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1. INTRODUCTION

The effective function of sensitive loads is dependent on the quality of power delivered to it and
quantified in terms of its efficiency, security and reliability of loads connected to the same distribution line.
The loads connected on the same end are diversified from electronically controlled loads to heavy machinery.
These cause minor to major power quality issues on the distribution system. However the electronic
equipment loads are more affected with the power quality problems[1]. The major power quality problem
considered is voltage sag which eventually cause disruption in the performance of the load, raise in
temperature, and damage to equipment etc. They are many methods exist to mitigate the voltage sag [2], but
because of their limits like limited voltage capability and creating additional losses they are substituted with
custom power devices. The customer power devices can also be called as Flexible AC Transmission System
(FACTS) [3]. FACTS devices are connected to the transmission as well as distribution side. Among the
FACTS devices connected at the distribution side, the dynamic voltage restorer (DVR) device [4-6] is used
for voltage-sag and harmonics mitigation. DVR injects series voltage into the incoming network. The
injection of voltage implies supplying real power into the system. An external energy source provides the real
power via DC link. The external source may be capacitor bank, battery, any DC source. Thus, with deeper or
longer voltage sags, more amount of energy is required. Therefore when there is long or deep voltage sags,
DVR requires large external energy. This is a main problem for DVR because huge external energy involves
more investment cost. This limitation can be overcome with Interline Dynamic Voltage Restorer (IDVR).
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The IDVR system comprises of several DVRs connected to different feeders with a common DC link. IDVR
can be used for multiple feeder voltage sag mitigation while restoring the energy at the DC link [7].

Literature on IDVR presents different methods for restoring the DC energy. Mahinda et.al [7] have
introduced a control strategy which shifts the angle of the considered DVR voltages so that the DC link
energy is restored with increase of real power in the feeder. They have also proposed a multi loop control
systems for shifting phase angle of necessary reference signal voltages [8]. Ahmed et.al [9] proposed a virtual
impedance to compensate the energy of DC link. The authors also proposed an IDVR model to improve
displacement factor by the exchange of real and reactive power between the feeders and IDVR [10]. Carl
et.al [11] designed a control strategy to increase the phase shift of DVR voltages. Thereby the real power in
the feeder increases. This increment in real power is fed to the DC link. P. Usha Rani has proposed a Space
vector modulation technique for IDVR to mitigate voltage sag [12]. P Vasudevanaidu et.al [13] have
proposed a method of optimal phase angle jump computed by particle swarm optimization method to reduce
the VA rating of the IDVR. Masoud Shahabadini et.al have designed cascaded H-bridge inverter which
reduces load power factor under sag condition so that compensation capacity is reduced [14]. According to
the literature, the main research on IDVR is focused on the restoration of its DC link energy. In this paper it
is proposed to utilize a Phase Shifting Transformers (PST) to replenish the energy at the DC link in between
the two DVR’s of IDVR.

As, the PST can be connected to only a healthy feeder, based on the sag condition the suitable
feeder to which the PST is to be connected for the restoration of DC link energy is selected through a
proposed controlling algorithm. If the DC link energy cannot be restored from PST, the energy to IDVR for
voltage sag mitigation should be supplied from the DC link itself. For this purpose the DC link has to be
initially charged to some voltage. Hence, if the energy for voltage sag mitigation is provided by PST, the DC
link voltage will remain constant. The following sections in this paper are related to the theory of IDVR,
control system of IDVR, Phase Shifting Transformers, and the simulation results.

2. INTERLINE DYNAMIC VOLTAGE RESTORER

A two feeder IDVR is illustrated in Figure 1 where two DVRSs are connected to two different feeders
sharing a common DC link. Two different voltage sources Vg and V., are fed to two feeders. Z,; and Z,, are
the impedances connected in series to Vs; and V, respectively. Vp; and Vy, are the bus voltages of the two
buses. The sensitive loads connected to feeder 1 and feeder 2 are represented as Load 1 and Load 2. The load
voltages of the two feeders are assumed to be V,; and V), respectively. IDVR is connected to the two feeders
near the loads with the aid of series injection transformers as shown in Figure 1. The building blocks of two
DVRs of IDVR are voltage source inverters (VSI). The diagram of the two feeders considered here is a 3
phase network which is connected to 3 single phase loads on each feeder. Voltage sag mitigating in one
feeder involves transfer of real power into the system by IDVR. This real power is obtained from the second
feeder (healthy feeder) through the DC link. Hence it is very essential to examine the real power when IDVR
is mitigating voltage sag. This is observed from the energy of DC link whose voltage is maintained constant
throughout the mitigation of sag to indicate the exchange of power between the two feeders. In the event
when healthy feeder is unable to supply the required power, to compensate the sag, energy is drawn from the
DC link. Hence the DC link is charged initially before the IDVR is placed in the system. In the economical
point of view the initial charge of DC link should be calculated. By analyzing the real power using Energy
Saving Injection method [6], the energy to which DC link energy should be charged initially can be
calculated. Using energy saving injection method the sag factor can be computed in terms of the power factor
of the load and independent of the power angle. This sag factor is utilized to compute the voltage to which
the DC link capacitor has to be charged.

The real or active power essential for the DVR voltage sag mitigation is [7]:.

Z
P =S, [Pf, ——
DVR Il[ 1 3] (1)
3 3 _ Y
X= 3% a;cos0; Y= 3% a;sif; gp=tan| —
where, £ = XZ+Y2, =1 J J =1 J J [X] The factor of
voltage sag is i d; is the angular phase difference between load voltage and source voltage.
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Z=3xa.

is considered for a three phase network, ‘@’ is termed as sag factor. The power factor angle ¢

for a given is
ﬂ =0, _[[Sll[Pfl — a] + Plosses] + sz]
Si, )

The sag factor can be written as:
a= [Sllpfl + Plosses B S|2(1— sz)]

SIl (3)
For equal loading condition the losses are taken as 3%. Then ‘a’ is given as
a=[2xPf, —0.97] @

From (4), the sag factor ‘@’ is influenced by the load 1 power factor Pty connected to feeder 1. If
the load power factor is given then the sag factor can be estimated. The sag factor indicates the maximum sag
that can occur in the feeder, from which the compensated voltage can be determined. A controller is
necessary for maintain the load voltage. In the following section control system of IDVR system is discussed
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e P i ]
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Figure 1. Schematic layout of Interline Dynamic Voltage Restorer

3. CONTROL SYSTEM OF IDVR FOR VOLTAGE SAG MITIGATION

The functionality of IDVR is to eliminate voltage sag in a system. Whenever there is a voltage sag,
the IDVR detects the deviation in the voltage and injects the necessary voltage into the network thereby
maintaining the system voltage constant at all conditions. The control system of IDVR plays an important
role in controlling the injected voltage from IDVR. The schematic layout of the control system of IDVR is
given Figure 2.

According to the schematic layout represented in Figure 2, the reference voltage V() is converted
t0 Vier(aq) aXis using parks transformation given by.

cos@  cos(6— 2—n) cos(6 + 2—n)
Vrefd 3 3 \Y

refa (5)
Vi, =§ “sing —sin(a-%n) —sin(.9+%n) V.
VrefO 1 1 E Vrefc
2 2 2

Application of PST Source based DC Link Restoration for IDVR (Ramchandra Nittal)



1106 O ISSN: 2088-8708

abc to

I—PLL—

Vref(dq)

Verr(abc
dpoto | 2/,
77| WM
abe
A Sum err(dq) . Generator

Gate

;5 abc to Pulses
Vi dqo ’//I

Viag
Figure 2. Schematic layout of control system of IDVR

Similarly V) is also converted to V. The error between the reference voltage and load or
actual voltage is given is given as input to the Proportional Integral controller. The Proportional Integral
controller regulates error and the output of the Proportional Integral controller is given by Equations (6)
and (7)

K;
Verrd = (K p + ?)(Vrefd _VLd) (6)

I‘<i
Verrq = (Vrefq _VLq )(K p + ?) (7

where K, and Ki are proportional integral gains of PI controller.

The Verag IS converted to Verne) by the dgo to abc transformation and Ve is given to the PWM
generator. The PWM generator generates the required gate pulses to the inverter. The values of K, and K;
are determined by zigler- Nicholas method [15].

4.  PHASE SHIFTING TRANSFORMERS

A Phase shifting Transformer (PST) controls the active power flow in a network by inserting the
voltage with a controlled phase angle [16]. Figure 3 represents[16] the PST comprising of magnetizing
transformer connected in parallel to the feeder and transformer which is connected in series to the feeder is
boosting transformer. The phase shift is created by connecting these two transformers together there by
controlling real power flow in the line. The secondary side of magnetizing transformer consists of a tap
changer. By regulating the tap changer the real power will be regulated. The power angle Equation is:

Vi xV,
X

P sind (8)

BOOSTING
TRANSFORMER

Q FEEDER

MAGNETISING
TRANSFORMER

Figure 3. Schematic Layout of Phase Shifting Transformers
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The operation of PST is illustrated by the phase diagram in the Figures 4(a) and 4(b). To shift the
phase angle in one phase (say R phase), the input of the magnetizing transformer is connected to the other
two phases (Y and B phases). VYB is the resultant voltage in the phasor diagram which is fed to the primary
winding of the boosting transformer. Observing the phasor diagram in Figure 4(a), that voltages VYB and
VRN have phase difference of 900. The resultant voltage between VYB and VRN will be the output of the
boosting transformer. Depending on the magnitude of voltage vector VYB, the resultant voltage phase and
magnitude can be determined. According to the power Equation in (8), the active power will be increased
with the increment in the phase difference between the resultant voltage and load voltage shown in
Figure 4(b).

Vo \%

2200 Vi 5 \ 6,
- 7 Vr

Resultant of Vgy
and Vg

Ve

Vys

(@) (b)

Figure 4. (a) Phasor Diagram of Voltages in healthy feeder with PST (b) resultant phasor diagram of healthy
feeder

5. SIMULATION RESULTS AND DISCUSSION

The test power system is constructed using MATLAB SIMULINK software is represented in
Figure 5(a). The two feeders each are having three phases connected to three different single phase loads i.e.
the total load on one feeder is unbalanced load. Consider the case where one of the loads (Load 1 in this case)
connected to the three phases of a feeder is sensitive, then this load clearly requires a protection from power
quality issues mainly voltage sag. Hence IDVR is connected to that particular phase to ensure that the
sensitive load is protected from the voltage sag. Loads 1 and 4 which are connected to feeder 1 and 2 are
assumed as sensitive loads. The considered test power system parameters is represented in Figure 5(a) are
shown in Table 1.

Table 1. Parameters of two line IDVR

Parameter Feeder 1 Feeder 2
Supply Voltage 230V 230V
Load Voltage 230V 230V
Load Resistance 40Q 40Q
Load Inductance 95.5mH 95.5mH
Trar}sformer 30 30
Resistance

Transformer 10mH 10mH
Inductance

DC Capacitance 3200uF

DC Capacitance 210V

Voltage
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The PST(rating of both transformers is 600VA, 50 Hz and turns ratio of magnetizing transformer is
2:1 and that of boosting transformer is 1:1) is provided to restore the DC link energy. The controller of the
DC Link is represented in Figure 5(a) is a controller which compares the reference DC link and actual DC
link voltage during the voltage sag condition and based on voltage sag condition the controller chooses the
suitable feeder to which the PST has to be connected for restoration of DC link energy. Hence the DC link
voltage is maintained constant. The control alogirthm of DC link controller is shown in Figure 5(b).

@M Load 1 ( Start '
- |

Z Load 2 Measured DC Voltage |
W 7
Ve
No
Con‘trol\er of PS.T to PST DC Link Phase shifting action
Shift the required Controller transformer
Phase angle

YES Estoration o

Sag in one feedeP> DC link with

NO

Utilize DC link

s Load5
:: : v energy voltage

7 Load 6~ y

6 Restore the DC

E \ :f) e link energy with
PST

@ (b)

Figure 5. (a) Simulink model of IDVR (b) Control algorithm of DC link controller

5. 1. Voltage Sag Applied in First Feeder and Restoring the DC link Energy with PST

Feeder 1 shown in Figure 5(a) is assumed to be effected with a voltage sag for a period of time.
Feeder 2 is considered to be unaffected. The control unit then associates the PST to the second feeder. The
angular phase of the feeder 2 is shifted by Phase Shifting Transformer. The real power flow in the feeder 2
increases due to the phase shift. The incremental active power will be utilized for DC link restoration by
second DVR present on the second feeder. The Proportional Integral controller present in the second DVR
keeps the voltage of the load on second feeder to the rated value. Load voltage of feeder 1 during the voltage
sag condition with the absence and presence of IDVR and voltage at the DC link with PST are represented in
Figure 6(a) and Figures 6(b), (c) respectively. A reduction in load voltage due to the voltage sag is observed
in Figure 6(a). In the presence of IDVR the voltage sag is eliminated which is observed in Figure 6(b). The
load voltage of feeder 2 to which PST are connected is represented in Figure 6(d). It is observed that while
restoring the DC link energy, the feeder 2 load voltage is also maintained constant by the PI controller of the
control system in second DVR.

In the literature [17], PST is uncontrolled which means that the phase shift produced by PST is
default one value (depends on the turns ratio of the magnetizing and boosting transformers) irrespective of
the power that should be compensated. Hence in this paper a control action is developed which calculates the
required power needed for the compensation. From that phase shift is calculated using the Equations given
in [16]. When the angle is known according, the turns ratio of boosting transformer is adjusted there by the
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output of PST will give calculated phase shift. The drawback of using PST for replenishing the DC link
energy is; the maximum phase angle shift between source and load voltage can be 90°. At this instant power
is maximum and beyond which the power cannot be increased. Hence PST is used for limited to certain
limits of the compensation.
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Figure 6. (a) Load voltage at feeder 1 (in Volts) without IDVR, (b) Load voltage in feeder 1 (in Volts),
(c) DC link voltage (in volts) with IDVR and Phase Shifting Transformer, (d) Load voltage at feeder 2
(in Volts)

5.2. Voltage sag Applied in Two Feeders in the Absence of PST for Restoration

If both feeders are simultaneously effected with voltage sag, then PST cannot be utilized in this as it
can only be associated with a healthy feeder. Hence, the initial charged energy of the DC link is used for
mitigating the voltage sag in both feeders. Figure 7(a) shows the voltage sag in feeders 1 and 2 respectively.
When IDVR is placed the voltage sag is compensated as shown Figure 7(b). Since the IDVR is compensating
the voltage sags through the charged energy of DC link there is decline in the DC link voltage as seen
Figure 7(c). When the mitigation process is completed the controller at the DC link will compensate the DC
link with PST depending on the condition prevailed.

Hence in both conditions the IDVR could effectively mitigate the voltage sag and protected the
sensitive loads from getting damaged by the affect the voltage sag. From the obtained simulation results it
can be concluded that PST restoration of DC link for IDVR is comparitvely appropriative than the other
methods of DC link restoration for IDVR [7], [12], [13]. In previous complex methods of DC link
restoration, one of feeders to which the IDVR is connected is always to be assumed as healthy feeder. On the
other hand, utilizing PST is simpler way to restore the DC link energy for IDVR and also PST can be
connected to any of the feeders to which the IDVR is connected.
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Figure 7. (2) Load voltage in feeder 1 and in feeder 2(in Volts) without IDVR, (b) Load voltage in feeder 1
and feeder 2(in Volts) with IDVR, (c) DC link voltage (in volts) without PV system and PST

6. CONCLUSION

The present research focuses on the issues related to power quality faced at the distribution side. The
most important power quality problem considered in this paper is voltage sag. IDVR will be the suitable
device for compensation of voltage sag in multiple feeder lines. The control system of IDVR identifies the
voltage error between the actual and reference voltages and accordingly sets the Pulse Width Modulation
generator to generate the inverter gate pulses for the voltage injection and thus compensating the voltage sag.
A novel way of replenishing the DC link energy of IDVR is proposed in this paper. PST is utilized for the
DC link restoration. Based on the sag condition the suitable feeder to which the PST is to be connected for
the restoration of DC link energy is selected through a proposed controlling algorithm. Additionally a phase
shift produced by PST is controlled according to the required power for the compensation.
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