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Abstract—This paper deals with the protection of crit-
ical loads from voltage related power quality issues us-
ing Dynamic Voltage Restorer (DVR). A generalized con-
trol algorithm based on Instantaneous Space Phasor (ISP)
and dual P-Q theory has been proposed to generate the
instantaneous reference voltages to compensate the load
voltages with direct power flow control. The proposed al-
gorithm adapts energy optimized series voltage compen-
sation, which results in a reduction of energy storage
requirement. The proposed DVR control scheme can sup-
port the load from voltage related power quality issues
irrespective of the load current profile. Each leg of the
three-phase three-leg split capacitor inverter is used to
inject series compensation voltage in respective phases of
the system. Model-based computer simulation studies and
real-time experimental results validate the effectiveness of
the proposed control algorithm.

Index Terms—Active power filter, brownout, dual P-Q the-
ory, dynamic voltage restorer (DVR), instantaneous space
phasor (ISP), load voltage compensation, power quality,
sag, swell.

[. INTRODUCTION

Modern domestic and industrial equipment are quite sen-
sitive to voltage disturbances. Even a one-hundredth of a
second voltage sag can halt modern equipment, which re-
sults in a complete restart of an industrial process. As a
result, maintenance of power quality in the distribution system
becomes an inescapably important requirement [1]. Power
quality is a broad term, comprises various types of voltage and
current related disturbances such as voltage sag/swell, flicker,
voltage unbalance, harmonic current and poor power-factor,
etc. Among these power quality problems, voltage related
disturbance causes serious disruption on sensitive load and
voltage sag is the most frequently occurring voltage related
power quality problem thereof [2], [3].

As per the IEEE 519 [4] standard, different types of custom
power devices are used to improve the power quality in the
consumer premises [5—7]. Dynamic Voltage Restorer (DVR),
one of the aforesaid devices, is used to protect the critical
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Fig. 1. Single line diagram of general Dynamic Voltage Restorer (DVR)
circuit.

load (digital communication networks, advanced medical in-
struments, financial transactions system, elevator etc.) from
voltage related power quality issues [8]. The DVR is connected
in series with the grid terminal before the critical loads and in-
jects the required amount of compensating voltage to maintain
the load voltage within the specified value. A DVR generally
consists of DC energy storage device, voltage source inverter
(VSI), passive filter components and injection transformer. A
single line diagram of a DVR circuit is shown in Fig. 1.
With the development of DVR, numerous voltage compen-
sation strategies have been presented in the literature [9-14].
Based on the operation, these strategies are broadly classified
as pre-sag, in-phase and energy optimized compensation [9],
[13], [15]. As the name suggests, pre-sag compensation re-
stores load voltage magnitude as well as phase angle same
as pre-sag load voltage. In order to restore the load voltage
magnitude, series injected DVR voltage is aligned with grid
terminal voltage during in-phase compensation. In case of
energy optimized compensation, DVR restores load voltage
magnitude while optimizing the active power requirement. The
characteristics of these strategies depend upon the injected
voltage magnitude, phase jump and utilization of active power.
Each has some advantages over others, which are briefly
mentioned in Table I. If load is capable enough to withstand

TABLE |
COMPARISON BETWEEN COMPENSATION SCHEMES

[ Control strategy | Voltage mag. [ Phase jump | Active power |

In-phase low high high
Pre-sag high low high
Energy optimized high high low

some phase jumps, then energy optimized voltage compensa-
tion strategy is mostly preferred as it reduces active power
requirement as compared to others.
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Several control techniques focusing on energy optimized
control algorithm or optimum rating DVR topology have been
presented in the literature [9], [16], [17]. Depending upon
the DVR topology and structure, energy storage requirement
varies significantly [18]. A theoretical investigation of the
energy optimized control strategy for medium voltage DVR is
presented in [19]. However, voltage compensation in cases of
nonlinear loads, distorted grid voltages and switched load con-
ditions which are very common in power distribution system,
are not fully addressed. Self-supported DVR for unbalance and
non-linear loads are presented in [20], [21], but this involves
additional investment on passive shunt filters. Considering the
reliability aspect during under voltage or high depth voltage
sag, DVR with battery energy support is presented in [22]. In
order to improve the transient response, DVR based on hybrid
energy storage system comprised of battery, supercapacitor or
superconducting magnetic energy storage are proposed in [23],
[24]. However, a robust DVR control scheme is required for
smooth energy transfer. Several new DVR topologies using
switching cell multilevel converter [25], cascaded open end
winding transformer [26] are presented in the literature. An
enhanced voltage sag compensation scheme is proposed in
[16], which mitigates phase jump in the load voltage while
improving the sag compensation time. An interesting pre-
sag load voltage compensation scheme based on elliptical
trajectory estimation and two degrees of freedom resonant
DVR control schemes are presented in [27] and [28].

On the other hand, dual of the widely accepted PQ theory
for shunt current compensation, has not been investigated
closely for series voltage compensation purpose. In this paper,
DVR control algorithm based on the Instantaneous Space
Phasor (ISP) and Dual P-() theory has been presented to
address some of these aforesaid issues. The proposed al-
gorithm is generalized enough to compensate instantaneous
as well as long term voltage disturbances to protect the
critical loads while optimizing the active power requirement.
The proposed control algorithm has been tested through the
computer simulation software MATLAB/Simulink and real-
time experiments have been performed using MicroLabBox-
dSPACE to show the validity and feasibility of the algorithm.

Il. CONCEPT OF INSTANTANEOUS SPACE PHASOR

Concept of instantaneous space phasor based on Clarke’s
transformation, can be used to monitor electric power flow, to
observe the utilization of the transmission line, and to quantify
the level of harmonic pollution injected by nonlinear loads etc.
According to the Clarke’s transformation, the power invariant
transformation in between abc and «30 is shown in (1) and

2).

_ - 1 1 1 q
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The ISP approach has an advantage that all the instantaneous
three-phase quantities v, vy, Ve OF 44, tp, ¢ are combined into
one single entity, V and I, respectively. The ISPs, V and I
are defined as

Vo + JUp 3)
= o+t Jig. “)

~

Where, v,, vg and i, ig are the o components of three
phase voltages and currents, respectively.

If the electrical system is balanced and sinusoidal, the ISP
V and I rotate with constant angular velocity w = 27 f with
magnitude of | 1% |= V3V and | I |= V3I, where V, I
are the RMS phase voltage, RMS line current and f is the
system fundamental frequency, respectively. When the system
is unbalanced or non-sinusoidal, the magnitude and the angular
velocity of the ISPs will vary with time. The system effective
line current (/) is defined from current-dependent power loss
as given in (5) and the relationship with ISP Iis given in (6)
[29], [30].

1 t

2 = = [i2 +iF 442 4+ i2]dt (5)
3T t—T
112)

7 = 7< = (i3). 6

Similarly, the system effective line voltage (V) is defined
from voltage-dependent power loss as given in (7) and the
relationship with ISP V' is shown in (8).

1 t 2 + 2,_’_ 2
V2 o= o [02 + v2 + v2 4 Jab T Ve T lea) gy (7,
t—T
|V [? v2
vV = 7< 3 > + % (8)

where, (| 1[2) = [ (| ] Plat, (| V |22 = [V [Pt
and 7 is the fundamental time period of the system.

[1l. DUAL P-Q) THEORY

In the application of active power filtering, P-Q theory is
a widely accepted theory. This theory is suitable for shunt
current compensation [31], [32]. The dual of this theory is
suitable to perform series voltage compensation effectively. In
Dual P-@ theory, it is assumed that the three-phase currents
along with active, reactive and zero sequence power are known
and the corresponding voltage components are calculated. The
instantaneous active power (p,g), reactive power (qo5) and
zero sequence power (pg) based on a-f quantity is given in
(9), (10), (11) and the matrix representation of same is given
in (12).

Po = woio )
DaB = Vala + V318 (10)
Q(yﬂ = Uaig — Uﬂi(x (11)
Do ip 0 0 Vo
paﬁ = O ’L'a iB Ve (12)
qap 0 ig 71'0[ vp
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Fig. 2. Complete block diagram representation of the proposed control scheme.

The matrix representation of dual P-() theory based volt-
age component extraction from instantaneous active, reactive
power is derived from (12) and given in (13).

L 0 0
Vo 10 ) is Po
3
Va | = 0 z‘a2ﬁi,32 ia2+ig? Pap (13)
v '8 g
B 0 ia2+i52 ia2+iﬂ2 qo‘ﬁ

IV. PROPOSED DVR CONTROL STRATEGIES

In Fig. 1, Vi, Ije, Vie and V. are the effective line to neutral
grid terminal voltage, line current, load voltage and DVR
injection voltage, respectively. Whereas, V;% is the desired
RMS line to neutral load voltage. The DC bus voltage is
maintained constant by using energy storage devices. In order
to ensure the optimum use of energy storage devices, the
proposed algorithm should compensate the load voltage with
optimum utilization of active power. The overview of the
control algorithm is shown in Fig. 2.

A. Energy Optimized Compensation Technique

The system is assumed to be consisting of balanced and
linear load, with an ideal DVR circuit, which maintains the
rated voltages at the load end. If the system is balanced
and sinusoidal, zero sequence component will be zero and
the relationship between ISPs V and I with effective voltage
Veand I, are given in (6) and (8), can be rewritten as following.

vy (i
‘/:? = 7Ie = .
V3 V3
From the information of the effective terminal voltage (V)

and line current (I;.), the apparent power of the grid terminal
is obtained as follows:

Steff = 3‘46]16'

Where, Sicys is the maximum active power (Pynqz) that can
be delivered by the grid. The grid terminal active power P
and desired load active power P, can be defined as
P, = 3Vi.I.cosf
}Dl = 3‘/[2[[,3 COS ¢eff~

(14)

5)

(16)
7)

Where, 6 is the angle between effective terminal voltage V;.
and effective line current I;. and ¢,y is effective load power
factor angle.

In order to supply minimum active power through the
DVR, the grid should supply the total load active power P,
during normal steady-state condition. However, during voltage
disturbance, grid should supply maximum possible fraction
of load active power, which is mathematically expressed as
follows:

min Pdm“(‘/te;e) = Pl - Pt

Vie 0
Paor(Vie,0) = 3V;i T €08 op {1 — —o?
Vmin
Vi cos (18)
ste g1(Vie, 0) = 257 1 <
Vmin
92(0) = cosf —1 <0.

In above,Viyin = Vi cos(qbeff), is the limiting value of

terminal voltage for zero active power compensation.

If the load does not change with time, ¢.sr will be fixed
but @ can be controlled by injecting proper voltage V¢, by the
DVR. By regulating the angle 6, grid active power flow can
be controlled. Depending upon the magnitude of the effective
terminal voltage | Vi. | and load power-factor angle ¢.ys , 6
is calculated as

- {Coslmz c08(des)/Vicls i Vie > Vinin

(19)
else.

0 ;

In order to define the position of the load voltage with
respect to terminal voltage, a position angle § is introduced
(i.e., VieZ0 and Vi = Vji/6). In Fig. 2, reference voltage
generation based on this algorithm in «af reference frame is
further detailed in Fig. 3 and the flow-chart for calculation
of the angle ¢ is shown in Fig. 4. In order to give more
insight about the proposed control algorithm phasor diagrams
are shown in Fig. 5. Active and reactive power associated
with energy optimized compensation are shown in Fig. 6 for
different sags and load power factor.

1) Condition 1: Voltage sag: In the phasor diagram shown
in Fig. 5, four grid terminal voltages (i.e., Vie1 to Vies),
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corresponding series injected DVR voltages (i.e., Ve t0 Vies)
and load voltages (i.e., Vje1 to Vieq) are shown to demonstrate
the energy optimized DVR control algorithm during voltage
sag or under voltage condition.

(i) During normal steady-state condition (i.e., Vie1 = V}}),
by satisfying (18) and (19), angle 0 is calculated same as ¢, s
and corresponding position angle § is calculated as zero (i.e.,
Vie1 and V},, remain in-phase) and injected DVR voltage V.1
is nearly zero.

(i) During sag, if the magnitude of the effective terminal
voltage does not fall below V., (i.e., At Vi), angle 0
(i.e., ¢efr < 6 < 0) and the corresponding position angle
0 (e, 0 < 8 < ¢eyy) is calculated using the algorithm
shown in Fig. 4. The corresponding DVR injection voltage
V}e2 becomes quadrature with the corresponding line current
T2, which implies zero active power requirement for load
voltage compensation.

(iii) If grid terminal voltage reduces further to Vi3 (i.e.,
Vies=Vimin), angle 6 is calculated as zero, indicates that grid
supplying maximum active power P,,,, and corresponding
angle 0 is calculated as ¢efr. If Vie > Vies, DVR does
not require any amount of active power for load voltage
compensation.

(iv) If sag becomes more severe and grid terminal voltage
reduces further to Vies (ie., Viea<Vinin), then the angle 6
and position angle J are maintained same as the previous
values (i.e., @ = 0 and 6 = ¢.ry). The DVR injection voltage
Vfea which is shown in Fig. 5, is not in quadrature with the
corresponding line current I;.4. This condition indicates that
active power is required to compensate the load voltage fully,
if grid terminal voltage falls below V.

3-Phase PLL

Vt b Effective Grid ot Desired Load V*
apc Terminal Voltage Voltage Signal |0!ﬂ 0
Generation ‘\49 | Q D Generation
®) 5 24)

Angle-3
Estimation
(Fig. 4)

Piop Y
Gi) L,

-1 Power

pl 0 _ _ I Factor Angle

. le, | Calculation é,

I B0 Current (6) (22) eff
*
[Vie |

Constant Value

Fig. 3. Reference load voltage signal generation to obtain instanta-
neous load reference power.

2) Condition 2: Voltage swell: In the phasor diagram shown
in Fig. 5, grid terminal voltage V,.5, the corresponding series
injected DVR voltage V.5 and load voltage V.5 are shown
to demonstrate compensation strategy during voltage swell.
Theoretically, with this proposed algorithm, DVR can com-
pensate any amount of swell without supplying any amount of
active power as Vie5 > Vj,.,. However, the rating of the DVR
component decides the maximum value of the swell voltage
to be compensated.

3) Condition 3: Unbalanced sag/swell and distorted grid
voltages: During unbalanced and distorted grid voltage con-
ditions, the magnitude and angular velocity of ISP, V, varies
abruptly. According to the energy optimized compensation,

( Start )

es
V'[e 2 Vmi

Yi No

| 9=cos™1W cos(i )/ V]

Lageing <0 > 0> C Leading
Load Load

[0=di-0|  [o=du +0]

|5=¢eff|

Fig. 4. Flowchart for load voltage position angle 4.

Fig. 5. Phasor diagram for voltage sag/swell compensation.

angle § should change instantaneously with grid voltage. This
introduces a phase jump in the load voltage, especially during
grid voltage distortion. In order to avoid a sudden disturbance
in the system, the change in angle § is calculated over one
cycle period which introduces transient non-zero real power
supply at the onset and removal of the sag/swell.

B. Power Factor Angle Calculation

The total instantaneous active power can be calculated from
(9), (10) and given below:

1 t+7
P = */ p di
t

-
= (Uala +vgig + voio)

{Pap + po) - (20
The effective apparent power at load end can be calculated
from (6) and (8) as given in (21).

3ViiIhe.

Stefr = 2D

Dividing (20) by (21), the effective power-factor angle is
obtained as given in (22).

Geyr = cos ' (PF) = cos™!( ). (22)

Steff
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C. DVR Reference Voltage Generation

Instantaneous terminal voltage v.qp. and load current ;45
are measured by the sensors and transformed into o3 reference
frame. From the information of terminal voltage v;ng0 and
line current ¢;,30, instantaneous grid terminal active power
(pt.,), Teactive power (qz,,) and zero sequence power (py,)
are calculated in o3 reference frame, which are given by the
following equations:

Do V40 110
Diaf Vi bla + Vg 11 (23)
Gt = Vtallg — Vtglia-

A Phase-Locked Loop (PLL) is used to obtain the phase
angle wt of the grid terminal voltage. With the information
of wt and load voltage position angle 4, desire load voltages
Ujq0 are obtained and given in (24)

UZOZO

Vo = \/gvl: sin(wt + 0)
3.,
= —\[QVZE cos(wt + 9).

From the reference load voltage v, 30 and line current ¢;,30,
required instantaneous load active power (py, , ), reactive power
(qi.,4) and zero sequence power (py,) are calculated and given
in the following equations.

(24)

vig

Do = ot
Diap Via tla + Vig U1 (25)
Qo = UVlalig — Viglla-

The required DVR power (26) can be obtained by subtracting
(23) from (25).

Pavro Pio = Pto
p:lvrozﬁ DPiap — Ptap (26)
QZvraﬁ qlaB — qtaB-

Dual P-@ theory based transformation (13) is used to generate
reference voltage in «f reference frame (27) and further
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(a) The Active power and (b) reactive power associated with energy optimized compensation method for different sag and power factor.

Inverse Clark’s Transform is performed to generate reference
DVR voltage (v},,.) in abc frame.
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V. ENERGY STORAGE REQUIREMENT

In case of energy optimized compensation, the active power
supplied by the DVR is obtained as,

cos

P, = R —
dvur cos d)eff

P(1— A ). (28)
Where, ) is denoted as: A = V. /V%. The initial energy stored
in the DC capacitor W is given as follows.
1

W= §cdcvd20. (29)
Where, V. is the initial DC link voltage. During high depth
sag, the DC link voltage changes its initial voltage V. to final
voltage Vy.— AV, for the time interval At due to active power
flow. The final energy stored in the DC capacitor is given as

follows.
1
P, At = iCdC{VfC—(VdC—AVdC)Q}. (30)

Comparing (28) and (30), the required capacitance of the DC
link capacitor is obtained as,

2P(1 — A 22l
Cac = 2 9 AV, Xédc 21" G
Vdc{2 Ve _( Vae ) }

The initial energy stored in the DC capacitor, W is obtained
as follows.

(1= A2l ) At
W = . : (32)
@3 — (37

In case of in-phase compensation, similar way initial DC
stored energy, W5 can be obtained and given in (33)

AP At
Wy = . (33)
e - (R
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VI. DYNAMIC VOLTAGE RESTORER POWER CIRCUIT

In the previous section, the proposed DVR control algorithm
based on ISP and dual P-@) theory has been discussed. In
this section, the power circuit of the hardware experimental
setup is discussed. A three-phase, three-leg, split capacitor
inverter is used in the DVR circuit and connected to each
phase of distribution terminal feeder through three single phase
injection transformers and a passive LC filter [33]. Each leg
explicitly injects voltage in series with the each phase terminal
voltage. In this experimental setup 1:1 injection transformer is
used to isolate the inverter from the distribution feeder.

The reference voltage of DVR is generated using the
proposed algorithm as given in (27). To inject the compen-
sating voltage in series with the distribution terminal feeder,
an appropriate switching pulse for the inverter is generated
using hysteresis control. The main advantage of the hystere-
sis controller is its simplicity and ease of implementation.
The main disadvantage of hysteresis band control is variable
switching frequency. An improved filter design based on
variable switching frequency has been implemented from [34].
In order to improve the controller performance in terms of
smooth tracking, a resistance is added in series with the filter
capacitor. The use of band resistance (Rg,) results in an
increase in power loss (I?R.,). However, this increase is
marginal because the resistance increases the filter impedance,
leads to a reduction in filter current.

VII. SIMULATION STUDIES

To show the validity and feasibility of the proposed control
algorithm, comprehensive simulation studies have been car-
ried out using MATLAB/Simulink. The details of simulation
parameters are given in Table II. In order to test the dynamic
performance of the proposed control algorithm, the simula-
tion study is carried out for different types of grid voltage
disturbance conditions. In each case, a low depth voltage
sag (i.e., Vie > Vipin) occurs at 0.05 s and continue till
0.1 s, after that a high depth voltage sag (i.e., Vie<Vinin)
occurs at 0.15 s to 0.2 s. This is followed by a voltage
swell (i.e., Vi = 1.2 pu) appears at 0.25 s to 0.3 s. In the
simulation results, Vtabes Vfabes Vlabes ilabc’ iTH’ iIM Ddvrs
qdvr are grid terminal voltages, DVR injection voltages, load
voltages, total line current, thyristor bridge (TB) nonlinear
current, induction motor (IM) current, DVR active and reactive
power, respectively.

The DVR performance during balanced voltage disturbances
(i.e., balanced sag, swell, etc.) and corresponding active and

TABLE Il
SYSTEM PARAMETERS FOR SIMULATION STUDY
[ Parameter [ Values |
Supply 400 V RMS, 50 Hz, 39
Filter parameters Cr =30 uF, Ly =5 mH, Rsw =2
Linear load Za = 53.2+3j25.13 Q,

Zy = 57.7+ j29.31 Q,

Zc = 56.7 4 j30.34 Q.

3® full bridge diode rectifier feeding
R,; =100 Q, L,;; =90.12 mH
230 V, 1.4 kVA , Turns ratio 1:1

Nonlinear load

Injection transformer

3 iz§ o’&'o'o"&'u’o’o'c’o't "o’t’o’o'o'o'c"o'o'&"t W&W
E ??Sﬁf u’t’&'u't'u’ o’c’c’c ""'0'0’0"&’ T 0 WW
S T L i IR
=
0 0.05 0.1 O;iSme (S;).Z 0.25 0.3 0.35

Fig. 7. Simulation results during balanced voltage disturbance com-
pensation.
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Fig. 8. Simulation results during unbalanced voltage disturbance
compensation.
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Fig. 9. Simulation results during compensation of voltage distortion: (a)
grid terminal voltage, DVR injection voltage, load voltage, active, reactive
power and (b) load angle §.

reactive power requirement for full load voltage compensation
are shown in Fig. 7. It is observed that during low depth sag
(i.e., 0.5 sto 0.1 s) and swell (i.e., 0.25 s to 0.3 s), DVR does
not require any amount of active power. In order to maintain
the load voltage, DVR needs to supply or consume required
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Fig. 10. Simulation results during compensation of voltage distortion
with the presence of nonlinear load.
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Fig. 11.  Simulation results of compensated load voltage during
switched load conditions.

reactive power depending upon the comparison of grid reactive
power and load reactive power. But DVR has to supply active
power and total load reactive power during high depth sag
(i.e., 0.15 s to 0.2 s) for full load voltage compensation.

The DVR performance during single phase sag/swell (which
are more common than three phase sag) and corresponding ac-
tive and reactive power requirement for DVR are shown in Fig.
8. From the results, it is observed that DVR compensates the
load voltage effectively and during low depth sag and swell,
the mean active power required for load voltage compensation
is nearly zero.

The DVR performance under distorted grid terminal voltage
is shown in Fig. 9(a), where a voltage distortion occurs at
0.02 s to 0.32 s. It is observed that the DVR circuit is
capable enough to compensate voltage distortion and sag/swell
together. During grid voltage distortion, change in angle § is
shown in Fig. 9(b), where angle § changes smoothly at t3, ts5,
t7, tg, t11 and t13 to optimize the active power requirement
for the DVR.

In order to show the wide range of operation of the proposed
DVR, a simulation study is conducted with the presence of 3-¢
nonlinear load(diode bridge) and distorted grid voltages which
is shown in Fig. 10. It is observed that the DVR maintains the
load voltage Total Harmonic Distortion (THD) within specified

g 30f value (i.e., THD<5%) for different grid voltage distortions.
> 0 .
>9 “asol The results are compared to the reference [21] and are given

2= 153' in Table III.
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In order to show the effectiveness of the proposed control
scheme, the scheme is tested for load change consisting of
TB nonlinear load and IM load. The results are shown in Fig.
11. It is observed from Fig. 11 that at 0.1 s nonlinear load
is turned on and it is present till 0.2 s. After that, IM load
is turned on at 0.25 s till 0.5 s. Due to the transient starting
current of the IM, a voltage dip occurs at 0.25 s and settles at
0.37s as shown in Fig. 11 with dashed line. It is noticed from
Fig. 11 that the DVR effectively compensates the voltage dip
at load bus due to the starting of IM.

The dynamic performance of the proposed control scheme
has been compared with references [17] and [22]. The pro-
posed scheme shows the settling time ts of the DVR active
power as 0.02 s which is better than DVR control schemes
[17] (ts = 0.06) and [22] (ts = 0.04).

VIIl. EXPERIMENTAL RESULTS

A photograph of a reduced scale experimental prototype of
DVR is shown in Fig. 12. The grid voltage is considered as
50 V (RMS) and other circuit parameters are same as that of
simulation studies as given in Table II. The hardware setup
consists of an Elgar programmable power source, inductive
load, inverter, LC filter, single phase injection transformer and
MicroLabBox-dSPACE. The digital controller is implemented
in the dSPACE, which processes the control algorithm based
on measured input and generates the pulses for the inverter.
The performance of the control algorithm for DVR has been
tested in the following conditions

o Steady-state voltage compensation

.
Three phase ¥
inverter

POWeEr source

Fig. 12. Laboratory experimental setup.
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Fig. 13. Experimental results during low depth balanced sag (i.e., Vie > V;,irn) cOmpensation: (a) three phase terminal voltages and load voltages,
(b) phase-a terminal voltage, injection voltage, load voltage and line current, (c) power factor angle ¢,y and angle § and (d) DVR supplied active
power (pauvrag), reactive power (qqyrag)-
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Fig. 14. Experimental results during high depth balanced sag (i.e., Vie <Vinin) cCOMpensation: (a) three phase terminal voltages and load voltages,
(b) phase-a terminal voltage, injection voltage, load voltage and line current, (c) power factor angle ¢.¢¢ and angle § and (d) DVR supplied active

power (pgvrag), reactive power (qiyrags)-
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Fig. 15. Experimental results during balanced swell compensation: (a) three phase terminal voltages and load voltages, (b) phase-a terminal
voltage, injection voltage, load voltage and line current, (c) power factor angle ¢,y and angle § and (d) DVR injected active power (pq.,ra ), DVR
supplied reactive power (¢4, rag)-
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Fig. 16. Experimental result during (a) single phase voltage sag compensation, (b) compensation of grid voltage distortion and (c) compensation
of grid voltage distortion with the presence of nonlinear load.

end for four cycles and the corresponding compensated load
voltage is shown in Fig. 13(a). During voltage compensation,
phase-a parameters (i.e., terminal voltages, injection voltages,
load voltages and line currents) are shown in Fig. 13(b). Load
power factor angle ¢.¢s and change in position angle J are
shown in Fig. 13(c). The active and reactive powers required

« Dynamic sag compensation
o Dynamic swell compensation
o Unbalanced and distorted grid voltage compensation.

The DVR performance during low depth dynamic voltage
sag compensation is shown in Fig. 13. A sudden voltage sag of
0.9 pu (i.e., Vie =0.9 pu > V,,,;p, ) appears at the grid terminal
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for the DVR operation are shown in Fig. 13(d), which clearly
shows that DVR needs to supply part of the load reactive
power but does not require active power for load voltage
compensation.

The DVR performance during high depth voltage sag com-
pensation is shown in Fig. 14. A sudden voltage sag of
0.7 pu G.e., Vie = 0.7 pu <V,,;) occurs at grid terminal
end for four cycles and the corresponding compensated load
voltage is shown in Fig. 14(a). During voltage compensation
phase-a parameters (i.e., terminal voltages, injection voltages,
load voltages and line currents), power factor angle ¢.r; and
change in angle § are shown in Fig. 14(b) and (c). The active
power and reactive powers of DVR are shown in Fig. 14(d).
These results indicate that the DVR needs to supply required
amount of active power and total load reactive power for full
load voltage compensation, when effective terminal voltage
Vie falls below V.

The DVR performance during dynamic voltage swell com-
pensation is shown in Fig. 15. A sudden voltage swell of
1.2 pu occurs at the grid terminal end for four cycles and
the corresponding compensated load voltage is shown in Fig.
15(a). During load voltage compensation phase-a parameters
(i.e., terminal voltages, injection voltages, load voltages and
line currents) are shown in Fig. 15(b) and the load power factor
angle ¢y and change in angle § for minimum active power
injection are shown in Fig. 15(c). The active and reactive
powers required for the DVR are shown in Fig. 15(d). From
the results, it is observed that the DVR mitigates voltage swell
making use of reactive power only.

Compensation of unbalanced voltage sag (i.e., single phase
sag) and distorted grid voltages are shown in Fig. 16(a) and
(b). Compensation of grid voltage distortion with the presence
of nonlinear load is shown in Fig. 16(c). In each case, DVR
maintains the load voltages as rated value. Therefore, the
performance of the proposed DVR algorithm for series voltage
compensation is satisfactory in terms of full load voltage
compensation, while optimizing the active power requirement.

IX. CONCLUSION

A simple DVR control algorithm based on ISP and dual P-
@ theory has been developed to generate the instantaneous
reference voltage of the DVR to compensate load voltage.
Depending upon the grid terminal voltage and load currents,
the DVR compensates the load voltages with the optimized
active power flow through DVR. This results in a reduction of
DC energy storage requirement. This strategy is generalized
enough to compensate not only short-term voltage disturbances
but also support the load during long-term voltage distur-
bances, if there is a sufficient active power support from
the dc link. The detailed simulation and experimental studies
demonstrate that the proposed DVR control algorithm can
compensate the load voltage effectively with the presence of
nonlinear load and distorted grid voltages.
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