) vq(p). (c)
˙vd(p)/2ω. (d) vdp

.

components in the signal vd(p) and ˙vq(p)/2ω are exactly in phase opposition, so if we

add those to the sinusoidal components of frequency 100 Hz get’s canceled out and

the remaining part is the dc component vdp. This vdp can be used for detection of both

balanced and unbalanced faults after filtering with the LPF designed in (3.10).

3.1.2 Control of SSTS

A schematic diagram of SSTS with its control unit is as shown in Fig. 3.6. Voltage

detection part consists of two sag/swell detection unit discussed in Fig. 3.4, each for

the respective feeders. The outputs of the two LPF’s vdp−pf and vdp−af are given two

the switching logic which will generate the gating signals for the preferred and alternate

feeders. Switching logic has several outputs which is used for breaking and making the

loads of the Custom Power Park and it acts as a master control for the other devices.

The overall control algorithm used in switching logic will be discussed in Chapter 5.

The other issue that is to be discussed the minimum voltage dip or rise that can be

detected using this method. As we discussed the output of LPF in Fig. 3.4, vdp will

give the magnitude of the positive sequence voltage of the input supply. Following

procedure is adopted for finding the limits of sag/swell detection.
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Figure 3.6: Schematic diagram of the SSTS and its control unit.

The instantaneous symmetrical components of a three phase system can be given by
va0

va+

va−

 =
1

3


1 1 1

1 a a2

1 a2 a



va

vb

vc

 (3.11)

where,

va0, va+ and va− are the zero, positive and negative sequence components of voltage.

va, vb and vc are the voltages of three phases and a = ej2π/3 or (16 120o).

We can represent three phase voltage as phasor’s, va = |Va| 6 0o, vb = |Vb| 6 − 120o

and vc = |Vc| 6 120o, then the positive sequence component can be expressed as

va+ =
va + a× vb + a2 × vc

3
(3.12)

if we substitute the values of voltage phasor’s and a,

va+ =
|Va| 6 0o + 1 6 120o × |Vb| 6 − 120o + 1 6 − 120o × |Vc| 6 120o

3

and after simplification we will get

va+ =
|Va|+ |Vb|+ |Vc|

3
6 0o (3.13)
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so the magnitude of positive sequence voltage is the average of the three phase voltage

magnitudes, so we can write vdp as

vdp =
∣∣V a+

∣∣ =
|Va|+ |Vb|+ |Vc|

3
(3.14)

Using (3.14) we can get the minimum value of voltage dip that can be detected by this

method. In per units (3.14) can be written as

vdp(pu) =

∣∣Va(pu)∣∣+
∣∣Vb(pu)∣∣+

∣∣Vc(pu)∣∣
3

(3.15)

This voltage is compared with the reference detect the voltage sag’s or swell’s, the

lower limit for detection of sag is 0.9 pu. So the it can detect the balanced voltage sag of

if vdp(pu) goes below 0.9 pu. To find the lower limit for two phase sag we can substitute∣∣Va(pu)∣∣ =
∣∣Vb(pu)∣∣ and

∣∣Vc(pu)∣∣ = 1 in (3.15) and equating it to 0.9, we will get the

limit as 0.85 pu. If we substitute
∣∣Vb(pu)∣∣ =

∣∣Vc(pu)∣∣ = 1 in (3.15) and equating it to

0.9, we will get the lower limit for single phase sag as 0.7 pu. So this detection scheme

cannot detect single phase sags with magnitude between 0.7 and 0.9 pu and two phase

sags with magnitude between 0.85 and 0.9 pu. This disadvantage can be improved by

increasing the reference limit for detection of sags to a higher value from 0.9 pu.

3.2 Distribution Static Compensator

Fig. 3.7 shows the power circuit of DSTATCOM used in the simulation study of Cus-

tom Power Park. The loads may be a lagging power factor load or unbalanced load or

nonlinear load or combination of all these loads. For reducing ripples in the compensat-

ing current interfacing inductors (Lf ) are used in the AC side of VSI and Rf represents

the resistance of the interfacing inductor. The harmonic and reactive currents (if ) are

injected by the DSTATCOM to cancel the harmonic and reactive part of load currents

(il). So the harmonic, unbalance and reactive components in the source currents (is)

are compensated by the DSTATCOM. The main parts of the power circuit are a dc link

with split capacitor topology, 3-leg VSI with IGBT switches and interface inductor.

The reference currents for DSTATCOM are generated using instantaneous symmetrical

component theory and hysteresis band PWM control is used for generating switching
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Figure 3.7: Power circuit of DSTATCOM used in the CPP.

pulses for the VSI. This section explains about the design of various components in the

power circuit and the control of the DSTATCOM.

3.2.1 Selection of DC Link Voltage and Capacitance

The compensation capability of DSTATCOM greatly depends on the voltage rating of

dc link capacitor. In general DC link voltage must be much higher than the peak value

of line to neutral voltages. This is done in-order to achieve better performance at the

peak value of supply voltage. In [23] authors discusses that in-order to achieve better

compensation the dc link voltage should be greater than 1.6 times the peak value of the

system voltage. When the dc link voltage is below this limits there is insufficient voltage

to drive the current through filter inductance so as to track the reference currents.

The value of DC energy storage capacitor is governed by the decrease in dc link

voltage upon the application of load and rise in dc link voltage on removal of load [23].
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It is preferred to use higher value of dc link capacitance as it will also reduce the ripples

in dc link voltage. A PI controller is used to maintain the dc link voltage as constant,

higher value of capacitance may increase the rise time of this controller. So capacitor

value is selected such that it is not too high as to increase the response time of the

controller.

3.2.2 Selection of Filter Inductance

The proper selection of interface inductor plays an important role in satisfactory opera-

tion of the VSI in DSTATCOM. The value of shunt inductance should be low to allow

the required harmonic frequency and it should be high enough to block the switching

frequency components. If the dc link voltage, maximum switching frequency and hys-

teresis band are selected then the value of interface inductor Lf is given by [23]:

Lf =
1.6Vm

4hifswmax
(3.16)

where,

Vm is the maximum value of supply voltage (V).

hi is hysteresis band (A), and

fswmax is the maximum value of switching frequency (Hz).

3.2.3 Reference Current Generation Using Instantaneous Symmet-

rical Component Theory

Instantaneous symmetrical component theory is used for unbalance load compensation,

harmonic compensation and reactive power compensation. The control algorithm using

instantaneous symmetrical component theory can compensate any kind of unbalance

and harmonics in loads provided we have a high bandwidth current source to track the

reference current generated using this theory.

For any three phase voltages or currents instantaneous symmetrical components are

defined as follows:
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for currents 
ia0

ia+

ia−

 =
1

3


1 1 1

1 a a2

1 a2 a



ia

ib

ic

 (3.17)

similarly for voltages 
va0

va+

va−

 =
1

3


1 1 1

1 a a2

1 a2 a



va

vb

vc

 (3.18)

The load currents shown in Fig. 3.7 (ila, ilb and ilc) are unbalanced and nonlinear.

We have to achieve three objectives using instantaneous symmetrical component theory

based reference current generation [24], they are :

1. To provide balanced supply current (isa, isb and isc) such that its zero sequence
component (ia0) is zero.

isa + isb + isc = 0 (3.19)

2. To have a desired power factor angle (φ+) between the positive sequence supply
voltage (va+) and positive sequence supply current (ia+).

6 va+ = 6 ia+ + φ+ (3.20)

3. Power supplied from the source (ps) must be equal to the average load power
(Plavg).

ps = vsaisa + vsbisb + vscisc = Plavg (3.21)

Using (3.17) and (3.18) we can write (3.20) as follows

6

(
1

3

[
vsa + avsb + a2vsc

])
= 6

(
1

3

[
isa + aisb + a2isc

])
+ φ+ (3.22)

By substituting the value of a L.H.S and R.H.S of (3.22) can be written as
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L.H.S = 6
1

3

[(
vsa −

vsb
2
− vsc

2

)
+ j

√
3

2
(vsb − vsc)

]

= tan−1

√
3
2

(vsb − vsc)(
vsa − vsb

2
− vsc

2

)
= tan−1

C1

C2

(3.23)

R.H.S = 6
1

3

[(
isa −

isb
2
− isc

2

)
+ j

√
3

2
(isb − isc)

]
+ φ+

= tan−1

√
3
2

(isb − isc)(
isa − isb

2
− isc

2

) + φ+

= tan−1
C3

C4

+ φ+ (3.24)

Where C1, C2, C3 and C4 are
√
3
2

(vsb − vsc), vsa − vsb
2
− vsc

2
,
√
3
2

(isb − isc) and isa −
isb
2
− isc

2
respectively.

and now from (3.24) and (3.24)

tan−1
C1

C2

= tan−1
C3

C4

+ φ+

taking tan on both sides

C1

C2

= tan

(
tan−1

C3

C4

+ φ+

)
(3.25)

Substituting values of C1,C2,C3 and C4 in (3.25) and rearranging we will get

{(vsb − vsc) + β (vsb + vsc − 2vsa)} isa

+ {(vsc − vsa) + β (vsc + vsa − 2vsb)} isb

+ {(vsa − vsb) + β (vsa + vsb − 2vsc)} isc = 0 (3.26)

where β = tan φ+√
3

. Now if we take vs0 = 3 (vsa + vsb + vsc) (3.26) can be rewritten as

{(vsb − vsc)− 3β (vsa − vs0)} isa

+ {(vsc − vsa)− 3β (vsb − vs0)} isb

+ {(vsa − vsb)− 3β (vsc − vs0)} isc = 0 (3.27)

Equations (3.19),(3.21) and (3.27) forms a system of linear equations with variables isa,
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isb and isc, which can be solved to get the source reference currents as follows.

isa =
(vsa − vs0) + β (vsb − vsc)∑

j=a,b,c v
2
sj − 3v2s0

Plavg

isb =
(vsb − vs0) + β (vsc − vsa)∑

j=a,b,c v
2
sj − 3v2s0

Plavg (3.28)

isc =
(vsc − vs0) + β (vsa − vsb)∑

j=a,b,c v
2
sj − 3v2s0

Plavg

The above equation represents the reference source currents that is to be drawn from

the source after DSTATCOM connection.

If we consider source voltages as balanced then vs0 will be zero, so (3.28) will become

isa =
vsa + β (vsb − vsc)∑

j=a,b,c v
2
sj

Plavg

isb =
vsb + β (vsc − vsa)∑

j=a,b,c v
2
sj

Plavg (3.29)

isc =
vsc + β (vsa − vsb)∑

j=a,b,c v
2
sj

Plavg

Applying Kirchoff’s law at PCC we will get the filter reference currents as

i∗fa = ila − isa = ila −
vsa + β (vsb − vsc)∑

j=a,b,c v
2
sj

Plavg

i∗fb = ilb − isb = ilb −
vsb + β (vsc − vsa)∑

j=a,b,c v
2
sj

Plavg (3.30)

i∗fc = ilc − isc = ila −
vsc + β (vsa − vsb)∑

j=a,b,c v
2
sj

Plavg

These currents (3.30) are given as the reference currents to the VSI which will generate

the filter currents (ifa, ifb and ifc).

3.2.4 Generation of Ploss to Maintain DC Link Voltage

To have perfect current tracking we have to maintain the dc voltages (Vdc1 and Vdc2)

across the capacitors (Cdc1 andCdc2) must be maintained at reference value (Vdcref ).This

has to be achieved by drawing some power from the source. In order to accommodate

this the real power drawn from the source is not equal to the average value which is

given in (3.21), it should also contain the average power lost in the DSTATCOM circuit
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[25]. Ploss can be generated through a suitable PI controller such that average dc link

voltage (Vdc1 + Vdc2) is maintained a constant. In steady state (Vdc1 + Vdc2) will be

equal to Vdc which is the average DC link voltage of DSTATCOM. Ploss is given as

follows

Ploss = Kp evdc +Ki

∫
evdcdt (3.31)

where evdc = 2Vdcref − (Vdc1 + Vdc2) is the voltage error. The terms Kp and Ki are

proportional and integral gains respectively.

The value of Ploss generated using (3.31) can be incorporated in (3.30) to draw

additional amount of real power from the source. The new reference filter current con-

sidering Ploss is given as follows:

i∗fa = ila −
vsa + β (vsb − vsc)∑

j=a,b,c v
2
sj

(Plavg + Ploss)

i∗fb = ilb −
vsb + β (vsc − vsa)∑

j=a,b,c v
2
sj

(Plavg + Ploss) (3.32)

i∗fc = ila −
vsc + β (vsa − vsb)∑

j=a,b,c v
2
sj

(Plavg + Ploss)

For unity power factor operation φ+ will be zero hence β also will be zero, so the

reference filter currents will become

i∗fa = ila −
vsa∑

j=a,b,c v
2
sj

(Plavg + Ploss)

i∗fb = ilb −
vsb∑

j=a,b,c v
2
sj

(Plavg + Ploss) (3.33)

i∗fc = ila −
vsc∑

j=a,b,c v
2
sj

(Plavg + Ploss)

The average load power Plavg can be computed by using a moving average filter

which runs over a window of one period (T ) of data points as follows

Plavg =
1

T

∫ t1+T

t1

(vsaisa + vsbisb + vscisc) dt (3.34)

where t1 is an arbitrary time instant.
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3.2.5 Hysteresis Band PWM Control

The hysteresis band PWM is basically an instantaneous feedback current control method

of PWM where the actual current continuously tracks the reference current within a

specified hysteresis band.

refi

iref hi 

iref hi 

actuali

dcV5.0

dcV5.0

Figure 3.8: Principle of hysteresis band PWM.

The Fig. 3.8 explains the operating principle of the hysteresis band PWM. The

control circuit generates a current wave of desired shape, and it is compared with the

actual filter current. As the current exceeds a prescribed hysteresis band the upper

switch in the half bridge is turned off and lower switch is turned on, as a result the

output voltage changes from +0.5Vdc to −0.5Vdc and the current starts to decay. As the

current crosses the lower limit the lower switch is turned off and upper switch is turned

on.

The control algorithm is as follows for phase a in Fig. 3.7

if iactual ≥ iref + hi

S1 OFF

S4 ON

else if iactual ≤ iref − hi
S1 ON

S4 OFF

else if iref − hi ≤ iactual ≤ iref + hi

Retain the status of switches.
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Where iactual is the actual filter current, iref is the reference filter current and hi is

the hysteresis band, S1 and S4 are the switches corresponding to phase a. The actual

current wave is thus forced to track the reference wave within the hysteresis band by

back and fourth switching of the upper and lower switches.

3.2.6 Control of DSTATCOM
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Figure 3.9: Schematic diagram of DSTATCOM with its control unit.

Fig. 3.9 shows the schematic diagram of DSTATCOM and its control unit. It uses (3.21)

to calculate the instantaneous active power supplied from the source. To calculate the

average load power a moving average filter which runs over a window of one cycle as

mentioned in (3.34) is used. The Ploss is generated by comparing the DC voltage with a

reference value and using a PI controller as in (3.31). Reference currents are generated

using instantaneous symmetrical component theory as in (3.33). Hysteresis band PWM

current controller is used to generate switching pulses for the VSI. The DSTATCOM is

connected to the load L1 in the custom power park which is unbalanced and nonlinear.
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The load currents (il(abc)) are unbalanced and nonlinear, after the connection of DSTAT-

COM at load terminal the source currents (is(abc)) will be balanced and sinusoidal.

3.3 Dynamic Voltage Restorer

DVR is a custom power device used to eliminate supply side voltage disturbances.

DVR maintains load voltage at a desired magnitude and phase by compensating voltage

sags/swells, voltage unbalances and voltage harmonics at the point of common cou-

pling. It can also be used for maintaining voltage for short duration during interruption

provided it is having sufficient energy storage at its dc side [26].
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VdcD
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S2

To Load
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To Load
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Rse Lse

Cse
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critical load

VSI
Filter 

Injection transformers

Figure 3.10: Power circuit of DVR.

The power circuit of DVR is as shown in Fig. 3.10. DVR mainly has the following

parts:
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1) Voltage source inverter: Voltage Source inverters used in DVR usually are of low

voltage rating and high current rating as a step-up injection transformer boosts the volt-

age the voltage level.

2) Injection transformer: Injection transformers can be connected in delta/open or

star/open winding configuration in the distribution line. The star/open winding con-

nection allows injection of positive, negative and zero sequence voltages where as

delta/open winding allows only the injection of positive and negative sequence voltages.

3) Passive filter: The filtering scheme in DVR can be placed either in high voltage

side or at the inverter side of series injection transformer. The advantage of inverter

side is that it is on the low voltage side of the transformer and it is close to harmonic

source. The filtering scheme considered in this work pertains to that at the inverter side.

Using this scheme higher order harmonics can be prevented from entering to the trans-

former thus reducing the voltage stress on transformer.

4) Energy storage with DC capacitor: A regulated constant DC supply is employed

in DVR with the help of an energy storage system and DC/DC converter. Generally

battery, flywheel or SME’s etc. are used to provide the real power for compensation.

Compensation using real power is required when a large voltage sag occurs. A DC

capacitor is provided to get a stiff dc voltage to the inverter. In this work the entire

combination of energy storage, DC/DC converter and capacitor is not considered, they

are modelled by a simple DC voltage source.

5) Bypass switches: Bypass Switches are provided to protect DVR from load faults,

large inrush currents and to bypass the transformer under normal operation.

3.3.1 Reference Voltage Generation

The DVR has a control circuit which continuously monitor the terminal voltages (vta,

vtb and vtc) and generate the reference signals (v∗fa, v
∗
fb and v∗fc) that is to be injected

by the DVR to compensate the sag, swell and harmonics. The reference voltage gen-

eration is based on Synchronous Reference Frame (SRF) theory [27]. The measured
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terminal voltages are converted from abc to dq0 reference frame using the following

Park’s transformation.
vtd

vtq

vt0

 =
2

3


sin(θ) sin(θ − 120) sin(θ + 120)

cos(θ) cos(θ − 120) cos(θ + 120)

1
2

1
2

1
2



vta

vtb

vtc

 (3.35)

Where θ is given as follows

θ(t) =

∫ t

0

ω(ξ)dξ + θ(0) (3.36)

ω is the rotating frame angular frequency. The abc reference frame voltages and dq0

reference frame voltages are related as in Fig. 3.2.

The desired load voltages in dq0 reference frame is given as follows:
vld

vlq

vl0

 =


vL max

0

0

 (3.37)

Where vL max is the desired value of load voltage magnitude in each phase. The refer-

ence voltages in dq0 reference frame can be obtained by subtracting (3.35) from (3.37)

and is as follows 
v∗d ref

v∗q ref

v∗0 ref

 =


vld

vlq

vl0

−

vtd

vtq

vt0

 (3.38)

The reference voltages in abc reference frame can be obtained by transforming the dq0

reference quantities back to abc reference frame using inverse Park’s transformation as

follows. 
v∗fa

v∗fb

v∗fc

 =


sin(θ) cos(θ) 1

sin(θ − 120) cos(θ − 120) 1

sin(θ + 120) cos(θ + 120) 1



v∗d ref

v∗q ref

v∗0 ref

 (3.39)

The reference voltages generated using (3.39) are given to a PWM generator to ob-
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tain the switching pulses for the VSI. The reference voltages could be balanced, unbal-

anced and it can even have harmonics depending on the terminal voltage (vt(abc)). The

same hysteresis band PWM control explained in Subsection 3.2.5 is used for generating

the switching pulses for the VSI [28].

The sag/swell detection signals are generated from the control circuitry of the SSTS

explained in Subsection 3.1.2. If both vdp−pf and vdp−af goes below the sag detection

limit then only the sag will affect the Custom Power Park bus. DVR needs to inject the

voltage under this condition and when there is harmonics in supply voltage.

The reference voltages in dq reference frame for DVR during interruption is as

follows: 
v∗d ref

v∗q ref

v∗0 ref

 =


vL max

0

0

 (3.40)

The reference voltages in abc reference frame can be obtained by transforming the dq0

reference quantities back to abc reference frame using inverse Park’s transformation as

follows. 
v∗fa

v∗fb

v∗fc

 =


sin(θ′) cos(θ′) 1

sin(θ′ − 120) cos(θ′ − 120) 1

sin(θ′ + 120) cos(θ′ + 120) 1



vL max

0

0

 (3.41)

Where θ′ = ωt′ + θ, θ is the phase angle at the starting of interruption, it is taken to

get a synchronized output with the supply voltage and t′ is taken as 0 at the starting of

interruption and it will increase from there onwards.

3.3.2 Selection of Passive Filter Parameters

The output of VSI will contain switching frequency which will be in the order of few

kHz. It has to be filtered out so that the load voltage is distortion free. LC filter is used

for this purpose, which is as shown in Fig. 3.11.
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Rse
Lse

Csevi
vo

Figure 3.11: LC low pass filter.

The transfer function of the low pass filter is as follows

vo (s)

vi (s)
=

1/ (LseCse)

s2 + s (Rse/Lse) + 1/ (LseCse)

=
ω2
n

s2 + 2ξωns+ ω2
n

(3.42)

where,

ωn = 1√
LseCse

, the natural frequency of filter.

ξ = Rse

2

√
Lse

Cse
, the damping ratio.

If the source voltage has some harmonics then that also to be compensated by the

DVR. So the filter cut-off frequency should be higher than the highest order harmonic

component that is to be compensated. LC parameters are chosen such a way that it

passes the fundamental component and required harmonics. Higher value of Cse will

reduce the ripples in output voltage. Rse is selected so as to provide sufficient damping.

3.3.3 Control of DVR

Fig. 3.12 shows the schematic diagram of DVR with its control unit. The control unit

has a 3 phase PLL for extracting the instantaneous phase angle of the voltage, refer-

ence voltage is generated as explained in Subsection 3.3.1 and hysteresis band PWM

controller is used for generating the switching pulses for the VSI. The switching fre-

quency components present in the VSI output is filtered using a LC low-pass filter. The

filtered output contains the required harmonics and fundamental frequency components

which are injected through the injection transformer with a polarity as shown. A bypass

switch is used to protect the DVR from load faults, large inrush currents and to bypass

the transformer under normal operation.
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Figure 3.12: Schematic diagram of DVR and its control.

3.4 Summary

This chapter explained the operation, modelling and control of custom power devices

used in this study. In first section the modelling of SSTS, voltage sag/swell detection

algorithm are discussed, then operation of DSTATCOM and its reference current gener-

ation are explained and in final section the operation of DVR and its are discussed. The

next chapter explains how these devices can be coordinated in a custom power park.
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CHAPTER 4

MODELLING OF CUSTOM POWER PARK AND ITS

CONTROL

In previous chapter the operation and control of different custom power devices like

SSTS, DSTATCOM and DVR are discussed in detail. This chapter explains how these

devices can be coordinated to form a Custom Power Park (CPP). In a custom power

park all customers will get a higher quality supply which is superior to the normal

power which is available from the utility. The CPP presented in this work differs from

the conventional studies in the following aspects

• It has devices to improve both current and voltage related power quality problems
i.e., DSTATCOM and DVR as compared to [8] and [9].

• It uses an improved control algorithm which can work even under distorted grid
voltage for detecting power quality disturbances.

• Voltage detection scheme used in the control of custom power park has better
response time than that in [12] and [14].

4.1 Modelling of Custom Power Park

The custom power park offers high quality power of three different grades namely CP-1,

CP-2 and CP-3 to the customers for meeting the requirements of various sensitive and

critical loads. Fig. 4.1 shows the power circuit of the custom power park used for the

simulation study. It has network reconfiguring custom power device i.e., SSTS which is

connected to preferred and alternate feeders, two compensating custom power devices

i.e., DSTATCOM and DVR, three different loads L1, L2 and L3 named as the grades of

power they are receiving and a diesel generator which can be used as the backup supply

in the case of total feeder loss.

SSTS protects the custom power park bus from the voltage related problems such

as voltage sags, swells and interruption by transferring the loads to a healthy feeder

within a time span of 4-8 milli-seconds. The control unit is responsible for monitoring
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the voltage quality of both feeder voltages and making the decision to transfer the loads

whenever it is necessary. The voltage quality is monitored based on the modified SRF

theory as explained in Subsection 3.1.1. If the preferred feeder meets the specified

requirements then the CPP bus will be connected to it and if it doesn’t the loads will be

transferred to alternate feeder.

DSTATCOM mitigates Current harmonics and compensate for the reactive power

required by the load L1. Shunt connected 3 leg VSI with split capacitor topology on the

DC side is used in the DSTATCOM power circuit. Switching frequency components in

the output of VSI are filtered using first order inductance filter. The reference currents

for the DSTATCOM are generated using instantaneous symmetrical component theory

as explained in Subsection 3.2.3. So the load L1 will get a sag well free and current

harmonic free power which is the least qualified power in the custom power park.

DVR is connected in series with the load L3 by means of three single phase trans-

formers and has capable of compensating voltage related problems such as voltage sag

swell and harmonics. A SRF based reference voltage generation as explained in Sub-

section 3.3.1 is used for the DVR. The voltage sag and swell are detected as explained in

Subsection 3.1.1. DVR needs to compensate only when both the feeders are subjected

to sag or swell and when voltage harmonics are present in the feeder which is connected

to the custom power park bus. The DC energy support for the DVR is increased so that

it can maintain the voltage across the load L3 nearly to nominal value for few seconds

which is considered as start-up time for diesel generator under total feeder loss. After

this few seconds diesel generator will be connected to the bus and it starts supplying the

loads L2 and L3

There are three different grades of qualified powers in Custom Power Park they are

Custom Power-1 (CP-1), Custom Power-2 (CP-2) and Custom Power-3 (CP-3).

Custom Power-1 (CP-1): CP-1 is the basic quality value added power in the CPP. It

is high quality power compared to the normal power in distribution system arises from

the fact that the park has two incoming feeders. SSTS ensures that feeder with superior

power is selected in less than a half cycle. There will be still voltage dips which are

common to the both feeders resulting from the faults in transmission system. It also

gets benefit from the DSTATCOM which will compensate the current harmonics there

by reducing harmonic distortion at the load L1 and it also compensates the reactive
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Figure 4.2: The grades of power in custom power park.

power required by this load. The following are the improvements which CP-1 got over

the normal utility power:

1. 60-80 % reduction in voltage dips.

2. Rare occurrence of interruption.

3. Active power and harmonic filtering.

Custom Power-2 (CP-2): CP-2 also receives same basic qualified power as CP-1

which is harmonic free and sag well free if any one of the feeders is in good condition,

apart from that it also receives benefit from a standby Diesel Generator (DG) which

comes in to operation in about 10-20 seconds in the case of total feeder loss caused by

transmission system faults. So this load losses power only during this 10-20 seconds

which is the start-up and synchronization delay for the diesel generator.

Custom Power-3 (CP-3): CP-3 power quality is above and over the grade of CP-2,

it is harmonic free, sag/swell free, voltage unbalance free and long interruption free.

It also receives the benefit of DVR which adds right amount of voltage to the feeder

voltage to ensure that the load voltage is free from sag/swells and voltage harmonics.

During long interruption if there is some start-up for the diesel generator DVR is sup-

posed to maintain the voltage across this load near to the nominal value.

An overview of the grades of powers compared to normal power is as shown in

Fig. 4.2. The loads in custom power park are categorized to three according to the

grades of power they are receiving, they are L1, L2 and L3. The load L1 is unbalanced

and it can contain the DC loads also, L2 is the senstive load which is assumed to be

balanced and L3 is critical sensitive load which is also balanced. L1, L2 and L3 will
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Table 4.1: Grades of powers required by different customers.

Grades of Power Types of Customer
CP-1 Shopping centers, office buildings, plastic com-

pany, computer hardware companies.
CP-2 Software development companies, pathology

and other testing facilities
CP-3 Semiconductor manufacturing, hospitals, life

support systems

get the power grades CP-1, CP-2 and CP-3 respectively. There are different customers

in custom power park and they require different grades of power. The Table 4.1 shows

the types of customers and their requirements of the power quality as interpreted from

[1].

4.2 Control of Custom Power Park

When different types of devices are operated to solve multiple power quality distur-

bances simultaneously proper control and coordination of devices are necessary for the

flexibility of the system. Some control functions can be centralized from a common

platform. This common platform for the proposed custom power park uses the modi-

fied SRF theory explained in Subsection 3.1.1. Using this theory we can extract the DC

component positive sequence d axis voltage vdp as per the following expression

vdp = vd(p) +
1

2ω
˙vq(p) (4.1)

where,

vd(p) is the d axis voltage in SRF.

vq(p) is the q axis voltage in SRF.

and ω is the angular frequency.

This signal vdp may contain high frequency noises because of the differentiator used

in the detection scheme, which can be filtered using a low-pass filter. If the grid voltage

contains harmonics this problem become more severe as the rate of change of harmonic

components will be very much higher than that of fundamental component. Consider-

ing that the most common harmonics in voltage are 250 Hz which forms the negative
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Figure 4.3: Block diagram for generation of fault detection signal.

sequence and 350 Hz which forms the positive sequence, this will appear as 300 Hz

component in dq reference frame a cut-off frequency of 150 Hz is chosen for the LPF.

So harmonic and higher frequency components will be attenuated and output of the LPF

vdp will be pure DC component which will be used for fault detection.

The block diagram used for the generation of fault detection signal vdp is as in

Fig. 4.3. As we are using higher cut-off frequency for the low pass filter the detection

time will be less than the control schemes presented in [12] and [14]. Custom power

park has two feeders namely preferred and alternate feeder. So we will be having two

fault detection signals as in (4.1) in the control part corresponding to this feeders. For

preferred feeder:

vdp−pf = vd(p)−pf +
1

2ω
˙vq(p)−pf (4.2)

and for alternate feeder:

vdp−af = vd(p)−af +
1

2ω
˙vq(p)−af (4.3)

where the the pf and af terms in suffixes corresponds to preferred feeder and alternate

feeder respectively. These outputs in (4.2) and (4.3) can be filtered to get fault detection

signals vdp−pf and vdp−af corresponding to preferred and alternate feeders respectively.

The normal, sag, swell and interruption can be detected by comparing the per-unit value

of vdp with reference values as given below :

• If the per-unit value of vdp is in between 0.9 pu and 1.1 pu then it is said to be
operating in normal mode (less than 10% sag/swell).

• If the per-unit value of vdp is in between 0.5 pu and 0.9 pu then it then it consid-
ered as sag (dip in voltage magnitude between 10% and 50%).

• If the per-unit value of vdp is in between 1.1 pu and 1.5 pu then it then it consid-
ered as swell (rise in voltage magnitude between 10% and 50%).
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• If the per-unit value of vdp is less than 0.5 pu or greater than 1.5 pu then it consid-
ered as interruption (dip in voltage magnitude below its 50% or rise in voltage
magnitude above its 50%).

Considering that custom power park is having two incoming feeders and a diesel

generator which is having some start-up delay, the following 8 cases of operation are

possible in the proposed custom power park.

1. Less than 10% sag/swell at preferred and alternate feeder (normal operation).

2. Less than 10% sag/swell at preferred feeder and between 10% and 50% sag/swell
at alternate feeder.

3. Less than 10% sag/swell at preferred feeder and more than 50% sag/swell at al-
ternate feeder.

4. Between 10% and 50% sag/swell at preferred feeder and less than 10% sag/swell
at alternate feeder.

5. More than 50% sag/swell at preferred feeder and less than 10% sag/swell at alter-
nate feeder.

6. Between 10% and 50% sag/swell at preferred and alternate feeder.

7. More than 50% sag/swell at preferred feeder and alternate feeder and diesel gen-
erator is starting-up.

8. More than 50% sag/swell at preferred feeder and alternate feeder and after diesel
generator start-up.

The power quality monitoring and controlling system of the custom power park

is having three parts, the first part will generate the fault detection signals vdp−af and

vdp−af , the second part will identify the cases described above and the third part will

switch the devices in the park depending on the identified operating case.

There are two inputs to the first part of the control system, they are the each phase

voltages of preferred and alternate feeders and this will generate the fault detection

signals. The second part is having three inputs, the first one is the fault detection signal

from the preferred feeder (vdp−pf ), second is the fault detection signal from alternate

feeder (vdp−af ) and third one is dg_ready signal which will be issued by the diesel

generator when the conditions for connecting it to the park bus are satisfied after getting

a dg_start signal. The third part will generate the switching signals depending on the

case identified in second part. It will generate for the switching signals SSTS and load

breakers, control signals for the DSTATCOM and DVR and start/stop signals for the
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Table 4.2: Different conditions for identification of operating cases/modes.

Cases vdp−pf vdp−af dg_ready
(pu) (pu)

1 0.9 < vdp−pf ≤ 1.1 0.9 < vdp−af ≤ 1.1 0

0.5 < vdp−af ≤ 0.9
2 0.9 < vdp−pf ≤ 1.1 or 0

1.1 < vdp−af ≤ 1.5
vdp−af ≤ 0.5

3 0.9 < vdp−pf ≤ 1.1 or 0
vdp−af > 1.5

0.5 < vdp−pf ≤ 0.9
4 or 0.9 < vdp−af ≤ 1.1 0

1.1 < vdp−pf ≤ 1.5
vdp−pf ≤ 0.5

5 or 0.9 < vdp−af ≤ 1.1 0
vdp−pf > 1.5

0.5 < vdp−pf ≤ 0.9 0.5 < vdp−af ≤ 0.9
6 or or 0

1.1 < vdp−pf ≤ 1.5 1.1 < vdp−af ≤ 1.5
vdp−pf ≤ 0.5 vdp−af ≤ 0.5

7 or or 0
vdp−pf > 1.5 vdp−af > 1.5
vdp−pf ≤ 0.5 vdp−af ≤ 0.5

8 or or 1
vdp−pf > 1.5 vdp−af > 1.5

diesel generator. Different cases that will be identified in the second stage will be one

among the cases described above, the Table 4.2 summarizes conditions under which

different cases are detected. In order to avoid for detecting multiple case number for

same fault detection signals some limits are forced to be less than (<) instead of less

than or equal to (≤).

In normal mode that is less than 10% sag/swell at both the feeders the park bus will

be connected to the preferred feeder and all the loads L1, L2 and L3 will be connected

to the bus. DSTATCOM will be operating to compensate the harmonics and reactive

power required by the load L1 and DVR will remain as idle. The operation will be same

as normal mode in second and third case also. The fourth and fifth case corresponds to

a sag/swell and interruption respectively at the preferred feeder, under this condition the
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Table 4.3: ON/OFF status of the devices in each operating cases/modes.

Cases SSTS_PF SSTS_AF L1 L2 L3 DSTATCOM DVR DG

1 ON OFF ON ON ON ON OFF OFF
2 ON OFF ON ON ON ON OFF OFF
3 ON OFF ON ON ON ON OFF OFF
4 OFF ON ON ON ON ON OFF OFF
5 OFF ON ON ON ON ON OFF OFF
6 ON OFF ON ON ON ON ON OFF
7 ON OFF OFF OFF ON OFF ON OFF
8 OFF OFF OFF ON ON OFF OFF ON

park bus will be supplied from the alternate feeder and all the loads will be connected

to the bus. The DVR needs to operate only in sixth and seventh cases. Sixth case

corresponds to a sag/swell which lies in between 50% and 90% of nominal value, under

this condition the preferred feeder will be connected to the bus. The loads L1 and

L2 will get the supply quality which corresponding to that of preferred feeder but L3

voltage will be same as pre-sag voltage as the DVR starts operating.

The case 7 corresponds to interruption at both the feeders, so the control system will

issue a start signal to the generator which is denoted as dg_start and it continuously

monitor the dg_ready signal which is an output of the diesel generator which will be-

come active when the diesel generator is ready to get connected to the bus. During this

diesel generator start-up period the DVR will maintain the voltage across load L3 near

to its nominal value. The custom power park bus will be connected to the preferred

feeder this time to get the reference for the DVR voltage which is injected in series. Af-

ter getting the dg_ready signal the diesel generator will be connected to the bus and it

will supply the loads L2 and L3. The Table 4.3 shows the ON/OFF status of the devices

for different cases of operation.

The complete flow chart of the custom power park control system is as shown in Fig.

4.4. Here ’1’ corresponds to ’ON’ condition or operating condition of the each devices

and ’0’ corresponds to ’OFF’ or no operation condition of the devices. The inputs to the

control system are each phase voltages of preferred and alternate feeders and dg_ready

signal. Using the measured phase voltges first part will generate the voltage sag/swell

detection signal, second stage use this two signals and dg_ready signal for identifying
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Figure 4.4: Flow chart of the CPP control.

the operating case and third part will generate the switching and control signals.

The Fig. 4.5 shows a schematic of custom power park with its complete control

system. It consists of a common control for detection of faults and it will switch the

devices according to the power quality of the feeders. DSTATCOM will compensate for

harmonics, reactive power and unbalance in load L1, which uses instantaneous symmet-

rical component theory for generation of reference voltage. DVR will compensate for

sag, swell and voltage harmonics and it maintains constant voltage across L3. The back

up diesel generator will supply the loads L2 and L3 when a long interruption occurs.
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4.3 Summary

This chapter discussed about the operation and control of the custom power park and it

also discussed about the different power quality levels that are obtained in the custom

power park and how they can be obtained. The next chapter presents the performance

of the proposed custom power park under different voltage and current quality distur-

bances.
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CHAPTER 5

SIMULATION STUDIES

The proposed Custom Power Park is simulated using MATLAB-SIMULINK and the

performance of the control algorithm and coordination of different devices for differ-

ent operating conditions such as current/voltage harmonics, voltage sags, swells and

interruptions occurred on preferred and alternate feeders. The circuit scheme used for

simulation study is as in Fig. 4.1. The control algorithm shown in Fig. 4.5 is modelled

using matlab function blocks.

Table 5.1: Parameters for simulation study

Parameters Values
System parameters
Preferred feeder voltage (Vpf(L−L)) 4006 0o V
Alternate feeder voltage (Vaf(L−L)) 4006 0o V
Backup generator voltage (Vgen(L−L)) 400 V
Fundamental frequency 50 Hz
Preferred feeder resistance, inductance 0.05 Ω, 0.01 mH
Alternate feeder resistance, inductance 0.05 Ω, 0.01 mH

DSTATCOM parameters
DC link voltage (Vdc) 700 V
DC link capacitances (Cdc1 = Cdc2) 2000 µF
Filter parameters (Rf , Lf ) 1 Ω, 5 mH
Hysteresis band for current controller (hi) 0.2 A
Kp, Ki values for dc-link voltage controller 140, 20
DVR parameters
DC link voltage (VdcD) 800 V
Filter parameters (Rse, Lse, Cse) 1 Ω, 1 mH, 2 µF
Hysteresis band for voltage controller (hv) 5 V
Turns ratio of injection transformer 1 : 1

Load parameters
L1 - Unbalanced load Zl1 a = 25 + j20 Ω

Zl1 b = 40 + j47 Ω
Zl1 c = 30 + j24 Ω

- Nonlinear load Diode bridge rectifier with
R-L load R = 20 Ω, L = 0.1 H

L2 - Balanced linear load Zl2 abc = 13.5 + j4.5 Ω
L3 - Balanced linear load Zl3 abc = 17 + j8.5 Ω



The Table 5.1 gives the parameters used for the simulation study. The following

four case studies are presented to test the power quality improvements in the custom

power park.

• Simulation results for SSTS for load transferring between the preferred feeder
and alternate feeder for improving the voltage quality of custom power park bus.

• Simulation results for DSTATCOM for improving the quality of current drawn
from the feeders by the unbalanced non linear load L1.

• Simulation results for DVR which improves the voltage quality of most critical
load (L3) under the condition when a sag/swell occur on the custom power park
bus. This happens mainly due to transmission system faults because of which
both the feeders are subjected to the disturbance.

• Simulation results for the operation of DVR and diesel generator during interrup-
tion.

Under normal conditions preferred feeder will be connected to the bus, and the

breakers corresponding to all loads will be connected to the bus, DSTATCOM will be

compensating the load L1 and DVR will be in idle mode, as shown in Table 4.3 the

case 1 corresponds to the normal operating mode. When the operating modes are ei-

ther case 1 or 2 or 3 preferred feeder will be supplying the loads and when operating

mode changes to either 4 or 5 load the custom power park bus should be transferred

to alternate feeder. When a transmission system fault occurs, both the feeders will be

subjected to sag/swell i.e., case 6, DVR should operate to maintain the voltage across

the most critical load. Under an interruption on both the feeders the diesel generator

should supply the critical loads L2 and L3. During the start-up time of the diesel gen-

erator DVR has to maintain the voltage across the most critical load. The following

sections explains the operation of the custom power park under various power quality

disturbances with the help of simulation results.

The method used for sag/swell detection has fast detection time compared to single

phase dq theory used in [14] and SRF theory used in [12]. Fig. 5.1 shows the compari-

son of different methods used for voltage sag/swell detection. A balanced sag of 40% is

created on preferred feeder for 0.1 s starting from t = 0.1 s, the signal is compared with

sag detection limit which is 0.9 pu as shown. It can be seen that for the method used

here i.e., modified SRF theory the voltage drops to the post sag value very fast com-

pared to other methods, and when the sag is removed it takes a time which is less than

other methods to go back to the normal value. Similarly in the case of an unbalanced
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Figure 5.1: Voltage sag detection time comparison for sag at preferred feeder.

sag starting from t = 0.2 s is also shown, in this case also modified SRF theory has

better detection time. So better performance is achieved with this sag/swell detection

method.

5.1 Load Bus Transferring with SSTS

The custom power park bus should be transferred from preferred feeder to alternate

feeder when some disturbance happens in the preferred feeder and it should be trans-

ferred back to the preferred feeder when the normal condition is restored in preferred

feeder. In this section operation of the CPP for load transfer under various disturbances

such as balanced sag on preferred feeder, balanced sag on both the feeders, unbalanced

sag on preferred feeder and swell on preferred feeder are discussed.

Fig. 5.2 shows the fault detection signals for preferred and alternate feeders (vdp−pf

and vdp−af ) and the transfer signals issued to the SSTS under various disturbances. It

can be observed that if sag/swell occurs at any one of the feeders it will be transferred

to the other and if it occurs on both the feeders the gating signals given to the SSTS’s

remains unchanged. The various cases are described below with the help of Fig. 5.3-

5.10.

1. Sag on preferred feeder

The simulation was done for a 40% balanced voltage sag on preferred feeder starting
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from t = 0.1 s and it lasts till t = 0.2 s. Fig. 5.3(a) shows the preferred feeder voltage

which is under sag and Fig. 5.3(b) shows the alternate feeder voltage. From Fig. 5.3(c)

it can be observed that the custom power park bus voltage is free from the sag except

for a short duration which is taken for the detection of the sag. The Fig. 5.4(a) shows

the preferred feeder current, during the sag the load currents will be supplied by the

alternate feeder which is shown in Fig. 5.4(b) and the total load currents that drawn

from the bus is continuous as shown in Fig. 5.4(c) irrespective of the load transfer

between the feeders. The load currents are balanced and sinusoidal even though the

load L1 is unbalanced and nonlinear because of the DSTATCOM which is connected in

shunt with it injects the non linear and unbalance component of the current.

2. Sag on both feeders

This simulation was done for 40% sag on both the feeders starting from t = 0.3 s

and it lasts till t = 0.4 s. This operating mode corresponds to the case 6 discussed

in Table 4.3. Under this condition preferred feeder will remains connected to the CPP

bus which will get a voltage with 40% sag. The voltage and current waveforms of

the feeders and CPP bus are shown in Fig.5.5(a)-(c) and 5.6(a)-(c) respectively. In this

mode DVR will operate to maintain the voltage of the load L3 near to the nominal value.

The current drawn by the loads L1 and L2 will reduce under this condition as shown in
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Fig. 5.6(c) as the voltage sag affects the CPP bus.

3. Unbalanced sag on preferred feeder

The next part of the simulation study is to evaluate the performance of the SSTS in

transferring loads under unbalanced sag. A single phase sag of 40% is created in phase

a of the preferred feeder staring from t = 0.5 s and it lasts till t = 0.6 s. The voltage and

current waveforms are as shown in Fig. 5.7(a)-(c) and 5.8(a)-(c) respectively. As soon

as the unbalanced sag is detected at the preferred bus the CPP bus will be transferred to

preferred feeder. From Fig. 5.7(c) it can be seen that the CPP bus voltage is free from

the unbalanced sag at the preferred feeder as SSTS transfer it to the alternate feeder,

and the load currents are continuous as in Fig. 5.8(c).

4. Swell on preferred feeder

The simulation was done for a 40% balanced voltage swell on preferred feeder start-

ing from t = 0.7 s and it lasts till t = 0.8 s. Fig. 5.9(a) shows the preferred feeder

voltage which is under sag and Fig. 5.9(b) shows the alternate feeder voltage. From

Fig. 5.9(c) it can be observed that the custom power park bus voltage is free from the

swell except for a short duration which is taken for the detection of the swell. The Fig.

5.10(a) shows the preferred feeder current, during the swell the load currents will be

supplied from the alternate feeder as shown in Fig. 5.10(b) and the total load currents

that drawn from the bus is continuous as shown in Fig. 5.10(c) irrespective of the load

transfer between the feeders.

From the above simulation results it can be observed that SSTS is effective in trans-

ferring loads between two feeders. A fast sag swell detection is achieved using modified

SRF theory where the detection time is very much less than 1/5th of the cycle of system

frequency.

5.2 Harmonic and Reactive Power Compensation Using

DSTATCOM

As the load L1 contain unbalanced and DC loads it will produce harmonics and unbal-

ance in the current drawn from the feeders which will give rise to distortion in CPP bus
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voltage and other load currents because of the feeder impedance. A DSTATCOM which

is operated in current control mode is connected in shunt with the load L1. This DSTAT-

COM mitigates the harmonics and unbalance in the load current and also it compensates

for the reactive power required by the load L1. Instantaneous symmetrical component

theory is used for generating the currents to be injected by the DSTATCOM. The gen-

erated reference is given to the hysteresis band PWM controller which will generate

the switching pulses for the VSI. The Fig. 5.11(a) shows the CPP bus voltage at the

PCC of L1 and DSTATCOM. The Fig. 5.11(b) shows the the L1 load current which

is unbalanced and containing harmonics, Fig. 5.11(c) shows the current drawn by the

load L1 from the CPP bus and Fig. 5.11(d) current injected by the DSTATCOM to

compensate for the harmonics, unbalance and reactive power. The dc link voltage of

the DSTATCOM is maintained at 700 V during the entire operating period as shown in

Fig. 5.11(e).

The power quality improvements acheived by the connection of the DSTATCOM

are the following:

• The THD of current drawn by phase a of the load L1 is 17.42% in the case if
DSTATCOM is not there and that is reduced to 2.93% after DSTATCOM connec-
tion at the load terminal.

• The THD of the total current drawn from the feeders in phase a is reduced to
1.51% from 8.07% after DSTATCOM connection.

There is considerable reduction in THD of the feeder currents because of the DSTAT-

COM, hence THD can be kept below the limits specified by relevant standards [29].

5.3 Voltage Compensation Using DVR

DVR operates only when a fault occurs on both the feeders are under the voltage dis-

turbance or when the feeder which is connected to the CPP bus has distorted voltage.

DVR control scheme uses SRF based algorithm for generating the voltages that is to

be injected. This reference voltage is given to the hysteresis band PWM controller for

generating switching pulses for the VSI. This section discusses the operation of DVR

under different operating conditions such as balanced voltage sag/swell, unbalanced sag

and distorted voltage.
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Figure 5.12: Sag on both feeders: (a) CPP bus voltage. (b) Voltage across the load L3.
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Figure 5.14: Unbalanced sag on both feeders: (a) CPP bus voltage. (b) Voltage across
the load L3. (c) DVR injected voltage.
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The Fig. 5.12(a) shows the CPP bus voltage when both the preferred and alternate

feeders are affected by the voltage sag of 40% from t = 0.1 s to t = 0.2 s. The load L3

will get a terminal voltage which is equal to the pre-fault value as shown in Fig. 5.12(b).

The injected voltage by the DVR for compensating the sag is as shown in Fig. 5.12(c).

So the most critical load L3 is not affected by voltage sag but during this duration other

loads will get a voltage which is same as CPP bus voltage.

Fig. 5.13(a) shows the CPP bus voltage when both the feeders are subjected to swell

of 40% starting from t = 0.3 s and it lasts till t = 0.4 s. In this operating mode CPP bus

will be connected to the preferred feeder and the L3 voltage is as shown in Fig. 5.13(b).

The DVR will inject a voltage which is in phase opposition with the CPP bus voltage

for compensating under this condition which is as in Fig. 5.13(c).

Next simulation study is conducted for evaluating the ability of DVR to inject volt-

age under unbalanced sag condition. Fig. 5.14(a) shows the CPP voltage when both the

feeders are subjected to a 40% sag in phase a from t = 0.5 s to t = 0.6 s. In this case the

phase a of DVR injects a voltage to make the L3 voltage balanced. The voltage across

the load L3 is as shown in Fig. 5.14(b) and dvr injcted voltage is as in Fig. 5.14(c).

The next part is to evaluate the performance of DVR for compensating the distor-

tions in the feeder voltage. The CPP bus is connected to the preferred feeder, 11th order

voltage harmonics are present in the feeder voltage for duration of 0.1 s starting from

t = 0.7 s. Fig. 5.15(a) shows the CPP bus voltage which contain the voltage harmonics.

DVR injects a voltage to compensate this harmonics and the load L3 will get a voltage

which is free from distortion as in Fig. 5.15(b). The THD of the voltage across the L3

is reduced to 1.3% from 9.16% which is the THD of CPP bus voltage in this duration.

From the simulation results presented above it can be observed that DVR can com-

pensate for the voltage quality disturbances which happens in both the feeders and it

also keeps the THD of the voltage across the most critical load under the limits as per

standards [29].
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Figure 5.16: CPP voltages under total interruption: (a) Preferred feeder/Alternate
feeder. (b) CPP bus. (c) Load L3. (d) DVR injected. (e) Diesel gener-
ator.
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Figure 5.17: CPP currents under total interruption: (a) L1. (b) L2. (c) L3. (d) Diesel
generator.

5.4 Operation of DVR and DG During Interruption

In the event when both the feeders got interrupted (i.e., more than 50% sag/swell on

both the feeders) diesel generator has to supply the critical loads (L2 and L3). During

the generation start-up time DVR will maintain the voltage across the most critical load

(L3), after the start-up delay generator will be connected to the CPP bus and it will

starts supplying the loads (L2 and L3). Fig. 5.16(a)-(e) shows the different voltages

and Fig. 5.17(a)-(d) shows the different currents in the CPP for an interruption staring

at t = 0.05 s and it lasts till t = 0.3 s. In this study diesel generator for simplification

is modelled as a controlled voltage source in which voltage will build up to the nominal

value within few cycles after it gets a signal for starting (dg_start). It will issue the
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ready signal (dg_ready) after the voltage reaching the nominal value (i.e., between 0.9

and 1.1 pu).

The interruption is started at t = 0.05 s at both preferred and alternate feeders as

shown in Fig. 5.16(a), but the feeder will remains connected to the CPP bus to get a

reference for the DVR injected voltage. During the period from t = 0.05 s to t = 0.1 s

the generator voltage will build up as shown in Fig. 5.16(e) and DVR will inject a

voltage as in Fig. 5.16(d) to maintain the voltage across the load L3. After DG start-up

this will be connected to the CPP bus and the voltage at the CPP bus is as shown in

Fig. 5.16(b) and DVR will be bypassed. The distinguishing feature of the load L3 is

that it gets power even under interruption where as the L2 gets power only when some

auxiliary generation is connected to the CPP bus.

Fig. 5.17 shows the different currents in the CPP. From Fig. 5.17(a) it is evident

that the load L1 will get the power only when either of the feeder is restored. Fig.

5.17(b) shows the current of second load (L2), it can be observed that it gets power

when either feeders or generator is connected to the CPP bus and the load current of L3

is continuous as in Fig. 5.17(c).

It is noted from the simulation results that the load L3 will get better grade power

in the park, L2 will receive the next grade power and L1 will receive the least qualified

power in the CPP and it is also evident that all the loads receive better quality power

than the normal distribution system.

5.5 Summary

A high quality power compared to normal distribution system is achieved for all the

loads in the CPP by suitable control of different devices. The loads in the CPP can

be transferred from preferred feeder to alternate feeder if some sag/swell occurs in the

preferred feeder. DSTATCOM compensates for the harmonic and reactive power drawn

by the load L1. In the case when both feeders are subjected to sag/swell DVR maintains

the voltage most sensitive load (L3) to a constant value. Under total power loss on both

the feeders diesel generator which will start within few seconds used to supply the

critical loads (L2 and L3).
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CHAPTER 6

CONCLUSION

This chapter intends to summarize the work which has been carried out in this thesis

and it also gives an idea about future works which can be carried out based ion this

thesis.

6.1 Conclusion and Summary

A Custom power Park (CPP) model with a suitable control algorithms which work

under distorted grid voltages are presented in this work. It has three Custom power

devices, they are Solid State Transfer Switch (SSTS), Distribution Static Compensator

(DSTATCOM) and Dynamic Voltage Restorer (DVR). The operation and control of

each device under various power quality disturbances have been discussed in detail.

The coordinated operation of the custom power devices is made possible to form a CPP

with the help of fast control algorithm based on SRF theory. The SSTS selects the better

quality feeder from the available feeders to supply loads in the park. The transfer time

from one feeder to another is reduced with the help the control algorithm developed in

this work. DSTATCOM operates to compensate for unbalanced and harmonic currents

drawn by the loads in the park, and it can also supply a part of reactive power required

by the loads. The voltage sags and swells affect the park bus only when both feeders

of the CPP are under the disturbance, in this case DVR will compensate for the most

sensitive loads in the park.

The effectiveness of the CPP to operate under various power quality disturbances

such as voltage and current harmonics, balanced and unbalanced voltage sags/swells

and voltage interruption has been investigated with the help of simulation study. The

simulation results show that all the loads in the Custom Power Park are benefited with

superior quality power supply than that available in normal distribution system. The

major outcome of this work is the fast and effective control algorithm based on SRF for

coordination of the custom power devices is presented in this work. The CPP model



presented can be used as a platform for testing and evaluating efficiency of models of

all kind of custom power devices.

6.2 Scope for Future Work

Experimental validation of the working of custom power devices and the control algo-

rithm should be done in order to verify the simulation results, this can be considered as

the next step in this study.

DC energy storage for the DVR is considered as a simple voltage source in the

simulation study, it can be replaced with some renewable energy based storage system

which is more practical.

In this thesis the loads considered are static in nature, the study can be further ex-

tended by considering dynamic loads which is most common in almost all industries.

The diesel generator is normally has start-up time few minutes, if we use some

distributed energy resources instead of this we can reduce this time as well as it will

give big savings in terms of economy of operating a diesel generator.
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