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Performance of DVR using Optimized Pl
Controller based Gradient Adaptive Variable
Step LMS Control Algorithm

Talada Appala Naidu, Member, IEEE, Sabha Raj Arya, Senior Member, IEEE,
Rakesh Maurya, Member, IEEE and Sanjeevikumar Padmanabhan, Senior Member, IEEE

Abstract— A custom power device known as dynamic voltage
restorer (DVR) has been investigated to operate a distribution
system at its desired performance. The distribution system with
voltage related power quality issues in the supply side have been
addressed through this article using DVR. Four different grid
disturbances such as voltage sag, swell, unbalances, and
distortions have been taken into account while testing the DVR
capability. DVR has been controlled using an optimized
proportional and integral (Pl) gains integrated with gradient
adaptive variable learning rate least mean square control
algorithm. Adaptiveness of variable step-size in LMS makes the
control robust in case of dynamics in the system assures the
better performance. Also, the other major contribution of this
work is implementation of an optimization based self-tuning PI
gains in proposed control. The evaluation of optimizer in
estimating the PI gains is presented in terms of the response of
DC-Link voltage DVR. The simulation work of proposed control
algorithms on DVR has been done and found the satisfactory
results. For the experimental validation d-SPACE made Micro
Lab Box is used as control processor, both dynamic and steady
state results are discussed for its effectiveness.

Key words— Voltage Compensation, GAVS-LMS, DVR, PI
controller, Sag, Unbalance.

I. INTRODUCTION

more devices or equipment are being used nowadays
ASWhiCh creates power quality disturbances in the power

system network frequently [1]. Differed Power Quality
(PQ) issues degrade the response of connected power system
equipment and further performance of the system. The voltage
and current related PQ disturbances are widely seen problems
with their possibility of occurrence and cause frequency [2].
The device which used to monitors these PQ problems under
the standard limits are named as custom power devices. An
elaborative study on these compensating devices has been
reported with different configurations and topologies with
their corresponding design aspects [3]. Some other new
categorization of power quality problems is mentioned along
with different PQ monitoring approaches [4].

Manuscript received on 25 July 2020; revised on 19 November 2020;
accepted on 11 December 2020.

This work is supported by Science and Engineering Research Board —New
Delhi (India) Research Project under Extra Mural Research Funding Scheme,
Grant No. SB/S3/EEEC/030/2016, Dated 17/08/2016.

Talada Appala Naidu, Sabha Raj Arya and Rakesh Maurya are with
Department of Electrical Engineering, Sardar Vallabhbhai National Institute
of Technology, (SVNIT), Dumas Road, Surat-395007, India

(e-mail: naidu284@gmail.com, sabharajl@gmail.com and
rmaurya@eed.svnit.ac.in)

Sanjeevikumar Padmanabhan is with Department of Energy Technology,
Aalborg University, Esbjerg 6700, Denmark (e-mail: san@et.aau.dk)

From this, it is found that the series connected custom power
device can make sure of maintaining the voltage related PQ
disturbances [6]. Mansoor et al. [7], have addressed the
dynamic voltage restorer (DVR) as power quality
improvement devices. Few numbers of configurations of DVR
based on the topologies of voltage source converter (VSC) or
energy storage element can be identified in recent literature
with their operation [8-12]. A DVR with diode clamped
inverter-based topology which is supported by a fuel cell for
DC voltage has been investigated in [8]. In this system DVR is
PQ monitoring device only whereas the main contribution is
fuel cell-based DG system. A solid-state fault current limit-
based DVR topology has been studied with a control such that
it deactivates the DVR and activates the switches of DC link
when fault occurs [9]. Sitharthan et al. [10] have proposed a
DVR topology with customized hybrid control for the grid
connected wind based distributed power generation using
DFIG. Authors in text [11] have proposed a dual DC port
DVR with a DC-DC converter support during the deep sag
cases which reduces the capacity of DC-DC converter to half
of the conventional ones. However, this research has
addressed only the voltage sag in this which reduces the
utilization of application of DVR which can also compensate
few more PQ disturbances. Naidu et al. [12] have adapted a
DVR configuration with self-supported DC-link capacitor as
an energy storage element. Even though the proposed
configuration is well known before, by applying a new control
algorithm for controlling DVR it achieved an acceptable result
in multi disturbances compensation.

In the view of enhancement of the performance of DVR, few
out of several control algorithms have been identified [13-20].
Ye et al. [13] have proposed an elliptical restoration algorithm
on single phase DVR in which the DVR injected voltage has
been described in terms of the active and reactive components
using virtual impedance of system. Authors in [14] have
implemented DVR to enhance the power quality using the
type 2 fuzzy logic controller. In this control adaptiveness has
been utilized systems in the control domain to make DVR
reliable for which a DC-DC converter has been implemented
in topology. A sliding mode control (SMC) based control has
been proposed to control DVR injected voltage for adjusting
the terminal voltage of load to restore it to pre-sag value [15].
Hung et al. [16] have implemented DVR with two loop-based
control algorithms. Out of two loops, external loop is of
voltage which uses a decoupled resonant, other one is the
inner loop which is of current and it uses the PR controller.
Authors in [17] have been used the simple basic synchronous
reference theory in the DVR for the compensation of any type

2687-9735 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on January 22,2021 at 09:04:48 UTC from IEEE Xplore. Restrictions apply.


mailto:sabharaj1@gmail.com
mailto:rmaurya@eed.svnit.ac.in

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTIE.2021.3051553, IEEE Journal

of Emerging and Selected Topics in Industrial Electronics

of voltage variations in the supply voltage. Alhaj et al. [18]
have used the LMS based control for the approximation of
magnitude and phase angle of harmonics in power system and
compared it with Least Mean Fourth (LMF) and Least Mean
Square/Fourth (LMS/F), it has been observed that the LMS/F
produces the better results. In text [19], authors have dealt
with a combination of LMS and LMF in the application
distributed static compensator for getting active and reactive
components of load voltage in forming the supply reference
currents. Martins et al. [20] have proposed a control which
relies on the construction of the voltage reference using the
recursive least square (RLS) technique but is only suitable to
harmonic distortions, sags, and swells.

As Pl controller plays a vital role in role in DVR to
compensate voltage-based PQ disturbances and to maintain
the load voltage at the desired constant level. In this regard,
authors in text [21] have proposed a self-tuned fuzzy
controller type of PI regulators scheme for DVR control. The
constraints in this method are to formulate the membership
function which limits the application fuzzy logic-based PI in
the systems such as custom power devices. The other way to
tune the Pl controllers’ gains is the optimization methods
which is an approximation approach in which, the system
control algorithms will need less efforts due to the work of Pl
gains estimation has left to optimization method [12]. A
gradient based adaptive step-size Least Mean Square (LMS) is
used in this work [22]. In this filter, the change in step size is
based on gradient descent algorithm which is designed so as to
reduce squared estimation error in the process of each iteration
that will ensure the better convergence. Due to adaptiveness of
variable step-size in LMS, it makes the control robust in case
of dynamics in the system which assures the better
performance. For tuning of Pl controllers in this work, a
recent and simple optimization algorithm named as Raol,
Rao2, and Rao3 are implemented [23].

In this paper, authors have proposed an optimized PI gains
based adaptive type of control algorithm for DVR of self-
supported three phase VSC topology. The performance of
these algorithms in estimation of PI gains has been compared
in between them and presented here. These three optimization
algorithms are simple to implement due to the fact that these
algorithms only need size of the population and number of
iterations other than any algorithm-specific control
parameters. DVR performance using the proposed GAVS-
LMS  based control has been evaluated in
MATLAB/Simulation  platform.  After obtaining the
Simulation results, the proposed control algorithm has been
evaluated on a scaled down system prototype of DVR using d-
SPACE made Micro Lab Box processor. The simulation and
experimental results of internals signals of the control along
with the dynamic and steady state results of the DVR are
presented.

II. DVR SYSTEM DESCRIPTION

The self-supported DVR configuration that has been chosen
for the voltage compensation is represented in Fig. 1. A non-
ideal three phase ac grid is made by creating four types of
loading conditions with different timing at same point. Four
different loads are inductive load, capacitive load, unbalanced
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load, and rectifier load to create sag, swell, unbalances, and
distortions respectively in the supply voltage.
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Fig. 1 DVR system configuration

The load that considered as the sensitive or critical load to be
protected is linear load of RL for which it is to be maintained
at constant Load voltage as shown in Fig. 1. The non-ideal ac
supply system has been connected to sensitive load through
injection transformers and voltage source converter as a DVR
in supply system. As proposed, the system configuration is
self-supported, the energy storage system has been replaced
with capacitor “Cqc” which supports the voltage dynamics in
the supply voltage when required using reactive power only.
Therefore, active power transfer is not required as the
compensation process has been done only by reactive power
transfer. The switching harmonics generated by SVC has to be
passed through filters “Ry, Cf” before injecting into the line.
The interfacing inductors “L;” have been employed for
eliminating the current ripples of the converter. With suitable
selection of transformation ratio and rating of the injection
transformers based on the ratings of the load and supply
voltage, the DVR system configuration can be made work
suitably for compensation of listed issues in supply. The
parameters selected for simulation work as well as
experimental work are given in Appendix-A.

11l. GAVS-LMS CONTROL ALGORITHM

A Gradient Adaptive Variable Step-size LMS (GAVS-LMS)
based control is implemented for DVR control. GAVS-LMS is
used to estimate the fundamental active and reactive
component of the supply voltage [22]. The supply voltage here
is of disturbed in different aspects. So, the fundamental
components have to be estimated out of this disturbed signal
using GAVS-LMS in which the variable step size (y(n)) is
involved to make control robust for the system dynamics. The
continuous estimation of variable step size has been found
using eqn. (3). Fig. 2 shows the complete control algorithm
using GAVS-LMS to generate the gate pulses to the switches
of VSC. This figure includes the fundamental active
component extraction unit and reactive components extraction
unit, amplitude calculation of PCC voltage (Vi) from which
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the load reference voltage (V'Lanc) can be generated. After the
extraction of the fundamental components both active and
reactive of each phase, these components have been averaged
to find the fundamental components of three wire supply
voltage. The process of estimation of load reference voltage
for DVR control using GAVS-LMS based control can be seen
in the following steps.

A. Fundamental Components Estimation using GAVS-LMS
based Control

The details of the GAVS-LMS unit for fundamental
estimation have been explained with help of equations and
Fig.2. Egn. (3) explains the step size “y(n)” calculation for
phase ‘a’, which provides the adaptiveness of the variable step
size[22].

Here, “Upa(n)” is unit template and a positive constant “p” that
controls the adaptiveness of the step size. The weight update
equations by GAVS-LMS algorithm is represented as (1),
which can also be defined as the fundamental active part
“Wpa” of the disturbed input signal.

W, (n+1) =W, (M) + 7 ,5(n) xe,, (M) xU () 1)

The error “epa(n)” between actual and estimated fundamental
signals that has been computed using egn. (2) for phase ‘a’
which is to be utilized in further control algorithm, where “vsa”
is supply voltage of phase ‘a’ and “uUpa(n)” in-phase unit
template. The step size which varies with time has been
represented with “ppa(n)” and derived using egn. (3), unit
templates used in this eqn. are calculated using eqns. (21, 22).

epa (n) =Vaa (n) _Wr;r (n) xu pa (n) (2)
V) =7(n=1)+ pxey,(n)xe,,(n-1)xug, (1-1)xu,(1-1) (3)
Similarly, active components with respect to non-ideal grid

supply voltage of other two phase ‘b’ and ‘c’ as inputs are
represented as “Wpy”” and “Wye” shown below.

pr(n+1)=pr(n)+7pb(n)xepb(n)xupb(n) (4)
epb (n) = Vsb (n) _WF.’F (n) X upb(n) (5)
7pb(n):ypb(n_1)+pxepb(n)Xepb(n_l)xu;b(n_l)xupb(n_l) (6)

3

W (n+1)=W () +7,.(m)xe,(mxu,() (7)
e, (N) =V, (n) ~W (n)x Uye(n) (8)
}/pc(n):7pc(n_1)+pxepc(n)xepc(n_l)xu;(n_l)xupc(n_l) (9)

Where “Wp” is the average of all three active components of
supply voltage and calculated using egn. (10).
W, = Avg{W,, W, W, }(10)

In the same manner, fundamental reactive components with
respect to disturbed supply voltage of three phases ‘a, b, and ¢’

are “Wga”, “Wgp”, and “Wqc” as shown below.

W, (n+1) =W, () + 7,,(n) xe,, () xU,,(n) (11)

€(N) =V, () -Wy (M)x U, (n) (12)

V) =75(n=1)+ pxe,(n)xe, (n-1)xug (-1)xu, (n-1) (13)
qu(n+ 1) :qu(n) + ;/qb(n) X eqb(n) X uqb(n) (14)

€M)=V, () _WQT (N)xug(n) (15)
7qn(n)=7’qb(n_1)+p><eqn(n)Xeqb(n_l)xu;b(n_l)xuqb(n_l) (16)
W, (n+1) =W, () + 7, (n) xe,.(n) xu,.(n) (17)

&, (M) =V, (M) -W; (n) xu,(n) (18)

V(M =74(n-1)+ pxe,(n)xe (n-1)xug(n-1)xu,(n-1) (19)
Where “W,, ” is the average of all three reactive components of
supply voltage and calculated using (20).

W, = Avg{W,,W,,, W, } (20)

qa’ Tgb!
Equation (21) and (22) are to find the unit templates that have
been used in extracting the fundamental components where
the magnitude (I.m) of load current is calculated using (23).

pa’

U 0) =20, 1) =10, 0) =15 (21)
B O0,0-00) 3, 0048,0-4,00

2\/§ ’uqc(n)_ 2\/5

Lm

(22)
le =,/0.67 ><(ilial +ifb + IEC) (23)

Wp epa(n)zvsa(n)'WTp(n) XUpa(N)
> 7pa(N)=ypa(N-1)+pepa(n) xepa(n-1)

Vsa )
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Upa—>
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Vsa —> Yaa(N) =yga(nN-1)+peqa(n) %€qa(N-1) W,
U aa(1-1) ¥ (1)
Woa(N+1)=Wga(n) +yga(n) €ga(n) Uga(n)
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Fig. 2. Control algorithm for DVR using GAVS-LMS
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B. Reference Load Voltage Computation and Gate Pulse
Generation

After extracting the fundamental active “Wp” and reactive “
W, ” components of non-ideal supply grid voltage, the

2

components of load voltage “vip
calculated using (24).

Vip :WP —Vepy (24)

Vi =WQ +Vp,

where vgpiand vips are output of DC and AC bus PI controller.
Active as well as reactive component of load reference voltage
are calculated by multiplying “vip,” and “viq” with unit
templates respectively as shown in (25). Finally, by adding
active and reactive load reference voltages corresponding
phases respectively, the reference load voltages (V'Lanc) have
been computed using (26).

*

Vi, =V, XU
Vig =V xu

VLa =

and “viy” has been

pabc

(25)
gabc

Lpa +Van; VLb :VLpb +Vqu; VLc :Vch +Vch (26)

Reference load voltages (vV*Lanc) and sensed load voltage (Vianc)
are compared then the error is processed through high
frequency PWM pulse generator [3, 19]. These pulses have
been given to three phase three leg VSC working as DVR for
compensating the voltage related PQ disturbances. The
successful implementation of pulse generation using GAVS-
LMS based control algorithms ensures that the DVR
compensates all the mention power quality disturbances which
can be observed in the following sections.

IV. SIMULATION BASED RESULTS

The software simulation platform, MATLAB has been utilized
for simulating the three-phase VSC based DVR with ‘ode4’
solver and 10 psec sampling time. The gate pulses generated
with 8 kHz frequency using GAVS-LMS based control have
been processed to the VSC, so as to work as DVR for
compensation of different disturbances in the supply. Three
phase system is considered of having the voltage related issues
in the supply side by associating different loads at the same
supply bus. Voltage sag, swell, voltage distortions, and
imbalances in the voltages have been included in the supply
side. The performance of the GAVS-LMS based control as
well as of the DVR have been studied and presented in this
section as follows. It includes the reference load voltage
generation and overall compensation capability of DVR with
different voltage-based PQ problems. Also, for observing the
performance of particular control algorithm on DVR, the time
response has been analyzed during the compensation of
unbalances in the supply grid voltage which has been
explained in detail.

A. Performance of DVR using GAVS-LMS based control

Figure 3 (a) represents the dynamic performance of DVR
using the proposed control for the mitigation of voltage-based
power quality interruption. The voltage sag/swell, harmonics,
and unbalance in the supply voltage (vsanc) are considered for
observing the dynamic performance as shown in subplot (1) of
this figure. The compensating voltages (Vcanc) Of three phases

4

can be seen in subplots (2) to subplot (4) in this Fig. 3 ().
Therefore, after compensation using DVR, the load voltage
(vLanc) after compensated by DVR can be seen without any
disturbances as shown in subplot (5) of the figure. The load
current (iLanc) is shown in subplot (6) of Fig. 3 (a). The load
voltage amplitude (Vi) and the voltage across the DC-link
(Voc) can be seen at their reference values as presented in
subplots (7-8). From Fig. 3 (a), it is understood that, the DVR
using proposed GAVS-LMS based control algorithm has
mitigated the disturbances in the load voltage.
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(b)Time response of DVR in an unbalance compensation in supply using
GAVS-LMS based control algorithm

WV

Another side, the DVR capability has been evaluated in
particular time response point of view in compensating the
unbalances in the supply voltage. Fig. 3 (b) shows the time
response of DVR while compensating one of the mentioned
problems say unbalances in the supply voltage with developed
control. In this figure, supply as well as load voltages are
presented for the same duration. From the Fig. 3 (b), it is seen
that DVR using GAVS-LMS control is able to suppress
imbalances in the supply within 3/4" cycle. However, it is also
to be understood that the remaining power quality problems
can also found compensated using DVR within less time.
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Fig. 4 shows the harmonic analysis during harmonics in the
supply. Fig. 4 (a-c) shows the supply voltage (vsa) with
distortions, distortions free load voltage (via), and load current
(iLa) of phase “a’ respectively. This figure also gives the details
of their harmonic spectra in terms of Total Harmonic
Distortions (THD). Fig. 4 (a) shows supply voltage which
holds the harmonics of 9.78 % THD with a voltage of 538.7
V. After mitigation of distortions from supply voltage, load
voltage is seen of 2.51 % THD with voltage of 586.4 V as
shown in Fig. 4 (b). Fig. 4 (c) gives the information of load
current of 1.22 % THD and current of 29.41A. The results
obtained using DVR with proposed GAVS-LMS control
algorithms are under the limits of IEEE Std. 519-2014.
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Fig. 4. Performance of DVR during steady state while distortions present in

supply.
B. PI Controller Gains Estimation

Pl controller tuning process has adapted a new method in this
control that is an optimization of Pl control gains. For this
purpose, a recently developed optimization algorithms as “Rao
algorithms” have been implemented in this control [23]. These
optimization algorithms are simple in point of implementation
for researchers due to the elimination of tuning burden of
algorithm-specific parameters. The best and the worst
solutions and the random interconnections between candidate
solutions are basic requirements of these algorithms. The basic
equations for Raol, Rao2, and Rao3 are given below as eqn.
(27), egn. (28), and eqgn. (29) respectively.

X = X7, +rand x| X[y = X7, ] (27)

XJik =X, +rand, () x| Xy - X J."vwvi]+rand2()x[ X or X! [Hx orx j",kviu (28)

XN =X +rand1()x[xj”‘b‘I X }r randz()xUX]‘_k‘, or X | = (X} 0r XJ, )} (29)
Where, “X%pi" is the best solution of the variable ‘j° and

“XMw,i" is the worst solution value of the variable ‘j” during
the i iteration. “X"*%;" is the updated value of “X"y" and
rand(), randy(), randz() are random variables for j variable
during i" iteration.

5

The objective function is to estimate the gains of PI controllers
by making actual signal equal to reference signal which
mathematically modelled using egn. (30).

Fobjective = J{t x€’ }dt (30)

Where ‘e’, the error between the reference and actual DC bus
signal. Three Rao algorithms have been investigated in case of
DC-link voltage and load voltage terminal magnitude tuning
process. As four variables (gains of two PI controllers) are to
be optimized the dimension ‘k> of variable is set to 4. The
number of particles/candidates’ ‘j> and number of iterations ‘i’
are set to 50 and 10 after number of observations.

67.85F ‘ —=— Raol
——Rao2
67.8 —— Rao3
= 67.75 1
_G
E
5 &7 1
L
=
_§ 67.65 1
=
©
67.6 1
67.55 | : : f 1
67.5 ‘ ; ; ;
2 4 6 8 10

Iteration
Fig. 5. Variation of objective function with respect to iterations

With the same specifications, three optimization algorithms
have been implemented on the DVR system, to estimate the Pl
controller gains. DC-PI controller gains are named as Kp1, Kiz,
whereas AC-PI gains are named as Kpz, kio. Table-1, Table-2,
and Table-3 presents the values of Pl gains Kp1, ki1, Kp2, and kiz
with respect to iterations of Raol, Rao2, and Rao3 algorithms
respectively. From these tables, it is found that Raol algorithm
is producing the constant values of variable (Pl gains) form 5%
iteration itself whereas Rao2 and Rao3 algorithms are
producing at 7" and 8™ iterations respectively. This can be
witnessed in Fig. 5 that the objective functions of Raol, Rao2,
and Rao3 are getting settled at 5", 7", and 8" interactions
respectively.
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Fig. 6. DVR DC-Link voltage response with Pl optimized with Raol, Rao2,
and Rao3 optimization algorithms
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TABLE: 1. PI CONTROLLER GAINS OBTAINED BY RAO1 OPTIMIZATION

Variables to be optimized Current Iteration
1 2 3 4 5 6 7 8 9 10
DC-PI controller Kot 1.261 1.653 1.254 1.254 1.254 1.254 1.254 1.254 1.254 1.254
Kiv 0.270 0.356 0.279 0.236 0.236 0.236 0.236 0.236 0.236 0.236
AC-PI controller kpe | 25.774 24.865 25.746 25.642 25.642 25.642 25.642 25.642 25.642 25.642
Kiz 0.465 0.499 0.413 0.426 0.542 0.542 0.542 0.542 0.542 0.542

TABLE: 2. PI CONTROLLER GAINS OBTAINED BY RAO2 OPTIMIZATION

Variables to be

Current Iteration

optimized 1 2 3 4 5 6 7 8 9 10
DC-PI Kot 1.236 1.634 1.686 1212 1.236 1.254 1.254 1.254 1.254 1.254
controller kit 0.635 0.236 0.964 0.125 0.264 0.369 0.236 0.236 0.236 0.236
AC-PI ke | 23694 | 25635 | 25965 | 28.635 | 24635 | 27.968 | 27.968 | 27.968 | 27.968 27.968
controller ki | 04103 0.4103 04103 | 04103 | 03713 | 0.3713 0.438 0.438 0.438 0.438

TABLE: 3. PI CONTROLLER GAINS OBTAINED BY RAO3 OPTIMIZATION

Variables to be

Current Iteration

optimized 1 2 3 4 5 6 7 8 9 10
DC-PI Kot 1.236 1.634 1.686 1212 1.236 1.254 1.254 1.254 1.254 1.254
controller kit 0.635 0.236 0.964 0.125 0.264 0.369 0.236 0.236 0.236 0.236
AC-PI ke | 23694 | 25635 | 25965 | 28.635 | 24635 | 27.968 | 27.968 | 27.968 | 27.968 27.968
controller ki | 04103 0.4103 04103 | 04103 | 03713 | 0.3713 0.438 0.438 0.438 0.438

To examine the performance of Pl controller with three
optimization-based algorithms, the DC-link voltage PI
controller tuning these three optimization algorithms is
presented in Fig. 6. After the estimation of values of gains of
Pl that are to be applied in the developed control for necessary
performance of the three-phase DVR. The DC link voltage
response at the transient period. It is made that; the settling
time of DC-Link voltage has been considered in the range of 2
% tolerance of 300 V (i.e. 294 V to 306 V). Rise time (T;) has
been calculated at 100% of final value. In Fig. 6, it can be
observed that the performance of Raol, Rao2, and Rao3
algorithms are presented with respect to rise time, settle time,
and % of peak. It is seen that the DC-PI values produced by
Raol are giving good time response as compared to other two
algorithms.
V. EXPERIMENTAL RESULTS

The DVR prototype of scaled down parameters has been made
in the laboratory with the help of d-SPACE (Micro Lab Box
processor at sampling time of 30 p.sec. The LEM made
voltage (LV-25P) and current sensors, (LA-55P) are for
sensing the grid voltages and currents at various points in the
experimental setup. A four channel, DSOX2004A is used to
record the dynamic results while compensation of the voltage
disturbances. Fluke-43B, PQ analyzer has been used to record
results in case of distortions in the supply voltage.
Experimental results of DVR with GAVS-LMS based control
algorithms are presented during sag and distortions in the
supply voltage. However, the internal signals of the GAVS-
LMS based control for reference load voltage generation is
shown in case of sag in the supply voltage.

A. Experimental Performance of GAVS-LMS control

The performance of GAVS-LMS based control algorithms in
generating the load reference voltage (v*La) of phase ‘a’ has
been demonstrated in this subsection. The required internal

signals of GAVS-LMS based control are presented in case of
voltage sag in the supply voltage in Fig. 7. In Fig.7 (a) supply
voltage of phase ‘a’ (Vsa), in-phase unit templates (Upa),
variable step size (ypa), and fundamental active component of
phase ‘a’ (Wpa) are presented. Fig. 7 (b) shows the supply
voltage of phase ‘a’ (Vsa), quadrature unit templates (Uga),
variable step size for reactive component (yq), and
fundamental reactive component of phase ‘a’ (Wga). Fig. 7 (C)
shows the supply grid voltage of phase ‘a’ Vsa, ypa, Wpa and Wqa
in which the variations can be observed during the sag in the
supply voltage. Fig. 7 (d) shows the reference DC-link voltage
(V*pc) with its actual (Voc) and load voltage terminal value
(V) with its actual value (V:) for comparison and it is seen
that, both DC-link voltage and load terminal voltage are
mamtarned at their rated reference value
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The reference load voltage (V') with outputs of DC-PI and
ac-Pl1 controllers (Vgpi) and (Vier) along with supply voltage of
phase ‘a’ (vsa) are reported in Fig. 7 (). Load voltage tracking
has been presented during the sag in the supply voltage of
phase ‘a’ in Fig. 7 (f) for showing the effectiveness of
developed control. The load reference voltage (v*L.), sensed
load voltage (via), DC-bus voltage (Voc), and load current (iva)
have been included in this figure. From Fig.7, it is found that,
the reference load voltage has been generated in case of sag in
the supply using proposed control algorithm, however, it is to
be noted that during remaining disturbances also proposed
control is able to generate the reference signal at desired level
for the operation of DVR.

B. Dynamic Performance of DVR with GAVS-LMS

The dynamic results of DVR system with GAVS-LMS control
are presented to validate the control. Fig. 8-9 shows the
voltage sag and harmonics compensation respectively using
DVR W|th GAVS- LMS based control algorlthm
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Fig. 8. Performance of three phase DVR for compensation of voltage Sag
using GAVS-LMS control (a) Vaabe, lLa (b) Viaber iLa (C) Vsa, Vea, Viar iLa (d) Vsa,
Vb, Via, iLa

The sag is created in supply voltage (Vsanc) as shown in Fig.
8 (a) and its corresponding load voltage (vian) after
compensation is set back to its desired value i.e. 110 V RMS
as shown in Fig. 8 (b). Fig. 8 (c) illustrates the supply voltage
(vsa), cOmpensating voltage (vcc), load voltage (via), and load
current (iLa) of phase ‘a’ which gives the clear picture of sag

7

compensation. Fig. 8 (d) shows the supply voltage (vsa), load
voltage (via), load current (iLa) of phase ‘a’ and dc-Link (Voc).
Fig. 9 shows the mitigation of voltage distortions in the supply
voltage. Distortions are created in supply voltage (Vsapc) as
shown in Fig. 9 (a) and its corresponding load voltage (Vianc)
after compensation is set back to its desired value i.e 110 V
RMS without any distortions in it as shown in Fig. 9 (b). Fig.
9 (c) shows the supply voltage (vsa), compensating voltage
(vee), load voltage (via), along with load current (iia) of phase
‘a’ which gives the clear picture of distortions compensation.
Fig. 9 (d) reveals the supply voltage (vsa), load voltage (via),
load current (iLa) of phase ‘a’, and DC-Link (Vpc) for the
verification of DC-link voltage during the compensation. After
observing these results, while compensating the PQ
disturbances in the supply voltage, Vpc is also retained at
reference level with effective dynamlcal response.
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C. Performance of DVR during Harmonics Compensation

The work of DVR during steady state has been studied when
the supply voltage includes with distortions and it is illustrated
in Fig. 10. Fig. 10 (a) presents the supply grid voltage (Vsa)
with distortions in it with load current (iLa). The THD is
approximately 8 % which has been measured for supply
voltage which is presented in Fig. 10 (b). Fig. 10 (c) shows
load voltages (via) with load current (ia). The THD value of
4.4% which has been measured for three phase load voltages
which are presented in Fig. 10 (d). The compensated voltage
of phase ‘a’ has been given in Fig. 10 (e). Fig 10 (f) gives the
details of load current (iLa) of phase ‘a’ and it’s THD. The
Steady state performance of DVR in other phases can also be
found in Table-4 which are found satisfactory. It is seen that,
after distortions mitigations the load voltage and load current
are found to be under the limits of IEEE-519 Standards.
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TABLE: 4. EXPERIMENTAL STEADY STATE RESULTS OF DVR

Sr. No. Parameter Value, %THD
1. Supply voltage (Vsab) 103.7V,7.9%
2. Supply voltage (V) 1015V,8.1%
3. Supply voltage (Veca) 1039V, 7.6 %
4. Load voltage (Viab) 1105V, 44 %
5. Load voltage (Vine) 1104V, 4.4 %
6. Load voltage (Vica) 110.6 V,4.6 %
7. Load current (iLa) 235A,22%

VI.

This paper discussed voltage-based PQ issues in three wire
distribution networks with respect to voltage in the supply side
using Dynamic Voltage Restorer. To assess the DVR
performance four different disturbances viz. voltage sag,
swell, unbalances, and distortions have been considered in the
supply voltage. For controlling DVR in this regard, a GAVS-
LMS based control algorithm using an optimized PI gains has
been studied. The performances of three optimization
algorithms have been studied compared in terms of time
response of DC-Link voltage. It is found that Raol is
producing the best values of Pl gains within 5 iterations
compared to other two algorithms which are taking 7 and 8
iterations respectively. The proposed control algorithms on
DVR has been simulated and found the satisfactory
performance in dynamic and steady state. An experimental
validation of control has been done on DVR prototype which
uses the d-SPACE made Micro Lab Box as control processor
and found the results satisfactory. Both dynamic and steady
state experimental results of DVR have been shown in this
paper. The robustness of proposed control algorithm during
the dynamics in the system has been achieved both in
simulation and experimental results as well.

CONCLUSIONS

APPENDIX-A

Al. Parameters of three-phase VSC based DVR system for
Simulation Work

Non-ideal grid supply -415 V, 50 Hz; Load of 15KVA with
0.8 p.f. (Lagg.); Load current (i) = 20.86 A; Injection-

8

transformer: 3 kVA, 200/100 V; DC link voltage (V4c) =300
V; DC bus capacitor (Cqc)=3300 W.F; and interfacing inductor
(Ly)=1 mH; Ripple filter components: R; = 6Q and C=10 uF,
Switching frequency (f;) =8 kHz, Cut-off frequency (f;) of
LPF at DC link and load voltage bus = 10Hz, Sampling time
(ts)=10 psec.
A2. Parameters of three-phase VSC based DVR system for
Experimental Work
Non-ideal grid supply -110 V, 50 Hz; Load of 0.5 KVA; Load
current (i) = 2.36 A; Rating of injection or DVR transformer:
4 kVA, 65/65 V; DC bus voltage (V)= 40 V; DC bus
capacitor (Cq)= 4700 W.F; and interfacing inductor (Lf)= 2
mH; Ripple filter components: Rt =10Q and Ci= 40 pF,
Sampling time (ts)=30 psec.
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