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Abstract: Voltage fluctuations which occur frequently in the form of voltage sag/swell cause severe disturbances and
damage the sensitive loads present on the distribution side of power system. One of the feasible solutions to mitigate
these voltage sags/swells is Interline Dynamic Voltage Restorer (IDVR) which contains two or more Dynamic Voltage
Restorers (DVR) sharing a common DC link. The IDVR has a major advantage in its simultaneous mitigation of
voltage sag/ swells in multiple feeders at the same instance which is referred to as bidirectional compensation. In this
paper, IDVR is designed for a specific application to mitigate power quality problems in an existing real time load.
The load network data of BITS Pilani Hyderabad Campus located in Telangana, India which is spread over 200 acres
is considered as the real time load. A multiple voltage sag/swell scenario is analysed in the real time load. The results
have proven that the IDVR can effectively mitigate multiple voltage sags/swells in the considered real time load.

Keywords: Interline Dynamic Voltage Restorer; Power Quality; Voltage Sag/swell.

1. INTRODUCTION

Power Quality problems are the most significant problems on the distribution side of power systems. One of
the major and frequently occurring power quality problems is voltage sag/swell. Voltage sag is referred to as
the drop in voltage magnitude from 0.1 to 0.9 per unit of the nominal value, for a duration of half cycle to one
minute. Similarly a voltage swell is referred to an increase in the voltage magnitude from 1.1 to 1.8 per unit of
the nominal value for a duration of half cycle to one minute'. In the recent years sensitive loads have become
more in number at the distribution side of the power system. These sensitive loads have low resistance towards
the voltage sag/swell and get easily damaged when there is a voltage deviation. There are some devices like shunt
capacitor banks, phase advancers, synchronous condensers etc. which are used to eliminate the voltage sag/swell.
But there are certain limitations to these devices like less life span, restricted range of operation. Therefore these
traditional devices are slowly getting replaced with Flexible AC Transmission Systems (FACTS) devices™**

The FACTS device utilized on the distribution side for mitigation of voltage sag/swell is Dynamic Voltage
Restorer (DVR)’. When there is a voltage sag or voltage dip in a system, the DVR mitigates the voltage sag by
adding the necessary voltage to the system. The major limitation of DVR is, it needs huge amount of DC link
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energy to mitigate deeper voltage sags and also the elimination of voltage sag/swell with DVR is restricted to
only one feeder®.

The limitation of DVR can be overcome with an extended version of DVR known as Interline Dynamic
Voltage Restorer (IDVR). IDVR comprises two or more DVRs connected to a common DC link’. The ability
of IDVR is, it can simultaneously eliminate voltage sag/swells in different feeders at same instance of time with
one common DC link and also when one of the DVR is mitigating deeper voltage sag, the required power can
be supplied by another DVR. This will reduce the size of DC link, which will also be beneficial economically.

In this paper, the functionality of IDVR is studied with real time data. The power network and the existing
load in BITS is studied and considered for the real time load. The various changes in the load at different timings
during day and its effect on voltage change has been recorded. Thus the occurrence of voltage sag/swell on the
various possible load conditions in the real time is studied. In order to compensate this voltage sag/swell, suitable
ratings for IDVR are designed for this network. Finally the performance of IDVR in eliminating the multiple
voltage sags/swells at the same instance of time (bidirectional compensation) has been enumerated. The total
network of BITS Pilani Hyderabad Campus has been simulated in MATLAB Simulink software.

2. INTERLINE DYNAMIC VOLTAGE RESTORER

A typical network incorporated with the IDVR shown in Figure 1. It consists of two DVRs having a common
DC link. The two DVRs of IDVR are connected to two different feeders with the aid of series injection
transformers. The IDVR consists of a PI controller which is the control system of the IDVR, a voltage source
inverter and the filter. The network shown in Figure 1 contains two feeders. V,, and V,, are the bus voltages
of feeder 1 and feeder 2 respectively. The two loads, Load 1 and Load 2 are considered as the sensitive loads
connected to feeder 1 and feeder 2 respectively. V,; and V,, are the load voltages of load 1 and load 2. These
voltages are initially at the nominal bus voltages, V,, and V,,. When a sag occurs at say load 1, then the DVR 1
injects the voltages V,,; to maintain the V,; equal to V,,. Hence, in a voltage sag condition the bus voltages V,,
and V,, can be represented as

Vi1 = Vi + Vi (1)
Vi =V + Vi (2)
Vsl
OOOOOO VSI 1
“ Common DCl
|remmr VSI 2 Link |
| |
7, Ve - Load 2
Bus2 —/—
1 Feeder 2 e Vinj2
\) Vi

Figure 1: Schematic layout of two line IDVR

2.1. Design of Interline Dynamic Voltage Restorer

The design part of IDVR consists of two parts; rating of DVR and rating of DC link which are explained
below:
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2.1.1. Rating of the Inverter

The rating of inverter of IDVR depends on the control strategy for the voltage sag/swell compensation. In this
paper, in phase compensa‘[ion8 is considered. In this method of compensation, the injected voltage of DVR is in
phase with load (sagged) voltage. Figure 2 represents the phasor diagram of in phase compensation. The injected
voltage V,,; is in phase with load voltage. As shown in Figure 2 the load current I; is having a phase difference
with injected voltage, hence the DVR should inject active power along with reactive power to the load nearly
at all times

Hence, the steady state injected active power of the inverter of IDVR is given by:
Py =3 X (Vg - Vi) X I X cos & 3)

where, Vi, V,,. are the load voltage line to line and injected voltage line to line of DVR, I is the load current
line to line and is the load power factor.

Reference Voltage

N gouic®

Figure 2: Phasor diagram of in phase compensation

2.1.2. Design of DC link of IDVR

One of the key factors of IDVR is the DC link. The required power for the voltage sag compensation by the DVR
is given by the DC link’. For a voltage source inverter a capacitor is considered as the DC link. For a capacitor
as a DC link, the size of capacitor and the voltage to which capacitor should be charged is to be determined. The
DC link voltage of the capacitor is given by the equation:

Vdc = (VPre-Sag - Vsag) X \/5 “4)
where,
Vre sag: Peak Voltage before the occurrence of sag

Vag: Peak Voltage during occurrence of sag

The size of the capacitor can be determined from the following equation
1
Ecdc(vjc _Vc?cl)z :\/ngL x I X cos ¢ x At (5)

where, V. Dc link voltage

V ;¢ Permissible DC link voltage (The maximum limit below which the DC link voltage should not
decrease)

V. : Load Voltage line to line
I; : Load Current line to line
cos ¢ : Power Factor of Load

At: Discharge time of capacitor
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From the (4) and (5), the complete rating of DC link of IDVR can be determined.

The next section explains the control system of IDVR.

3. CONTROL SYSTEM OF IDVR

The functionality of IDVR is to compensate voltage sag/swell in a system. Whenever there is a voltage sag/
swell, the IDVR detects the deviation in the voltage and injects the necessary voltage into the system 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 3.

According to the schematic layout represented in Figure 3, the reference voltage V. ¢, 1s converted to
Viefiag) @X1s using parks transformation given by:

cos 0 cos (6 — %j cos (6 + %)
V. V.
Vrefd =—|-sin® —sin (9 — E) —sin (9 + Ej Vrefa (6)
refg | — 3 3 3 refb
VrefO 1 1 1 Vrefc
2 2 P

Similarly Vi, is also converted to Vi . The error between the reference voltage and load or actual
voltage is given is given as input to the PI controller. The PI controller regulates the error and the output of the
PI controller is given by equations (7) and (8).

Ki
Verrd = [Kp + ?] (Vrefd - VLd) (7

K,
Verrq = (Vrefq - VLq) (Kp + ?J (8)

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

The V 4y 18 converted to V) by the dgo to abe transformation and V., s, 1s fed as input to the PWM
generator. The PWM generator generates the required gate pulses to the inverter for the injection of voltage into
the considered system. The values of K, and K; are determined by zigler-Nicholas method'’.

Vref(dq)

abc to \Y
Vre abe | err(abe
flab )l 7 dqo ; O C dgoto | //,
7777 PwMm

| | abe Generator

—PLL—|— —_————— — — —

Gate
Pulses

Viane abc to‘
L(ab)_'%» dqo

Figure 3: Schematic layout of the control system of IDVR

Vig
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4. SIMULATION RESULTS AND DISCUSSION

The real time load of BITS Pilani Hyderabad Campus, located in Hyderabad, Ranga reddy district spread over
200 acres, is considered and simulated in MATLAB Simulink software. The power to the campus is given by
the feeder from the 33/11kV MALKARAM substation. At the input side of the campus a SMVA, 33kV/11kV
step down three phase transformer is present, which steps down the voltage to 11kV. This 11kV voltage is given
to three different substations present inside the campus.

Substation 1: The major load of the campus in on substation 1. The input voltage to substation 1 is 11kV which
is stepped down to 415V by 2MVA, 11kV/415V three phase step down transformer within the substation. The
load consists of totally 9 different blocks from ‘A’ block to ‘G’ block and two workshop units. These blocks
consist of administration wing, class rooms and the various departments of the institute. A 10hp induction motor
is connected along with the blocks to substation 1. This induction motor is used to pump water to various places
of BITS campus. This induction is not a continuous load and is ON only when the pumping of water is required.
The ratings of all the loads connected to substation 1 is given in Table 1. The maximum demand on substation
1 is 1000kVA. The other

10 HP 415V 50 Hz
THREE PHASE |I.M.

o

SMVA, 33 / 11KV 2MVA, 11/ 0.415 KV
TRANSFORMER 1 TRANSFORMER 2
E—'W"“m" 3¢ |
3 ]
33KV FEEDER SUB-STATION 1 DVR 1
MALAKARAM

SUBSTATION
COMMON DC LINK _|

B - BLOCK
C- BLOCK
D - BLOCK
E - BLOCK
F- BLOCK
G - BLOCK

DVR 2

A - BLOCK

WORK SHOP 1
WORK SHOP 2

SUB-STATION 2

— W3

500 KVA, 11 / 0.415 KV
TRANSFORMER 3

;

STAFF
QUARTERS,
MC& CP

—NW_\W" 7 r I
3E |
500 KVA, 11 / 0.415 KV
TRANSFORMER 4

MESS &
HOSTELS

SUB-STATION 3

Figure 4: Schematic layout of the real time load with IDVR loads of BITS campus
are connected to substation 2 and substation 3.

Substation 2: The 11kV voltage is given as input to the substation 2 which steps down to 415V using a 500
kVA, 11kV/415V three phase step down transformer. Staff Quarters, Medical center and CP, security office and
remaining street lights are the various loads connected to substation 2. The maximum demand at substation 2
is 200k VA.

Substation 3: The 11kV voltage is given as input to the substation 3 which is stepped down to 415V by a
S00KVA, 11kV/415V three phase step down transformer. The load at substation 3 consists of 6 boy’s hostels, 2

_ International Journal of Control Theory and Applications I



Ramchandra Nittala, Alivelu M. Parimi and K. Uma Rao

girl’s hostels and two dinning messes and some street lights. The load data substation 3 is given in table 1. The
maximum demand at substation 3 is 300kVA.

The sensitive loads of the BITS campus are present in B-block connected to substation 1 and in medical
centers connected to substation 2. These are loads which should be protected from voltage sag/swell. Hence,
various possible conditions for the occurrence of voltage sag/swell at substation 1 and substation 2 is to be
considered initially. The total system shown in Figure 4 is simulated using MATLAB/ SIMULINK software
tool.

The possible chance for the occurrence of voltage sag/swell at Point of Common Coupling (PCC) of any
substation is due to a fault occurring at one of its connected load. To observe a voltage sag/swell, a line to
ground (LG) fault is simulated at one of the loads connected to substation 2. To test the ability of bidirectional
compensation of IDVR, a voltage sag/swell is created in substation 1 and 2 as same instance of time which
explained in the next section.

4.1. Substation 1 and Substation 2 Affected with Voltage Sag/Swell at Same Instance

In this case, the induction motor connected at substation 1 is switched ON and fault at substation 2 occurs at
the same time.

Figure 5 indicates that substation 1 and substation 2 are affected with voltage sag/swell at 0.5sec. In Figure 5(a),
the voltage sag is observed at 0.5sec with switching ON of the induction motor and in Figure 5(b) voltage swell
is observed at 0.5sec due to the occurrence of LG fault. The sensitive loads connected to both substations may
get affected by voltage sag and voltage swell. To eliminate the voltage sag and voltage swell in both substations
at the same instant, IDVR is connected to both substations as shown in Figure 4.

With the IDVR connected, the voltage at PCC of substation 1 and substation 2 is shown in Figure 6. It can
be observed from Figure 6(a) and Figure 6(b), that the voltage sag/swell is completely eliminated by the two
DVRs of the IDVR. The energy required to mitigate the voltage sag/swell in both feeders is given by the DC
link of IDVR.

The DC link voltage during the time of compensation of voltage sag/swell by IDVR is shown in Figure 7.
The DC link voltage is initially charged to 600V. The nominal voltage at the PCC, is itself 400 V, a slight drop
from 415V, due to the existing loading conditions. We can see from Figures 6(a) and 6(b), that the voltages are
maintained at 415V by IDVR. Therefore, in addition to mitigation of voltage sag/swell, IDVR also maintains
the voltage at 415V under nominal loading conditions. Hence, the DC link voltage is continuously supplied to
IDVR to sustain the voltages at PCC of substation 1 and substation 2 to the rated value. The DC link voltage
is dropped from the initial 600V and maintained at 100V once the voltage settles at 415V. During the time (at
0.5sec) of occurrence of voltage sag/swell, the DC link voltage has slightly decreased at 0.5 sec, which can be
observed in the zoomed portion shown in Figure 7. Since the decrease of the DC link voltage during the time of
voltage compensation in both feeders at same instant is very small, it is observed that the effect of voltage sag/
swell on the DC link voltage is considered to be negligible. Hence, DC link is charged sufficiently to supply the
required energy to IDVR to maintain the rated voltage at all conditions in both substations.

Thus IDVR has effectively eliminated voltage sag/swell in both feeders at same time there by protecting
the sensitive loads in both substations. Hence IDVR can be implemented in mitigating multiple voltage sags/
swells simultaneously on the distribution side of power system. Finally it can be concluded that implementation
of IDVR in the real time load will have a great impact in eliminating the voltage fluctuations and in protecting
the sensitive loads.
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Figure 7: DC Link Voltage of IDVR

5. CONCLUSIONS

This paper deals with mitigation of voltage sag/swell with an IDVR. The electrical load of BITS Pilani Hyderabad
Campus is considered as real time load, where the sensitive loads which get affected with the voltage sag/swell
are identified. IDVR is connected to the PCC of those substations to which the sensitive loads are connected.
Based on the intensity of voltage sag/swell that occurred at the substations, the appropriate ratings for the IDVR
and DC link of IDVR are designed. The bidirectional compensation of voltage sag/swell in both substations with
IDVR is observed. The IDVR effectively maintains the voltage at the substations at the rated value. Therefore
the IDVR is helpful in solving the problems of voltage sag/swell in the considered real time load and with
IDVR, multiple voltage sags/swells can be mitigated at same time, thereby protecting the sensitive loads from
the voltage disturbances.
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