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Voltage Sag in Distribution Systems- A review
and comparative study (Causes, Characteristics,
Compensations and Detection)

G.Shahgholian; Z. Azimil J.Faiz}

By quick technological advancements in industrial control processes, major industries demand higher power quality. According to
IEEE 1159-1995 standard, any problems in voltage, current or frequency that lead to the error or malfunctions in electrical equipment
are considered as a power quality problem. Among the power quality phenomena, voltage sag has been an important problem
for power systems in meeting advanced industries. This phenomenon happens continuously both in transmission and distribution
levels. In this paper, following a general review on the voltage sag phenomenon, short circuit faults, starting big inductive motors
and energizing of the transformer are considered as the main factors of providing this event. Then voltage sag characteristics are
presented. And then the suggested strategies to reduce this event are evaluated. Applying conventional methods for voltage sag
compensation is not able to meet this event completely. In recent years, with rapidly developing in semi-conductor industries and
control systems, using compensators which are based on controllable electronic devices with higher speed, has attracted many power
experts’ attentions. At the end, voltage sag compensation style has been studied through applying different compensators.
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I INTRODUCTION

In the power private market and sector, respecting power qual-
ity standard is considered as a subscriber’s index of the competi-
tion for the power companies [1,2]. Basically the issue of power
quality is important due to the four following reasons [3,4]: (1)
Greater sensitivity of the new loads than the power quality and
quantity changes of power, (2) Using power electronic devices
to increase efficiency and thus the harmonic level in the net-
work, (3) Greater awareness of the users regarding the issue
of power quality and (4) Connection of electronic equipment
through networks and their mutual influences. On the manu-
factures’ view, power quality is defined as reliability and on the
view of the manufactures of the electronic equipment is as the
power supply criteria and characteristics in such a way that the
related equipment and tools work properly on those conditions
[5]. On the users’ view power quality is an issue related to the
users. Power distribution systems are always at the edge of this
destructive elements of sinusoidal move forms (voltage and cur-
rent) such as voltage sag, voltage swell, interruption and etc.
[6,7]. These phenomena decrease the power quality and net-
work reliability [8,9]. These ones are the disturbances which
are mainly imposed by the users to the network and the occur-
rences of such disturbances have some negative effects on the

*Associate Professor, Department of Electrical Engineering, Najafabad
Branch, Islamic Azad University, Najafabad, Iran, shahgholian@iaun.ac.ir
(Corresponding Author)

TDepartment of Electrical Engineering, Najafabad Branch, Islamic Azad
University, Najafabad, Iran.

iDepartment of Electrical Engineering, Tehran University, Tehran, Iran,
jfaiz@ut.ac.ir

other users and network equipment [10,11]. Voltage sags are re-
lated to power quality problems [12,13]. In electrical power dis-
tribution system near above 92% of all disturbances are due to
the voltage sag. These are usually the results of faults in power
system and switching action in isolate the faulted line [14,15].
Various research papers and thesis reports have been done on
the subject of voltage sag in distribution systems [16,17]. This
paper gives an overview of voltage sag reasons, its compensa-
tion and methods used in the mitigation of voltage sags. This
paper is organized as follows: Section II will present a literature
review about power quality events. Section III will deal with a
brief introduction of the voltage sag reasons. A voltage sag is
normally characterized by magnitude, duration and frequency.
In the section IV, the voltage sag characteristics are expressed.
Several methods for the mitigation of voltage sag have already
been reported and reviewed. Section V will describe the meth-
ods for the reducing of voltage sags. Voltage sag detection is
very important as it determines the dynamic performance of the
voltage sag regulator. In section VI is described the voltage sag
detection. The summary will end with conclusions in section
VII.

IIT  POWER QUALITY EVENTS

Power quality issues are essential for proper operation in indus-
trial processes disturbances which involve critical and sensitive
loads such as voltage sags and swells, short duration interrup-
tions, harmonics and transients may disrupt the processes and
lead to considerable economic loss [18]. In this part, three im-
portant events of power quality are defined based on IEEE 1159-
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1995 standard [19]. A fault on the power system will cause both
a decrease in voltage magnitude and a shift in phase angle [20].
Voltage sag has much a global problem. Voltage sag or tempo-
rary loss of voltage is the 0.1-0.9 pu decrease in the effective
amount of voltage at the power frequency for duration half a cy-
cle to 1 min [21,22]. Sag duration time is between the starting
point of voltage sag to end point of voltage sag. The voltage sag
duration is the period of time in which the voltage is lower than
a stated limit, as shown in Fig. (1-a). The detection threshold is
also represented (V=90%). Normally, sag duration is less than
1 sec. Voltage swell is the opposite of a sag. Voltage swell is the
increase in the effective voltage at the power frequency for dura-
tion half a cycle to 1min. Values are usually between 1.1-1.8 p.u
[23,24], as shown in Table 1. Power interruption is a short-time
change and complete loss of voltage (j0.1p.u.) in one or more
phase conductors is for duration half a cycle to 3 sec [25]. Fig.
(1-b) shows those sample events classified as the voltage sag,
voltage swell and interruption .Voltage sag starts when one of
the effective voltages decrease to lower than the threshold value
and it finishes when the three values of effective voltage return
to higher than the threshold value . Voltage sag threshold is se-
lected as 90% of reference voltage and voltage swell starts when
one of the smallest effective voltages increase to a higher thresh-
old and stops when the three effective voltages return to lower
than the threshold value. Voltage swell threshold is selected as
110% of the reference voltage. Interruption starts when the three
effective voltages decrease to lower than the threshold value and
finishes when one of the smallest one of theirs returns to higher
than the threshold . Interruption threshold is selected as 10%
of the reference voltage. Fig. (1-c) describe the demarcation
of the various power quality issues defined by IEEE Std. 1159-
1995. As the voltage sag is one of the most important problems
of power companies regarding the industries and includes about
80% of the power quality problems. Voltage sag can have sig-
nificant economic consequences for different types of industrial
applications and utility distribution networks.

IIT VOLTAGE SAG CAUSES

By great and quick technological advancements in industrial
control processes, major industrial consumers demand higher
power quality [26,27]. Among all the classifications of elec-
trical disturbances, voltage sag is a nightmare for automatic
processes [28,29]. Following great researches of the experts,
it is found that 85% of the malfunctions of the power supply
(that is attributed to weak power quality) are due to voltage sag
[30,31]. Based on the issued topics regarding voltage sag, this
one is classified as a temporary low and medium frequency phe-
nomenon. This part reveals the reasons of this phenomenon and
computation methods. Voltage sags associated with faults in
transmission and distribution systems, energizing of transform-
ers, and starting of large induction motor are considered as most
important power quality disturbances (PQD) [32,33].

A Short circuit faults

One of the most important reasons of voltage sag phenomenon is
short circuit fault, which unsymmetrical faults like single-phase
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Figure 1: Power quality events

to ground short circuit includes a greater amount than the sym-
metrical faults which rarely occur in power systems [34,35]. To
determine voltage sag domain in radial networks, it is possible
to use voltage divider model. This circuital model is shown in
Fig. (2-a), where ZS is the source impedance in the point of
common coupling (PCC), ZF is the impedance between PCC
and the fault position [36,37]. Voltage in PCC bus and equip-
ment terminal is given by [38]:

LE
Zs+ Zp

From the above equation we can find out that voltage sag is
deeper where the fault occurs close to the customer (lower Zp)
and in systems with the lowest fault level (higher ZS) [39]. To
calculate voltage sag domain in a looped system and based on
Tevenin theorem, the voltage sag in i bus which is created in r
bus through the fault is given by the following equation [40].
Z

VO,’L Z,,,T + ZF VO,T

where Vy,4,; and Vg - are the voltage sags during the faults
in i and r bus respectively . The values of V,, ; and V,, , are the
voltages before the faults. Z,.. and Z;, are the elements in the
bus impedance matrix and Z is the fault impedance. For a fault
in the transmission system, customers do not experience inter-
ruption, since transmission systems are looped or networked.

Vsag = (D

‘/;ag,i = (2)
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Fig. (2-b) shows voltage sag on all three phases due to a cleared
single-phase to ground fault.

(a) Voltage divider model in calculating voltage sag
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(b) Voltage sag due to a cleared single-phase to ground fault

Figure 2: Voltage sag causes (Short circuit faults)

B Starting large induction motors

Among the other major casess of voltage sag phenomenon (that
is more related to industrial power systems) are starting large
induction motors [41]. While starting an induction motor, a
greater current is taken from the system in normal mode (gen-
erally 5 or 6 fold) [42]. This current remains until the motor
reaches its nominal speed which lasts about several seconds to 1
min [43,44]. In this situation, voltage sag is strongly related to
the system parameters. Then consider system depicted in Fig.
(3-a), where Z; is the source impedance and Zj; is the motor
impedance while starting. The created voltage sag on the bus
that feeds the motor and load is obtained through the following
voltage divider equation [45]:

A%

Viag = =M [
9 Zs+ Zu

3)
In this case, the motor and source impedances while starting are
obtained as the following, as the motor in its nominal power of
Smotor 18 fed through the short circuit power of Ssource:

Ve
Zs = 5,
)
Ssource
BSmotor
where (3 is the ratio of starting current and nominal one. In this

case (3) is written as:

AV

Table 1: Definitions for voltage sag and swell

type of typical typical causes

disturbance | magnitude | duration

voltage 0.1-0.9 0.5-30 starting heavy

sag pu cycles loads - ground faults
voltage 1.1-1.8 0.5-30 load

swell pu cycles rejection
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Ssource + BSmotor

This amount can be used to estimate the voltage sags due to
starting inductive motors. Voltage sag duration due to starting
motor is related to motor parameters, among which the motor
inertia is the most significant one [46]. When the starting time
of the motor is determined, then determining sag domain in the
terminal of the motor becomes more important. The created
torque of the motor is related to the square of the terminal volt-
age. Assuming that the terminal voltage is a nominal one, the
mechanical torque is half of the electrical one during the longest
starting time. When the voltage decreases to its 90% nominal
value, then the electrical torque decreases to its 81% nominal
value which is 162% of the mechanical torque. The accelerat-
ing torque, the difference between the electrical and mechanical
torque, decreases from 100% to 62% which leads to a doping of
38% [47]. Fig. (3-b) shows a stator line current after the occur-
rence a three phase short circuit on the stator terminals for a 5
cycle’s duration. This is equal to voltage sag of 100% [48].

‘/sag = (5)

C The energizing of the transformer
Transformer is an indispensable component of power system
which performs many functions such as electrical isolation,
noise decoupling, voltage transformation and power quality im-
provement [49]. The energizing of the transformer is another
reason for the creation of voltage sag phenomenon in power
systems. Its result is an inrush current that finally decreases
to a small magnetizing current. The needed time to decrease
this inrush current relates to the magnetizing reactance of the
transformer. In such a condition, the inrush current reasons a
temporary voltage loss in the network impedance which is be-
tween the supply and energizing transformer. Unlike the short
circuit faults, energizing a distribution transformer is a pre-
dictable practice, therefore the sensitive loads should be pro-
tected against this voltage sag. Restoring the voltage after any
voltage sag phenomenon saturates the transformer and this cre-
ates an inrush current like the one of energizing of the trans-
former. Sometimes, for long duration voltage sags, more trans-
formers are driven into saturation. This is called sympathetic
interaction. Fig. (4-a) show the voltage sag due to transformer
energizing [50]. Fig. (4-b) shows the equivalent circuit of a
single-phase transformer [51]. Here it is possible to use a sim-
ple method to get the maximum inrush current and the created
voltage sag due to energizing of the transformer. In these condi-
tions the inrush current does not exceed the following equation:

E
X + X, + X¢(min)

6)

IInrushmaz =

where X, is the source reactance at the bus which the
transformer is energized. The minimum magnetic reactance,
Xc(min), shows the maximum flux possibility after energiz-
ing of the transformer. It is assumed that the iron core reac-
tance is twice the short circuit impedance. In the other word, the
impedance X (min) is typically the same value as 2(Xp+ X s)
or 2X7 [52]. Assuming the leakage reactance in each winding
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equal, the maximum voltage sag can be calculated by the fol-
lowing:

X
X +25Xr

Vvsag = @)

Current (A)

i
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Time (sec)

(b Stator currents waveform during a three phase short circuit at its terminals (100% voltage sag) under no load

Figure 3: Voltage sag causes (Starting a large induction motor)
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Figure 4: Voltage sag causes (Energizing of a transformer)

IV VOLTAGE SAG CHARACTERISTICS

Any voltage sag phenomena are determined with these three
factors of domain (retained voltage), duration and phase angle
jump [53]. These are the most important and main characteris-
tics that determine the behavior of the equipment. The domain
(retained voltage) in voltage sag is the least effective voltage in
each of the three phases. This one relates to the sensitivity of the
equipment. The domain is determined by the electrical distance
to the fault position. The effective factors in determining the do-
main are expressed as fault position, fault type, fault impedance,
load conditions, the effects of the transformer connections and
the voltage before the fault [54,55]. In most cases, the magni-
tude of the sag is down to 60% to 70% of nominal load voltage.
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The magnitude of measured voltage sags at an industrial plant
supplied from a 115 kV system is show in Fig. 5. Calculat-
ing method of voltage sag domain is expressed in section of the
voltage sag reasons.
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Figure 5: Magnitude of measured voltage sags at a industrial plant

Typical sags are described in terms of magnitude and duration
as shown in Fig. (6-a) [56]. In a three-phase system, the volt-
age sag duration is the duration when one of the least effective
values of voltages is below the voltage sag threshold (90% of
its nominal value). Voltage sag starts when one of the effective
values of the voltage decrease to lower than the threshold and
ends when all the effective three-phase voltages return to upper
than the threshold. This duration can be calculated as the differ-
ence between the time when all the effective voltages return to
upper than the threshold and the time when one of the least val-
ues of effective voltages decreases to lower than the threshold
[33]. This duration is determined by time of the fault removal.
Therefore, the above characteristic depends on the operations
of the protection equipment and how long the fault current is
allowed to pass [57]. Fig. (6-b) shows the calculation style of
this duration. Not only the voltage domain decreases, but also
changes the voltage phase angle that is called phase angle jump,
and is the third characteristic in any voltage sag phenomenon.
Phase angle jump means that the phase angle during voltage sag
and before it is different. Phase angle jump is defined with the
voltage basic component method as the following [58]:

t
Vi (t) = g/ v(T)e“Tdr (8)
T t—7
where w and T is a cycle of the main frequency. Phase an-
gle jump and domain are directly related to the voltage in fault
phases or among them, in the point of common coupling (PCC)
between the fault and load. The characteristic of voltage dips
in power systems with special emphasis for different types of
unbalanced dips and electrical components analysis is show in
[59].

V  STRATEGIES FOR MITIGATION OF VOLTAGE SAGS

Due to the applying sensitive equipment in modern industrial
designs such as process controllers, programmable logic control
(PLC), adjustable speed driver (ASD) and robots, the voltage
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sag phenomenon is not tolerated in power system and various
methods have been applied to decrease this phenomenon. The
conventional methods include using capacitor banks, installing
new parallel feeders and uninterruptable power supply (UPS)
[60]. Applying these methods doesn’t solve the power quality
problems, and they lead to uncontrollable reactive power com-
pensation, more costs in installing new feeders and using UPS
[61,62]. Another method to decrease voltage sag phenomenon
is using current limiting fuses [63]. In these fuses, voltage sag in
the system can be reduced by limiting the current passing time
and quick cutting of the connection. Setting and proper syn-
chronizing of relays and fuses (generally, protection devices)
can help modify this phenomenon. It’s worth noting that about
50% of the issues related to voltage sag deal with the protec-
tion behavior and their interactive influences on each other and
the imposed voltage sag from the neighboring feeders with the
same supply. Another reducing method is feeder transmission
in the distribution system that is done through switching and in-
cludes two steps. At first the weakness points for voltage sag
are determined through risk assessment method and by reliable
data, voltage sag domain and time and influence coefficients on
the customers. The next step includes transmitting these weak
points to the other sources during fault current flow. In this step,
Mont Carlo method and reliable data are used, too [64,65]. The
genetic-algorithm (GA)-based optimization software for recon-
figuration of a distribution network in order to minimize finan-
cial losses due to voltage sags is described in [66], which fault
analysis is performed to first calculate voltage sags at differ-
ent buses and then to calculate financial losses incurred by volt-
age sags at buses with sensitive industrial processes. In recent
years based on quick advancements in semi-conductor indus-
tries and control systems applying those compensators which
are based on current and voltage source converters, have at-
tracted the power experts’ attention [67,68]. This equipment
which have been first introduced by N.G. Hingorani in 1995
are known as flexible AC transmission systems (FACTS) which
are called as DFACTS devices in distribution networks, that
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can do the compensation rapidly, immediately and controllably
[69,70,71,72]. In [73] is investigated concurrently operation be-
tween the distributed static series compensator (DSSC) and the
static synchronous compensator (STATCOM) in power systems.
Also in paper [74] is proposed a distribution-unified power flow
controller (D-UPFC) for preventing both voltage sag and swell
conditions. FACTS devices is originally developed for trans-
mission networks but similar ideas are now starting to be ap-
plied in distribution systems [75,76,77]. Applying these de-
vices has increasingly attracted the power engineers’ attention
to reduce power quality problems [78,79]. Due to the studies
to decrease voltage sag, using two kinds of compensators, the
parallel and series, are suggested [80,81]. FACTS devices or
their sub-derivative custom power devices are efficient and of-
ten used for voltage sags mitigation in electrical power system
[82,83]. Some of the widely used custom power devices are dy-
namic voltage restorer (DVR), distribution static synchronous
compensator (DSTATCOM) [84,85], active filter (AF) [86,87],
unified power quality conditioner (UPQC) [88]. In [89] is inves-
tigated three types of FACTS devices which are used in practical
applications and then this paper show modeling method and the
effectiveness of these devices in sag mitigation, which proposed
approach is based on system impedance matrix that incorporates
FACTS devices. Different types of power system faults in [90]
are simulated on a typical British distribution network model at
various locations to obtain voltage sag profiles. In [91] is pro-
posed distributed power flow controller (DPFC) to mitigate the
voltage sag and swell, which DPFC in structure is similar to uni-
fied power flow controller (UPFC) as shown in Fig. (7-a) [92].

AY transmission line

shuat series converters
converter

(a) The DPFC structure

Zg

\'D\?,
_L\/v\/_r
\'O/P P— -

(b) Schematic structure of the DVR compensator

Figure 7: DVR and DPFC structure

A Dynamic voltage restorer (DVR)
Dynamic voltage restorer is a static series compensator that is
applied to voltage sag compensation in the distribution level
[93,94]. This compensator is series equipment that generates ac
voltage and injects it through a transformer and in a series man-
ner with the voltage supply to compensate voltage [95]. This
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injected voltage and load current determines the DVR power.
The main components of this compensator are: dc supply, volt-
age source invertor (VSI), injection series transformer and har-
monic filter which its circuit diagram is depicted in Fig. (7-
b) [96,97]. In [98,99] is proposed a topology for three-phase
DVR to compensate the balanced and unbalanced voltage sag
and voltage swell, which proposed topology uses direct three-
phase to three-phase converter with fictitious DC link. Fig. 8
show the response of the system because of 60% three-phase
voltage sag with positive 288 phase jump considering linear and
non-linear loads. As a result of that, the PI controller reacts
and increases the duty cycle D to keep the output voltage of
the dc-to-dc converter constant at the reference setting value as
depicted in part ¢ of figure. In [100] is suggested a interline dy-
namic voltage restorer (IDVR) to eliminate the voltage sag and
harmonics, which the IDVR is shown in Fig. 9 is consisted of
two DVRs connected to two different feeders. Vbl and Vb2 are
voltages of bus 1 and bus 2 at the distribution side where IDVR
is connected. Load 1 and load 2 are connected to each of the
buses that are shown with VI1 and VI2. From the view point
of voltage injection, this compensator can inject the voltage to
the system in four methods: in-phase compensation (IPC), pre-
dip compensation (PDC), in phase advance compensation (PAC)
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and voltage tolerance method (VTM) with minimum energy in-
jection [101].

source with
voltage sag

faulty I Vow I
feeder IG—- | I

sensitive load

source without
voltage sag

healthy sensitive load
feeder —
Vow

Figure 9: Schematic diagram of IDVR

A.1 In-phase compensation method (IPC)

This is the most popular compensation method with DVR, in
which the load voltage during compensation is in phase with
source voltage and it is independent from the load current and
the voltage before the fault. Phasor diagram of the in-phase
compensation method show in Fig. (10-a). In this case, the Sil,
injected apparent power and Pil, injected active power, are as
the followings:

S =1V, =1I(Vp = Vy)

P IV cos 0, = 11, (Vy — V) cos b, ©
where the angle of the injected voltage and domain are:
Vit=VL = Vs
0i1=0s (10)

A.2 Pre-dip compensation method (PDC)

Some loads are greatly sensitive to phase angle jump. Phasor
diagram of the pre-dip compensation method show in Fig. (10-
b). Here it’s needed to provide boosted load bus voltage that is in
phase with the pre-dip. In this case, S;2, the injected apparent
power, and Pjo, the injected active power, are determined as
[102]:

Sio = IV; = I\/VZ + VZ — 2V Vscos(0, — Os)

P :IL(VL COS(gL — Vs 00595) (11)

From the power quality point of view, the PDC method is the
best compensation strategy. As in this method the voltage is re-
turned to its pre-dip domain and its phase is not changed, then
it can be used to return the load voltage. Therefore the domain
and the angle of the injected voltage are respectively as the fol-
lowings:
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Vie = /VZ + VZ — 2V Viscos? (01, — 0s)
(Vi Sin0L—Vasin0s
912 = tan (VL cosOr,—Vg Cos@s)

12)

(c) Phasors diagram of the phase advance compensation method

Figure 10: Phasor diagrams

However, from the above evaluation, it is evident that PAC
method is suitable to find the minimum injected active energy.
But it is necessary to set the instantaneous phase angle that cre-
ates discontinuity wave-shape and load power swing. This issue
can be important for sensitive loads. In [104] some topics are
suggested regarding the proposed combinatory algorithm of IPC
and PAC that can alleviate the aforementioned problem.

A.3 Voltage tolerance method with minimum energy injec-
tion

If the voltage magnitude is between 90%-110% of nominal volt-
age and 5%-10% of nominal state, it will not disturb the oper-
ational specification of loads. In this method, both magnitude
and phase are the controlable parameters, it can be achieved by
small energy injection.

B Distribution static synchronous compensator (DSTATCOM)
The functions of DSTATCOM are harmonic currents elimina-
tion drawn by load, limit the active and reactive power oscil-
lations, load balancing in power factor correction and voltage
regulation modes [105,106]. If this compensator is used in
power transmission systems, then is called STATCOM and if
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it is used in the distribution systems then it is called DSTAT-
COM (which is installed near and in a parallel the sensitive
loads of the distribution systems) [107,108]. The DSTATCOM
is a power electronic-based synchronous voltage generator able
to provide fast and continuous capacitive and inductive reactive
power supply [109,110]. A DSTATCOM is used to regulate bus
voltage on a 25 kV distribution network by absorbing or gener-
ating reactive power [Fig. (11-a)]. Without DSTATCOM, bus
voltage varies between 0.96 pu and 1.04 pu (4% variation). But
with the DSTATCOM Controller, the voltage fluctuation at bus
is now reduced to 0.7%. The DSTATCOM compensates volt-
age by injecting a reactive current as shown in Fig. (11-b), that
varying between 0.6 pu capacitive when voltage is low and 0.6
pu inductive when voltage is high. The design considerations of
DSTATCOM system and controller for voltage sag compensa-
tion is proposed in [111], which the voltage sag compensation
performance with different current injection schemes is briefly
explained and the interaction is described. A control scheme
base on the d-q reference frame for the decoupling of active and
reactive current components, for a DSTATCOM aimed at miti-
gating voltage sag at the PCC or eliminating current harmonics
of the load is presented in [112]. DSTATCOMs are used in [113]
to compensate the voltage sag induced by loads, which a PI con-
troller is designed to regulate the voltage for a linear DSTAT-
COM model. The main components of DSTATCOM compen-
sator are depicted in Fig. (11-c) [114,115]. As shown, this com-
pensator includes energy storage, three-phase inverter, ac filter,
coupling transformer and control strategy [116,117]. In this di-
agram the shunt injected current of Ish modifies the voltage sag
through adjusting the voltage across the system impedance of
Zth. The Ish can be controlled through adjusting the output volt-
age of the convertor.

L=, —Is=1,— 22—t (13)
Zin,
Vi Vi
Lp<n=1Ip<0-7*<(@-p)+ = <B (14
Zin, Zin,
Injected power of the DSTATCOM can be expressed as:
Sen = Vi I}, (15)

It is worth noting that the influence of DSTATCOM in modify-
ing voltage sag is dependent to value of Zth or fault level of the
load bus. When the shunt injected current of Ish is maintained
in quadrature with VL, the proper voltage modification can be
achieved without any active power injection. On the other hand,
when the value of Ish is minimized, the same voltage modifica-
tion is achieved through injecting the minimum apparent power
to the system. Voltage sag modification through DSTATCOM
compensator is done with the two following methods [118,119].

B.1 Zero active power injection (ZAPI)

In this case, DSTATCOM compensator does not inject any ac-
tive power to the system. Therefore the entire load active power
(PL) should be provided with the Thevenin equivalent of the
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system. The active power flow through the Thevenin impedance
(at load side) can be written as:

VinVi VE
P, = cos(ff —90) — == (16)

g Zth (B=9) Zih

From, eqn. (19) the angle § is equal to:

1, VL ZinPr,

=B —cos H(—c¢ 17)
(Vth VinVi )

ZinPr,
§=p8—cos H(—=—¢ + 18
P ( h P VinVi ) (1%

For the possible value of ¢, the following condition should be
satisfied:

VL ZinPr,
—cosf+ ——)<1 19
Vin g VthVL) (19)
The above constraint can be rewritten as:
Zen, P,
(Vi cos B+ 2282ty < v, (20)

Thus when the system voltage domain satisfies the (22), then the
DSTATCOM compensator can modify the voltage sag without
injecting any active power to the system. For such a situation,
the current and domain injective power of the DSTATCOM is
found by (17) and (18). Note that the injected apparent power
includes the reactive component.

B.2 Minimum apparent power injection (MAPI)

As it was noted before, when the injected current domain is min-
imized, then DSTATCOM can modify the voltage sag by min-
imum apparent power injecting in to the system. Therefore the
condition of injecting minimum apparent power is:

0lsn
o)

An analytical description of I, is obtained from (17) and the
solution of (23) provides the following:

ZthIL sin(ﬂ — 0)
Vi + Zip 11, cos(B — 0)

=0 1)

§ = tan![ ] (22)
Then, for a given load the ¢ is easily found from eqn. (24).
If 6 is known, then the current and injected apparent power of
DSTATCOM is obtained from (17) and (18) respectively.

VI VOLTAGE SAG DETECTION

Voltage sag detection is an important issue for analysis and mit-
igation [120]. Several voltage sag detection methods have been
proposed [121,122].Those methods are such as peak voltage de-
tection, root mean square (RMS), synchronously rotating ref-
erence frame (SRRF) [123], Fourier transform [124], missing
voltage technique [125], conventional dq transform [126], Hys-
teresis Voltage Control technique, Rectified voltage processing
method. In paper [127] is propsed a fundamental voltage mag-
nitude detection method which is suitable in both single/three-
phase systems for DVR applications in distorted power network
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Figure 11: Regulation of bus voltage by DSTACOM

without any low-pass filter. In paper [128] is suggested an adap-
tive Kalman filter to detect the voltage sag in power system,
which the state covariance matrix is changed through the sim-
ulation to enhance the Kalman filter in order to detect the am-
plitude variation of the fundamental component. In paper [129]
is used a software phase-locked loop (SPLL) and voltage sag
detection algorithm based on least error squares (LES) filter
to improve the dynamic response of DVR, in which LES fil-
ters have been improved for easy application on the digital sys-
tem and combined with the improved instantaneous symmetri-
cal components method. In paper [130] is suggested a voltage
sag detection methode based on Continuous wavelet transform
(CWT) operating even in the presence of flicker and harmon-
ics in source voltage, which the hybrid detection algorithm can
detect the start and end times of voltage sag with and without
phase jumps 0.5ms and 1.15ms, respectively.

VII CONCLUSIONS

In recent years by granting the power industries to the private
sectors and greater demands to this kind of energy the power
companies are trying to provide their subscribers with a power
with higher power quality to prove their competence. As it was
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said earlier in this paper, voltage sag has been a common and
one of the most important of the power quality problems that has
attracted many engineers’ attention. Voltage sag is a temporary
phenomenon which is mainly created due to short circuit faults,
starting big motors and energzation of the transformer. To over-
come these temporary phenomenon different strategies were ex-
pressed in the following table 2. Using of DVR compensator
in new methods can not done the interruption compensation in
power systems, any difficulty in the operation of the compen-
sator will be cause the costumers’ interruption (due to the series
position in the system). But DSTATCOM compensator is able
to deliver its stored energy in short time interruption of the net-
work power source. This application of the compensator during
the interruption is the same as the UPS operation. For contin-
uous operation of the load, the source should be immediately
cut with an electronic switch and operate the compensator like
a generator. After resolving the source fault, the compensator
is again synchronous with the system and the electronic switch
closes. Therefore based on the mentioned advantages regarding
applying DSTATCOM compensator than the series compensa-
tion, the generally parallel compensator is used to compensate
the voltage sag phenomenon.
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