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Abstract—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.

Index Terms—Dynamic voltage restorer (DVR), power quality,
unit vector, voltage harmonics, voltage sag, voltage swell.

I. INTRODUCTION

OWER QUALITY problems in the present-day distribu-

tion systems are addressed in the literature [1]-[6] due
to the increased use of sensitive and critical equipment pieces
such as communication network, process industries, and pre-
cise manufacturing processes. Power quality problems such as
transients, sags, swells, and other distortions to the sinusoidal
waveform of the supply voltage affect the performance of these
equipment pieces. Technologies such as custom power devices
are emerged to provide protection against power quality prob-
lems [2]. Custom power devices are mainly of three categories
such as series-connected compensators known as dynamic volt-
age restorers (DVRs), shunt-connected compensators such as
distribution static compensators, and a combination of series-
and shunt-connected compensators known as unified power
quality conditioner [2]-[6]. The DVR can regulate the load

Manuscript received October 15, 2011; revised March 20, 2013; accepted
May 8, 2013. Date of publication July 10, 2013; date of current version March
17, 2014. Paper 2011-ESC-461.R1, presented at the 2008 Joint International
Conference on Power System Technology and IEEE Power India Conference,
New Delhi, India, October 12-15, and approved for publication in the IEEE
TRANSACTIONS ON INDUSTRY APPLICATIONS by the Energy Systems Com-
mittee of the IEEE Industry Applications Society.

P. Jayaprakash is with the Department of Electrical and Electronics Engi-
neering, Government College of Engineering Kannur, Kannur 678 563, India
(e-mail: jayaprakashpee @ gmail.com).

B. Singh is with the Department of Electrical Engineering, Indian Institute
of Technology Delhi, New Delhi 110 016, India (e-mail: bsingh@ee.iitd.ac.in).

D. P. Kothari is with Vellore Institute of Technology, Vellore-632 014, India
(e-mail: dpk0710@yahoo.com).

A. Chandra and K. Al-Haddad are with the Department of Electrical Engi-
neering, Ecole de Technologie Supérieure, University of Québec, Montreal, QC
H3C 1K3, Canada (e-mail: ambrish.chandra@etsmtl.ca; kamal.al-haddad @
etsmtl.ca).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIA.2013.2272669

voltage from the problems such as sag, swell, and harmonics in
the supply voltages. Hence, it can protect the critical consumer
loads from tripping and consequent losses [2]. The custom
power devices are developed and installed at consumer point
to meet the power quality standards such as IEEE-519 [7].

Voltage sags in an electrical grid are not always possible
to avoid because of the finite clearing time of the faults that
cause the voltage sags and the propagation of sags from the
transmission and distribution systems to the low-voltage loads.
Voltage sags are the common reasons for interruption in pro-
duction plants and for end-user equipment malfunctions in
general. In particular, tripping of equipment in a production
line can cause production interruption and significant costs
due to loss of production. One solution to this problem is
to make the equipment itself more tolerant to sags, either by
intelligent control or by storing “ride-through” energy in the
equipment. An alternative solution, instead of modifying each
component in a plant to be tolerant against voltage sags, is
to install a plantwide uninterruptible power supply system for
longer power interruptions or a DVR on the incoming supply
to mitigate voltage sags for shorter periods [8]-[23]. DVRs
can eliminate most of the sags and minimize the risk of load
tripping for very deep sags, but their main drawbacks are their
standby losses, the equipment cost, and also the protection
scheme required for downstream short circuits.

Many solutions and their problems using DVRs are reported,
such as the voltages in a three-phase system are balanced [8]
and an energy-optimized control of DVR is discussed in [10].
Industrial examples of DVRs are given in [11], and different
control methods are analyzed for different types of voltage
sags in [12]-[18]. A comparison of different topologies and
control methods is presented for a DVR in [19]. The design
of a capacitor-supported DVR that protects sag, swell, dis-
tortion, or unbalance in the supply voltages is discussed in
[17]. The performance of a DVR with the high-frequency-link
transformer is discussed in [24]. In this paper, the control and
performance of a DVR are demonstrated with a reduced-rating
voltage source converter (VSC). The synchronous reference
frame (SRF) theory is used for the control of the DVR.

II. OPERATION OF DVR

The schematic of a DVR-connected system is shown in
Fig. 1(a). The voltage Viy; is inserted such that the load voltage
Voad 1S constant in magnitude and is undistorted, although
the supply voltage V; is not constant in magnitude or is dis-
torted. Fig. 1(b) shows the phasor diagram of different voltage
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Fig. 1. (a) Basic circuit of DVR. (b) Phasor diagram of the DVR voltage
injection schemes.

injection schemes of the DVR. V7 (e _sag) IS @ voltage across
the critical load prior to the voltage sag condition. During the
voltage sag, the voltage is reduced to Vs with a phase lag angle
of . 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]. Vi,j; represents the voltage-
injected in-phase with the supply voltage. With the injection
of Vinjo, the load voltage magnitude remains same but it leads
Vs by a small angle. In Vj,;3, 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]. Viy;4 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,
aminimum possible rating of the converter is achieved by Vi,j1.
The DVR is operated in this scheme with a battery energy
storage system (BESS).

Fig. 2 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 a
three-phase series injection transformer. The equivalent voltage
of the supply of phase A vy, is connected to the point of
common coupling (PCC) vg, through short-circuit impedance
Zsa. The voltage injected by the DVR in phase A vc, is such
that the load voltage vy, is 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 7,.. L, and C,
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.
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Fig. 2.

III. CONTROL OF DVR

The compensation for voltage sags using a DVR can be
performed by injecting or absorbing the reactive power or the
real power [17]. When the injected voltage is in quadrature with
the current at the fundamental frequency, the compensation
is made by injecting reactive power and the DVR is with a
self-supported dc bus. However, if the injected voltage is in-
phase with the current, DVR injects real power, and hence,
a battery is required at the dc bus of the VSC. The control
technique adopted should consider the limitations such as the
voltage 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. 3 shows a control block of the DVR in which the SRF
theory is used for reference signal estimation. The voltages
at the PCC vg and at the load terminal vy are sensed for
deriving the IGBTs’ gate signals. The reference load voltage
V7 is extracted using the derived unit vector [23]. Load volt-
ages (Via, Vb, Vi) are converted to the rotating reference
frame using abc—dgo conversion using Park’s transformation
with unit vectors (sin, 0, cos, §) derived using a phase-locked
loop as

cos 6 cos (9—2”) cos(¢9+2—”)

ULq 3 3 VLaref

VLd | = 3 sin € sin (972{) sin (9+ %’T) Vipret| . (1)
1 1 1

VLo 3 3 3 ULcref

Similarly, reference load voltages (V;,, V/,, V/.) and volt-
ages at the PCC vg are also converted to the rotating reference
frame. Then, the DVR voltages are obtained in the rotating
reference frame as

Upd =Vsd — VLd (2)

Upgq =VSq — VLgq- 3)
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Fig. 4. (a) Schematic of the self-supported DVR. (b) Control block of the DVR that uses the SRF method of control.

The reference DVR voltages are obtained in the rotating refer-
ence frame as

Upg =Vsq — ULd “)
* *
Upq =Vsq — VLg- (5)

The error between the reference and actual DVR volt-
ages 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 taking V7, from (4), Vp,, from
(5), V), as zero as

Vivra cos 0 sin 6 1 vh 4
Vliory | = | COS ( — %’r) sin (9 - %’“) 1 Vha |- (6)
Vlvre cos (0—1—%’“) sin (9—1—%’“) 1 VDo

Reference DVR  voltages (v,,q» Viveys Vivee) and  actual
DVR voltages (Vdyras Vdvrbs Vdvre) are used in a pulsewidth-
modulated (PWM) controller to generate gating pulses to a
VSC of the DVR. The PWM controller is operated with a
switching frequency of 10 kHz.

B. Control of Self-Supported DVR for Voltage Sag, Swell, and
Harmonics Compensation

Fig. 4(a) shows a schematic of a capacitor-supported DVR
connected to three-phase critical loads, and Fig. 4(b) shows
a control block of the DVR in which the SRF theory is used
for the control of self-supported DVR. Voltages at the PCC vg
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 = Vdde + Vdac

Vg = VYqdc + Vqac-

The compensating strategy for compensation of voltage qual-
ity 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 PI controller is used at the dc bus voltage of the
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Fig. 5. MATLAB-based model of the BESS-supported DVR-connected system.

DVR and the output is considered as a voltage vcap, for meeting
its losses

Ucap(n) = Vcap(n-1) +K;D1 (Ude(n) *vde(n—l)) +I(ilvde(n) 9

where vge(n) = Vi, — Vde(n) 18 the error between the reference
v} and sensed dc voltages vq. at the nth sampling instant. K,
and K;; are the proportional and the integral gains of the dc bus
voltage PI controller.

The reference d-axis load voltage is therefore expressed as
follows:

(10)

*
Vq = Vddc — Ucap-

The amplitude of load terminal voltage V7, is controlled to its
reference voltage V' using another PI controller. The output
of the PI controller is considered as the reactive component of
voltage v, for voltage regulation of the load terminal voltage.
The amplitude of load voltage V7, at the PCC is calculated from
the ac voltages (vra, Vrp, VLe) as

Vi = (2/3)2 (02, + 03, +02.)

(11
Then, a PI controller is used to regulate this to areference value as

Vgr(n) = Vqr(n-1) +Kp2 ('Ute(n) _Ute(n—l)) +Ki21)te(n) (12)

where vye(n) = Vi — Vi) denotes the error between the ref-
erence V7 and actual V(,,y load terminal voltage amplitudes at
the nth sampling instant. K> and K, are the proportional and
the integral gains of the dc bus voltage PI controller.

The reference load quadrature axis voltage is expressed as
follows:

*_

Yq

Vgde + Vgr- (13)

Reference load voltages (v} ,,v},,v},.) in the abe frame are
obtained from a reverse Park’s transformation as in (6). The er-
ror between sensed load voltages (vr,q, ULy, vr.) and reference
load voltages is used over a controller to generate gating pulses
to the VSC of the DVR.

IV. MODELING AND SIMULATION

The DVR-connected system consisting of a three-phase sup-
ply, three-phase critical loads, and the series injection trans-
formers shown in Fig. 2 is modeled in MATLAB/Simulink
environment along with a sim power system toolbox and is
shown in Fig. 5. An equivalent load considered is a 10-kVA
0.8-pf lag linear load. The parameters of the considered system
for the simulation study are given in the Appendix.
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Fig. 6. Dynamic performance of DVR with in-phase injection during voltage sag and swell applied to critical load.

The control algorithm for the DVR shown in Fig. 3 is also
modeled in MATLAB. The reference DVR voltages are derived
from sensed PCC voltages (vga, Ush,Vsc) and load voltages
(VLa, VLb, VLc). A PWM controller is used over the reference
and sensed DVR voltages to generate the gating signals for the
IGBTs of the VSC of the DVR.

The capacitor-supported DVR shown in Fig. 4 is also mod-
eled and simulated in MATLAB, and the performances of the
systems are compared in three conditions of the DVR.

V. PERFORMANCE OF THE DVR SYSTEM

The performance of the DVR is demonstrated for different
supply voltage disturbances such as voltage sag and swell.
Fig. 6 shows the transient performance of the system under
voltage sag and voltage swell conditions. At 0.2 s, a sag in
supply voltage is created for five cycles, and at 0.4 s, a swell
in the supply voltages is created for five cycles. It is observed
that the load voltage is regulated to constant amplitude under
both sag and swell conditions. PCC voltages vg, load voltages
vr, DVR voltages v, amplitude of load voltage V7, and PCC
voltage Vs, source currents ig, reference load voltages vy ef,
and dc bus voltage vq. are also depicted in Fig. 6. The load and
PCC voltages of phase A are shown in Fig. 7, which shows the
in-phase injection of voltage by the DVR. The compensation
of harmonics in the supply voltages is demonstrated in Fig. 8.
At 0.2 s, the supply voltage is distorted and continued for five
cycles. The load voltage is maintained sinusoidal by injecting
proper compensation voltage by the DVR. The total harmonics
distortions (THDs) of the voltage at the PCC, supply current,

I I I I I
0.23 0.24 0.2s .26 0.27

0.28
Time (=)
Fig. 7. Voltages at the PCC and load terminals.

and load voltage are shown in Figs. 9-11, respectively. It is
observed that the load voltage THD is reduced to a level of
0.66% from the PCC voltage of 6.34%.

The magnitudes of the voltage injected by the DVR for
mitigating the same kinds of sag in the supply with different
angles of injection are observed. The injected voltage, series
current, and kilovoltampere ratings of the DVR for the four
injection schemes are given in Table I. In Scheme-1 in Table I,
the in-phase injected voltage is Vi,j; in the phasor diagram in
Fig. 1. In Scheme-2, a DVR voltage is injection at a small angle
of 30°, and in Scheme-3, the DVR voltage is injected at an
angle of 45°. The injection of voltage in quadrature with the line



1300 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 50, NO. 2, MARCH/APRIL 2014

500 T

> 0’0’6’0’0’0’&%’0%’0%%%’0’0’&0&0’c’&’&’o’o’o’
T T ' :

)
o

500 I
500 T

' =
2 %

-600 1

)
=}

100

T

vdvrM

-100
500 T T T

g 400 - -

~» 3007 =
200

2 RSB ILEEEE
T

e R RS

58 300
” 280 | | |
0.15 02 0.25 03
Time ()
Fig. 8. Dynamic performance of DVR during harmonics in supply voltage applied to critical load.
400
200
Z 0
>_l
-200 +
-400 : : : L - a0 L L . . .
022 028 024 025 026 02 022 028 024 025 026 027
Time (s) Tirme s)
= i E 0.6
.g Fundamental (S0Hz) = 304.2 \/, THD =6.34% 5
uE> ar % Fundamental (50Hz) =346.3 W, THD=0.65%
g 'g 0.4t
g =
s 2} 5 o2t
5 oldal |
:B; 1F - 7 o Lo Ll . .
= “|||||Il] = 0 10 20 30 40 S50 &0 70 8O
ol . . . P X N PO Y D Y O Y Y Y Harrnonic order
0 10 20 30 40 50 60 70 80

Harmonic order

Fig. 11. Load voltage and harmonic spectrum during the disturbance.

Fig. 9. PCC voltage and harmonic spectrum during the disturbance.

TABLE 1
COMPARISON OF DVR RATING FOR SAG MITIGATION

Scheme-1 | Scheme-2 | Scheme-3 | Scheme-4
Phase Voltage (V) 90 100 121 135
Phase Current (A) 13 13 13 13

1170 1300 1573 1755
37.5% 41.67% 50.42% 56.25%

VA per phase
KVA (% of Load)

0.25 0.26 0.27

Time (g)

0.24

=
@

current is in Scheme-4. The required rating of compensation of
the same using Scheme-1 is much less than that of Scheme-4.
The performance of the self-supported DVR (Scheme-4) for
compensation of voltage sag is shown in Fig. 12(a) and that
of a voltage swell is shown in Fig. 12(b). It is observed that

Fundamental (S0Hz) =20.12 A, THD=1.02%

o
m

o
I~

o
)

Mag (% of Fundamental)

Fig. 10.  Supply current and harmonic spectrum during the disturbance.

o

0

" L\_J..-.L.l

10 20 30 40 50 60 70
Harmonic order

a0

the injected voltage is in quadrature with the supply current,
and hence, a capacitor can support the dc bus of the DVR.
However, the injected voltage is higher compared with an in-
phase injected voltage (Scheme-1).
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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, in-
cluding 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.

APPENDIX

415V, 50 Hz
L, =3.0mH, R, = 0.01 Q
10-kVA 0.80-pf lag

AC line voltage:
Line impedance:
Linear loads:

Ripple filter: Cy=10uF, Ry =480
DVR with BESS

DC voltage of DVR: 300 V

AC inductor: 2.0 mH

Gains of the d-axis PI controller:
Gains of the g-axis PI controller: K5 = 0.5, K;3 = 0.35
PWM switching frequency: 10 kHz

DVR with dc bus capacitor supported
DC voltage of DVR: 300 V

Ky = 0.5, K;y = 0.35

1301
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AC inductor:

DC bus voltage PI controller:
AC load voltage PI controller:
PWM switching frequency:
Series transformer:

2.0 mH

K, =0.5, K;; =0.35

Ky =01, K;3 =05

10 kHz

three-phase transformer of rat-
ing 10 kVA, 200 V/300 V.
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