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Publication Issue: environment. The situations like-voltage dip/sag, swells, harmonic content and so
Vol 71 No. 4 (2022) on, and its major effect on greatly susceptible loads are well known. To face these

situations, custom power devices are utilized. Sensitive load has a severe impact on
itself due to voltage sag and swell. Dynamic Voltage Restorer (DVR) is a power
custom device used in power distribution network. The Dynamic Voltage Restorer
(DVR) is fast, flexible and efficient solution to voltage sag problem. The important
parts of the DVR comprise of voltage source inverter (VSI), booster transformers,
filter and a dc energy source. The principle of the DVR is utilized to inject the
voltage in series and in synchronism with the standard voltages with a goal to
compensate voltage influences. In this paper, different voltage injection schemes for
dynamic voltage restorers (DVRs) are analyzed with particular focus on a new
method used to minimize the rating of the voltage source converter (VSC) used in
DVR. A new control technique is proposed to control the capacitor-supported DVR.
The control of a DVR is demonstrated with a reduced-rating VSC. The reference
load voltage is estimated using the unit vectors. The synchronous reference frame
theory is used for the conversion of voltages from rotating vectors to the stationary
frame. The compensation of the voltage sag, swell, and harmonics is demonstrated
using a reduced-rating DVR.
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I. INTRODUCTION

Power distribution systems, ideally, should provide their customers with an uninterrupted flow
of energy at smooth sinusoidal voltage at the contracted magnitude level and frequency
however, in practice, power systems, especially the distribution systems, have numerous
nonlinear loads, which significantly affect the quality of power supplies. As a result of the
nonlinear loads, the purity of the waveform of supplies is lost. This ends up producing many power
quality problems. Apart from nonlinear loads, some system events, both usual (e.g. capacitor
switching, motor starting) and unusual (e.g. faults) could also inflict power quality problems. Power
quality phenomenon or power quality disturbance can be defined as the deviation of the voltage and
the current from its ideal waveform. Faults at either the transmission or distribution level may
cause voltage sag or swell in the entire system or a large part of it. Also, under heavy load
conditions, a significant voltage drop may occur in the system. \oltage sag and swell can cause
sensitive equipment to fail, shutdown and create a large current unbalance. These effects can incur a
lot of expensive from the customer and cause equipment damage. The voltage dip magnitude is
ranged from 10% to 90% of nominal voltage and with duration from half a cycle to 1 min and
swell is defined as an increase in rmsvoltage or current at the power frequency for durations from
0.5 cycles to 1 min. Typical magnitudes are between 1.1 and 1.8 p.u.

There are many different methods to mitigate voltage sags and swells, but the use of a
custom power device is considered to be the most efficient method, e.g. FACTS for transmission
systems which improve the power transfer capabilities and stability margins. The term custom
power pertains to the use of power electronics controller in a distribution system, especially, to deal
with various power quality problems. Custom power assures customers to get pre-specified quality
and reliability of supply. This pre-specified quality may contain a combination of
specifications of the following: low phase unbalance, no power interruptions, low flicker at the load
voltage, and low harmonic distortion in load voltage, magnitude and duration of over
voltages and under voltages within specified limits, acceptance of fluctuations, and poor factor
loads without significant effect on the terminal voltage . There are different types of Custom Power
devices used in electrical network to improve power quality problems. Each of the devices has its
own benefits and limitations. A few of these reasons are as follows. The SVC pre-dates the DVR,
butthe DVR is still preferred because the SVC has no ability to control active power flow. Another
reason include that the DVR has a higher energy capacity compared to the SMES and UPS devices.
Furthermore, the DVR is smaller in size and cost is less compared to the DSTATCOM and other
custom power devices. Based on these reasons, it is no surprise that the DVR is widely considered
as an effective custom power device in mitigating voltage sags. In addition to voltage sags and
swells compensation, DVR can also add other features such as harmonics and Power Factor
correction. Compared to the other devices, the DVR is clearly considered to be one of the best
economic solutions for its size and capabilities.

Many solutions and their problems using DVRs are reported,such as the voltages in a three-
phase system are balancedand an energy-optimized control of DVR is discussed in [10].Industrial
examples of DVRs are given in [11], and differentcontrol methods are analyzed for different types
of voltagesags in [12]-[15]. A comparison of different topologies andcontrol methods is presented
for a DVR in [17]. The designof a capacitor-supported DVR that protects sag, swell, distortion, or
unbalance in the supply voltages is discussed in[19]. The performance of a DVR with the high
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frequency-linktransformer is discussed in [20]. In this paper, the control andperformance of a DVR

are demonstrated with a reduced-ratingvoltage source converter (VSC). The synchronous
referenceframe (SRF) theory is used for the control of the DVR.

I1. DYNAMIC VOLTAGE RESTORER(DVR)
DVR is a Custom Power Device used to eliminate supply side voltage disturbances. DVR
also known as Static Series Compensator maintains the load voltage at a desiredmagnitude
and phase by compensating the voltage sags/swells and voltage unbalances presented at the point
of common coupling.

—

{/I T :| Load

@1‘ Supply

Fig.1: DVR series connected topology

The power circuit of the DVR is shown in Fig. 1.The DVR consists of 6 major parts:-

a) Voltage Source Inverter (VSI):These inverters have low voltage ratings and high currentratings
as step up transformers are used to boost up the injected voltage.

b) Injection Transformers: Three single phase injection transformers are connected
indelta/open winding to the distribution line. These transformers can be also connected in
star/open winding. The star/open winding allows injection of positive, negative and zero
sequence voltages whereas delta/open winding only allows positive and negative sequence voltage
injection.

c) Passive Filters: Passive filters are placed at the high voltage side of the DVR to filter the
harmonics. These filters are placed at the high voltage side as placing the filters at the inverter side
introduces phase angle shift which can disrupt the control algorithm.

d) Energy storage: Batteries, flywheels or SMEs can be used to provide real power for
compensation. Compensation using real power isessential when large voltage sag occurs.

e) Capacitor: DVR has a large DC capacitor to ensure stiff DC voltage input to inverter.

f) By-Pass Switch: If the over current on the load side exceeds a permissible limit due to short
circuit on the load or large inrush current, the DVR will be isolated from the system by using the
bypass switches and supplying another path for current.

I11. OPERATION OF DVR

The schematic of a DVR-connected system is shown in Fig. 2(a). The voltageVin; is inserted
such that the load voltage Vicad is constant in magnitude and is undistorted, although the supply
voltage Vs is not constant in magnitude or is distorted. Fig. 2(b) shows the phasor diagram of
different voltageinjection schemes of the DVR. Vipre—sag) IS @ Voltage acrossthe critical load prior to
the voltage sag condition. During the voltage sag, the voltage is reduced toVswith a phase lag angle
off. Now, the DVR injects a voltage such that the load voltage magnitude is maintained at the pre-
sag condition. According to the phase angle of the load voltage, the injection of voltages can be
realized in four ways [19].Vinj1 represents the voltageinjected in-phase with the supply voltage.
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With the injection ofVinj, the load voltage magnitude remains same but it leads Vs by a small

angle. InVinj3, the load voltage retains the same phase as that of the pre-sag condition, which may be

an optimum angle considering the energy source [10] .Vinj4 is the condition where the injected

voltage is in quadrature with the current, and this case, is suitable for a capacitor-supported DVR as

this injection involves no active power [17]. However, a minimum possible rating of the converter
is achieved by Vinj1.

The DVR is operated in this scheme with a battery energystorage system (BESS). Fig. 3
shows a schematic of a three-phase DVR connected to restore the voltage of a three-phase critical
load. A three-phase supply is connected to a critical and sensitive load through athree-phase series
injection transformer. The equivalent voltageof the supply of phase AvMais connected to the point
of common coupling (PCC)vsathrough short-circuit impedance Zsa. The voltage injected by the
DVR in phase Avca, is such that the load voltageviais of rated magnitude and undistorted. A three-
phase DVR is connected to the line to inject a voltage in series using three single-phase
transformers Tr. Lr and Cr represent the filter components used to filter the ripples in the injected
voltage. A three-leg VSC with insulated-gate bipolar transistors (IGBTSs) is used as a DVR, and a
BESS is connected to its dc bus.

Vs Vl:md
A ) Vinj Critical
'.,_\ Tl TTTTAAAAL T Load
Supply
Voltage
DVR Source C
) de
Converter j
(a)
A
"VI !
; «’5\1 d
ini4 [/ Vigs
L)V 1oa2
5 Vinj2 :
— s N SN A
e Vs Vinit ol
A
Io
4 :

Fig. 2. (a) Basic circuit of DVR. (b) Phasor diagram of the DVR voltage injection
schemes.
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Fig. 3. Schematic of the DVR-connected system

IV. CONTROL OF DVR

The compensation for voltage sags using a DVR can beperformed by injecting or absorbing the
reactive power or thereal power [17]. When the injected voltage is in quadrature withthe current at
the fundamental frequency, the compensationis made by injecting reactive power and the DVR is
with aself-supported dc bus. However, if the injected voltage is inphase with the current, DVR
injects real power, and hence,a battery is required at the dc bus of the VSC. The controltechnique
adopted should consider the limitations such as thevoltage injection capability (converter and
transformer rating)and optimization of the size of energy storage.
A. Control of DVR with BESS for Voltage Sag, Swell, and Harmonics Compensation

Fig. 4 shows a control block of the DVR in which the SRFtheory is used for reference signal
estimation. The voltagesat the PCC vs and at the load terminal viare sensed forderiving the IGBTs’
gate signals. The reference load voltageVxLis extracted using the derived. Load voltages
(VLa,VLb,Vic) are converted to the rotating referenceframe using abc—dqoconversion using Park’s
transformationwith unit vectors(sin,0,cos,0) derived using a phase-locked loop as

vrg| o [cos O cos(6—7) cos (60+%)] [vrar

{’jm‘| =§ |ih‘illl 6 sin [91—2_.—5") sin {91+ 2Tﬂr)‘| |}I'Lb1'l-f‘|
vLo 2 2 3 ULeref 1)
Similarly, reference load voltages!Vi-Vi»-ViJand voltages at the PCCvsare also converted to the
rotating reference frame. Then, the DVR voltages are obtained in the rotatingreference frame as

UDd =Vsd — VLd (2)
UDg =Vs5q — ULg (3)
The reference DVR voltages are obtained in the rotating reference frame as
-H — |* ]
Upa =Vsq4 — VLd (4)
|* — |* .
t Dg — t Sq — ULq (5)

The error between the reference and actual DVR voltages in the rotating reference frame is
regulated using two proportional—integral (PI) controllers. Reference DVR voltages in the abc
frame are obtained from a reverse Park’s transformation takingV*psfrom (4),V*pqfrom(5),V*poas

Zero as
Udvra cos sin 6 1
‘“lxi\']'r) = | Cos (9 - 2_? sin {9— z—?) 1
3

fl:‘Dq
3) _.
CoS (9+2—) sin {9+ z_:-) 1

‘i
Upd

EITDU:| (6)

Udvre
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Reference DVR voltages (V3vras Vdvess Yere) and actual DVR voltages{f'th't'u- Udvrb, Udvre) gre

used in a pulsewidth modulated (PWM) controller to generate gating pulses to aVSC of the DVR.
The PWM controller is operated with aswitching frequency of 10 kHz.

Vi . Fuzzy
- controller
e
de v
cap
vV, Ve i —
A b1 > - - abc
d-q-0 Vie
2

Voltage

P’ controlled
Vie—» PWM
Controller

Wi

Gate Pulses for the
VSC of DVR

Fig. 4.Control block of the DVR that uses the SRF method of control

B. Control of Self-Supported DVR for Voltage Sag, Swell, and Harmonics Compensation
Fig 4.shows a schematic of a capacitor-supported DVR connected to three-phase critical loads, and
Fig 4 shows a control block of the DVR in which the SRF theory is use for the control of self-
supported DVR. Voltages at the PCC vS are converted to the rotating reference frame using
abc—dqo conversion using Park’s transformation. The harmonics and the oscillatory components of
the voltage are eliminated using low pass filters (LPFs). The components of voltages in the d- and
g-axes are

Vd = Udde + Udac

()

Vg = Vgde + Vgac- (8)
The compensating strategy for compensation of voltage quality problems considers that the load
terminal voltage should be of rated magnitude and undistorted. In order to maintain the dc bus
voltage of the self-supported capacitor, a Pl controller is used at the dc bus voltage of the DVR and
the output is considered as a voltage vcap for meeting its losses

Ed
The referenced-axis load voltage is therefore expressed as follows: Yd = Vdde — Veap-

(9)

The amplitude of load terminal voltage V. is controlled to its reference voltage V,using another Pl
controller. The output of the PI controller is considered as the reactive component of voltage vqr for
voltage regulation of the load terminal voltage. The amplitude of load voltage V. at the PCC is
calculated from the ac voltages (VLa,VLb,VLc) as

. . . . 9 9 41,2
Vi= @32 (v +od +02) 7 (g
The reference load quadrature axis voltage is expressed as follows:
E':} = rr,lc]t' + E':,r.l'- (11)

Reference load voltages (Vi,, Vi, Vi) in the abcframe are obtained from a reverse Park’s
transformation as in (6). The error between sensed load voltages (Via, Vin,Vic) and reference load
voltages is used over a controller to generate gating pulses to the VSC of the DVR.
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IV. VARIABLE FREQUENCY CONTROL OF INDUCTION MOTOR

The induction motor speed variation can be easily achieved for a short range by either stator voltage
control or rotor resistance control. But both of these schemes result in very low efficiencies at lower

speeds. The most efficient scheme for speed control of induction motor is by varying supply
frequency. This not only results in scheme with wide speed range but also improves the starting

performance. Synchronous speed of Induction Motor is directly proportional to the supply
frequency. Hence, by changing the frequency, the synchronous speed and the motor speed can be

controlled below and above the normal full load speed. If the machine is operating at speed below
base speed, then v/f ratio is to be kept constant so that flux remains constant. This retains the torque

capability of the machine at the same value. But at lower frequencies, the torque capability decrease
and this drop in torque has to be compensated for increasing the applied voltage.Any reduction in

the supply frequency without a change in the terminal voltage causes an increase in the air gap flux.
Induction motors are designed to operate at the knee point of the magnetization characteristic to
make full use of the magnetic material. Therefore the increase in flux will saturate the motor. This

will increase the magnetizing current, distort the line current and voltage, increase the core loss and
the stator copper loss, and produce a high pitch acoustic noise. While any increase in flux beyond

rated value is undesirable from the consideration of saturation effects, a decrease in flux is also
avoided to retain the torque capability of the motor. Therefore, the variable frequency control below
the rated frequency is generally carried out by reducing the machine phase voltage, V, along with

the frequency in such a manner that the flux is maintained constant. Above the rated frequency, the
motor is operated at a constant voltage because of the limitation imposed by stator insulation or by

supply voltage limitations.
Conventional DVR, 2) Voltage Sag/Swell Compensation by using Proposed DVR

Case 1: Voltage Sag/Swell Compensation by using Conventional DVR

Fig.11Matlab/Simulink Modelling of Conventional DVR under Voltage Sag/Swell Issues
Fig.11 shows the Matlab/Simulink Modelling of Conventional DVR under Voltage Sag/Swell

V.MATLAB/SIMULINK RESULTS
Here simulation is carried out by several cases, in that 1) Voltage Sag/Swell Compensation by using

==

4

10014

Issues using computer simulation tool.
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(a) RMS Value of Source & Load Voltages

(b) Source Voltage, DVR Injected Voltage, Load Voltage
Fig.12 (a) RMS values of Source & Load Voltages, (b) Source Voltage, DVR Injected Voltage,
Load Voltage, of the conventional DVR under Voltage Sag Compensation Scheme.

(2) RMS Value of Source & Load Voltages
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(b) Source Voltage, DVR Injected Voltage, Load Voltage
Fig.13 (a) RMS values of Source & Load Voltages, (b) Source Voltage, DVR Injected Voltage,
Load Voltage, of the conventional DVR under Voltage Swell Compensation Scheme.

Case 2: Voltage Sag/Swell Compensation by using Proposed DVR using P1 Controller
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Fig.14Matlab/Simulink Modelling of Proposed DVR under Voltage Sag/Swell Issues
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Fig.14 shows the Matlab/Simulink Modelling of Proposed DVR under Voltage Sag/Swell Issues
using Matlabsimulation tool.
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Fig.15. THD Analysis of Supply voltage

Fig.15shows the THD Analysis of Source Voltage of the Proposed DVR under Harmonics
Compensation Scheme. These harmonics are in the range of IEEE-519 standards.

VI. CONCLUSION

The operation of a DVR has been demonstrated with a new control technique using various voltage
injection schemes. A comparison of the performance of the DVR with different schemes has been
performed with a reduced-rating VSC, including a capacitor-supported DVR. The reference load
voltage has been estimated using the method of unit vectors, and the control of DVR has been
achieved, which minimizes the error of voltage injection. The SRF theory has been used for
estimating the reference DVR voltages. It is concluded that the voltage injection in-phase with the
PCC voltage results in minimum rating of DVR but at the cost of an energy source at its dc bus..
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