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Abstract—Dynamic Voltage Restorer (DVR) is a custom power
device used in electrical distribution system for power quality
improvement. The main application of DVR is for voltage
compensation of sensitive loads against voltage disturbances such
as voltage sag and voltage swell in distribution lines. It is a
series connected device and is able to compensate voltage sag
and voltage swell by injecting a voltage with the help of series
transformer. The injection of an appropriate voltage component
in the event of a voltage disturbance requires a certain amount
of real and reactive power. Conventionally, DVR consists of an
energy storage device which supplies the required power over
the limited duration of the sags. Large magnitude and long
duration of sags, lead to heavy financial investment in energy
storage unit. To overcome this limitation, a single phase back-toback converter based DVR is implemented in this paper, which
eliminates energy storage requirement. In the event of voltage
sag, front-end converter acts as active rectifer and other converter
acts as inverter, injecting the voltage in series with grid voltage.
Real power flows from rectifer to inverter. In case of voltage
swell condition, the operation of two converters interchanged and
energy is fed back to the shunt converter from the series converter.
The effectiveness of control schemes, protection schemes and
plug and play operation of DVR is verified through detailed
simulation studies. The viability of above schemes is confirmed
by the experimental results generated from laboratory prototype
developed.
Keywords—Dynamic Voltage Restorer, In-phase compensation,
Voltage Sag, Voltage Swell.

I.

I NTRODUCTION

Voltage, sag and swells are considered to be one of the
most severe disturbances to the sensitive loads [1]. Dynamic
Voltage Restorer (DVR) is a power electronics device which
protects sensitive loads from disturbances in the power supply.
It ensures high power quality for sensitive loads. The dynamic
voltage restorer has become popular as a cost effective solution
for the protection of sensitive loads from voltage sag and
voltage swell. It injects voltage in series and synchronism with
the grid supply voltage in order to compensate for voltage sag
and voltage swell [2]. DVR is connected in series with line
through injection transformer. Fig.1 shows the single phase
DVR, which is connected in series with feeder. When short
circuit fault occurs in load 1, voltage at the distribution bus
decreased and voltage sag occurs across the sensitive load 2.
To restore the voltage across this load, DVR is used [3].
During the period of voltage sag or swell, DVR injects
the voltage so as to restore the load voltage to its normal
value. During this operation, the DVR exchanges the active
and reactive power with the load. In case of voltage sag, active

power has to be supplied by DVR. This motivates the use of
energy storage element in the DVR. Various energy storage
devices like batteries, capacitors, flywheels etc are used in
DVR [4]. However, this increases the cost of DVR. Further,
due to presence of battery, regular maintenance is required.
Three voltage injection techniques are popularly used in
DVR, to restore the phase and magnitude of voltage across the
sensitive load. These are pre-sag voltage compensation, energy
optimization technique and in-phase voltage injection technique. In presag compensation both real and reactive power are
required. This method provides the compensation for voltage
magnitude and its phase. The difference between sag and presag voltage is detected by DVR and injected voltage, provides
compensation for voltage amplitude without any phase shift
[5], [6]. This technique mainly used for loads equally sensitive
for voltage magnitude as well as phase shift. This technique
lead to increment in capacity of energy storage device as the
magnitude of voltage to be injected is more. Other technique is
zero active power injection technique [7]. This method reduces
the energy storage size. Active power PDV R supplied by the
DVR depends on the angle between the load current IL and
the injected voltage Vinj . In this technique, these two vectors
are maintained in quadrature, thereby, ensures PDV R remains
almost zero. Only reactive power has to be supplied. This leads
to reduction of the size of battery. However, the magnitude of
injected voltage is governed by following relation,
∆Vsag ≤ VL (1 − cosφ)

(1)

From the above relation, it is clear that for the loads with
poor pf, it is easier to compensate voltage sag without real
power injection. Therefore, proposed technique has limitation
to compensate the voltage sag with loads having leading
power factor [5], [8], [7]. In-phase voltage injection technique
requires, minimum voltage injection to compensates either sag
or swell [3]. However, the compensated voltage suffers a phase
shift with respect to presag voltage. This technique is not
suitable for loads sensitive to voltage phase shift.
Various circuit configurations and topologies are suggested
for DVRs in literature. A detailed comparison of various DVR
topologies with their control strategies is discussed in [4].
Enhanced voltage sag compenstor scheme used for DVR is
proposed in [9], which uses dc link capacitor at the input side.
This scheme enables the DVR to increase sag support time
compared with existing phase jump compensation techniques.
However, the suggested method does not provide support for
deep and longer duration sags. DVR based on multilevel
inverter with adjustable dc link voltage is proposed in [10]. A
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battery is connected at the input of DVR to provide active and
reactive power support. The output of DVR has various output
voltage levels which improves the quality of output voltage
during deep voltage sags. However deeper and longer duration
sags, lead to increased size of battery. A DVR topology
with no energy storage is proposed in [11]. The suggested
scheme uses a matrix converter to compensate voltage sags of
longer duration. The energy required by the DVR during the
voltage sag duration is derived from residual supply. However,
this technique is usable only for three phase system due to
the use of matrix converter. Two types of basic topologies
categorized as Supply-Side-Connected Shunt Converter and
Load-Side-Connected Shunt Converter for voltage sag and
swell compensation are suggested. These two topologies are
implemented with help of two back to back connected Hbridge converters connected through common dc link. The
back to back connected converters can also be implemented
with the help of half bridge or full bridge topology or combination of the two.
This paper deals with the design of single phase DVR
based on source-side-connected shunt converter topology. This
converter topology consists of two back to back connected
H-bridge converters to eliminate the energy storage requirement. The load side converter, called series converter, is a
single phase PWM inverter, injecting the voltage in series
with grid voltage. The in-phase voltage injection technique is
used to provide compensation against voltage sag or voltage
swell across the sensitive load. Detailed design of laboratory
prototype of DVR and its performance on linear and nonlinear loads is discussed in this paper. This paper is organized
as follows. Section II describes the circuit topology, control
technique, and protection schemes used for DVR. Section III
includes the simulation results of DVR for linear and nonlinear loads. Section IV includes discussion of experimental
results for voltage sag and voltage swell compensation. Section
V includes the conclusion of this paper.
II.

D ESIGN OF DVR

This section discusses the operation, design and protection
scheme of DVR.
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Series and shunt converters with their control schemes

voltage. The voltage injection takes place with the help of
injection transformer connected between the source and load.
During voltage sag, shunt converter is used to control the dc
link voltage and works as unity power factor rectifier. The
series converter acts as inverter and generate constant ac output
voltage. The injected voltage is in phase with sag voltage.
During the sag duration, the active power required by DVR
is harnessed from source and flow of energy takes place from
shunt converter to series converter. Similarly, during voltage
swell, power flows from series converter to shunt converter.
The injected voltage is out of phase with swell voltage. During
voltage sag and voltage swell, both converters generate switching frequency voltages along with the fundamental component.
These harmonics deteriorates the power quality of injected
voltage. To filter out these switching harmonics, LC filters
are used at input and output of shunt and series converters,
respectively. This DVR is able to compensate both voltage
sag and swell in range of 185 V (rms) to 265 V (rms), and
maintains the load voltage to 230 V. The key advantage of
this topology is that no energy storage is required. Figs. 3 and
4 show the phasor of the injected voltage in case of sag and
swell, respectively. Fig 3 shows that in case of voltage sag, the
injected voltage is in phase with the sag voltage. From Fig. 4,
it is clear that when voltage swell occurs, injected voltage is
out of phase with the swell voltage. The DVR is designed to
cater to 5 kVA load. The rating of the injection transformer
is decided by the voltage to be injected and the load current
flowing through the secondary of injection transformer. For
the voltage compensation in the range of 185-265 V (rms),
1.5 kVA rating transformer is used for voltage injection.

A. Operation of Single Phase DVR with back to back connected converter

B. Control Scheme

The DVR consists of shunt and series converter connected
via a common dc link capacitor as shown in Fig 2. The series
converter is used to inject the voltage in series with grid

Linear controllers are used for shunt and series converters.
The commonly used controllers are outer voltage control
loop and inner current control loop. These controllers are
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implemented with the help of conventional PI controllers.
The dynamics of current controller are faster than voltage
controller, which can be realized by maintaining the bandwidth of current control loop to be more than voltage control
loop. The dc link voltage Vo is to be regulated to its reference
value Vref by the voltage controller. The output of the voltage
controller is multiplied with ac signal to generate the reference
current. This reference current is compared with inductor
current of shunt converter. Phase locked loop (PLL) is used
to generate the ac signal of same frequency and phase as that
of the grid.
Similarly, for series converter, outer voltage and inner
current controllers are used and implemented with conventional PI controllers. These controllers are used to adjust
the voltage injected by series converter to maintain constant
voltage across the load. For sag and swell operation, the load
voltage is regulated by controlling the phase and magnitude of
the injected voltage. For making transient response of DVR to
be fast, optimal tuning of the PI controller is required. Bode
plots are used for tuning of PI controller.
C. Protection Schemes
Different protection schemes are incorporated in DVR for
its safety and rendering reliable services to the operator in case
of fault.
Due to overload, the load current exceeds its rated value.
A bypass scheme is incorporated in DVR. During bypass
operation, the secondary of the injection transformer is shorted
through anti-parallel SCR pair. During this mode transformer
works in zero voltage injection mode. Control logic is implemented which turns on the SCRs in case load current exceeds
its safe limit. limit. The upper limit of load current selected for
bypass operation is 125% of its rated load current. However
for this range of overload current, DVR bypass operation takes
place after a duration of 10 s. The time duration after which
bypass operation takes place, goes on decreasing with increase
in value of load current above its rated value.
In case of short circuit fault on load side, a large current
flows through the secondary of injection transformer. The

corresponding current on the primary side may damage the
power electronic switches (IGBTs, MOSFETs etc.)of inverter.
To avoid this, fuse is connected in series with output to stop
the flow of large current.
During starting of the DVR, dc-link capacitor is completely
discharged. Due to high value of capacitor, a large magnitude
of current can flow through the shunt converter at starting of
DVR. To limit this initial current, a resistor is connected in
series with shunt converter at starting of DVR called precharging resistor Rs . As dc-link voltage become equal to
the peak of ac voltage, Rs is bypassed with help of a relay
connected in parallel with Rs . The DVR compensates the
voltage in the range 185-265 V (rms). If the voltage to be
compensated exceeds this limit, the DVR is turned off. To turn
off DVR, the pulses supplied by the DSP to the converters are
stopped and load is supplied by the bypass SCRs.
D. Plug and Play Operation of DVR
As soon as DVR, is plugged in load circuit at starting,
the following steps are adopted for its reliable and fault
free operation. At starting the IGBTs of both the converters
are kept off and bypass SCRs are kept on. Charging of dc
link capacitor takes place through pre-charging resistance. As
capacitor voltage reaches to peak value of ac voltage, precharging resistor is bypassed through the relay. At the same
instant, soft start operation to build dc link voltage up to 400
V is initiated. Voltage and current controller determine the
switching sequence of the shunt converter. As soon as dc link
capacitor reaches at 400 V, the switching pulses to the load
side converter are released. The DVR is connected to the circuit
and bypass SCRs are turned off.
III.
TABLE I.

S YSTEM PARAMETERS

PARAMETERS FOR LC FILTER FOR BOTH SIDE CONVERTERS

Parameter
Source side converter
Load side converter

TABLE II.

Inductor
1.693 mH
0.9 mH

Resistance
0.1 mΩ
0.2 mΩ

C ONTROLLER PARAMETERS

Parameter
Source side controller
Load side controller

IV.

Capacitor
10 µF
10 µF

Voltage loop
KP
KI
1
100
0.01
1000

Current
KP
0.5
0.1

loop
KI
0.1
100

S IMULATION R ESULTS

To implement the control strategies and protection schemes
discussed in previous sections, a detailed simulation study
of DVR is accomplished in MATLAB/Simulink. Parameters
of the system and controller are given in Tables I and II,
respectively. The performance of the DVR during voltage sag
and swell condition is elaborated both for linear and nonlinear
loads. The linear load taken into consideration is a simple
resistive load. Fig. 5 shows the result with resistive load when
voltage sag and swell occurs. Up to 0.4 s, value of grid voltage
is 230 V (rms). A sag in source voltage occurs at the t = 0.4
s. The value of sag voltage is 185 V (rms)and the duration
of the voltage sag is from 0.4 s to 0.6 s (shown by blue
trace). However, the load voltage remains constant at 230 V
(rms) (shown by red trace). During voltage sag, real power

flows from shunt converter to series converter. Similarly, Fig.
6 shows the performance of DVR with swell in grid voltage
for resistive load. The duration of voltage swell is from 0.4 to
0.6 s shown by blue trace. The load voltage remains constant
equal to 230 V (rms) shown by red trace. During swell, the
power is transferred from series converter to shunt converter.
Fig. 7 shows the performance of the DVR with electronic
load (non linear load) for voltage sag. The duration of voltage
sag is same as that for linear load. The electronic load is a
single phase full wave diode bridge rectifier. The diode bridge
rectifier is designed for load current having crest factor of 3.08.
The load voltage is compensated and maintained at the rms
value of 230.5 V shown by red trace.
Fig. 8 shows the transient response of the DVR for sudden
change in load. To test the transient performance of DVR,
sag in grid voltage of same magnitude and duration as for
linear load, is provided. Load is changed from no-load to fullload and vice versa at 0.45s and 0.55s, respectively. During
transients, load voltage remains constant equal to 230 V (rms).
However, due to load shedding, the dc link voltage rises
momentarily. After a duration of 70 ms, dc link voltage is
restored to its normal value of 400 V. Therefore from above
waveforms, it is clear that bidirectional AC/DC/AC converter
is able to compensate both voltage sag and voltage swell in
linear and non linear loads. The simulation results reflect the
successful operation of the DVR implemented with back to
back connected H-bridge converters.
V.

Fig. 6. Voltage swell with resistive load: Trace (i) (Red) load voltage (200
V/div), (Blue) grid voltage (200 V/div), Trace (ii) DC link voltage (2 V/div),
Trace (iii) (Blue) grid voltage of source side converter (100 V/div), (Red)
source current (10 A/div), X-axis 20 ms/div

E XPERIMENTAL R ESULTS

To validate the simulation results, a 5 kVA prototype of
DVR is developed, and shown in Fig. 9. The system parameters
are shown in Table III. This section discuss the hardware
results and performance analysis of DVR. The experimental
results are presented for shunt converter, series converter and
with back to back connected converter. The set up is also tested

Fig. 7. Voltage sag with electronic load: Trace (i) (Red) load voltage (200
V/div), (Blue) grid voltage (200 V/div), Trace (ii) DC link voltage (10 V/div),
Trace (iii) (Blue) grid voltage of source side converter (200 V/div), (Red)
source current (10 A/div), Trace (iv) (Blue) load voltage (200 V/div), (Red)
load current (10 A/div), X-axis 20 ms/div

Fig. 5. Voltage sag with resistive load: Trace (i) (Red) load voltage (200
V/div), (Blue) grid voltage (200 V/div), Trace (ii) DC link voltage (10 V/div),
Trace (iii) (Blue) grid voltage of source side converter (100 V/div), (Red)
source current (10 A/div), X-axis 20 ms/div

for bypass operation implemented with anti-parallel SCRs.
The 5 kVA DVR prototype is realized by using three voltage
sensors, three current sensors, two IGBT modules, one antiparallel SCR pair for bypass operation and relay with precharging resistor. The voltage sensors are used for sensing
grid voltage, voltage of dc link capacitor and output voltage
of series converter. The current sensors are used for sensing
inductor current of shunt converter, output inductor current
of series converter and load current. Digital signal processor

Fig. 10. Waveforms of shunt converter with 1 kW dc load rectifier output
voltage (250 V/div), Grid voltage (250 V/div), grid current (10 A/div), X-axis
10 ms/div

Fig. 8. Voltage sag with resistive load(transient): Trace (i) (Red) load voltage
(200 V/div), (Blue) grid voltage (200 V/div), Trace (ii) DC link voltage (20
V/div), Trace (iii) (Blue) grid voltage of source side converter (200 V/div),
(Red) source current (10 A/div), Trace (iv) (blue) load current (20 A/div),
X-axis 50 ms/div

(DSP) is used to implement all control algorithms and for
generating the switching pulses for both side converters. DSP
is used because of its advantages in cost, size, speed and
reliability over analog controllers and other digital platforms.
To control the converters, 32 bit TMS320F2808 Texas DSP
is used. Switching frequency used for both converters is 7.5
KHz.
TABLE III.

PARAMETERS FOR LC FILTER FOR BOTH SIDE
CONVERTERS

Parameter
Source side converter
Load side converter

Inductor
2.5 mH
2.3 mH

Capacitor
10 µF
10 µF

Resistance
0.19 mΩ
0.112 mΩ

The shunt converter is separately tested for resistive load
of 1 kW. Fig. 10 shows the waveform for grid voltage, grid
current and voltage between IGBT legs of shunt converter.
For a grid voltage of 215 V (rms), the output dc voltage of
active rectifier is 400 V. The value of DC link capacitor is
8 mF. The series converter is a single phase voltage source

Fig. 11. Waveforms of series converter on no load, output ac voltage (250
V/div), inverter output voltage (250 V/div), inverter inductor current (2 A/div),
X-axis 10 ms/div

inverter and also tested separately for no load. Fig. 11 shows
the waveforms for inverter output voltage, inductor current and
inverter output available after LC filter. For the dc link voltage
of 250 V, the fundamental component of output voltage of
inverter is 177 V(rms). After filtering, the output is almost
sinusoidal in nature.
The DVR including both converters connected together
is tested for a resistive load of 2.5 kW rating. The DVR is
tested for voltage sag of 187 V (rms) with same loading as
in previous case. Fig. 12 shows the waveform for the grid
voltage , gird current, load voltage and inductor current of
shunt converter. For the grid voltage of 187 V(rms), the load
voltage is regulated at 229 V (rms). The inductor current has
a rms value of 3 A.
Similarly, the DVR is tested for voltage swell of 267 V
(rms) with same loading as with voltage sag. Fig. 13 shows
the waveform for the grid voltage , grid current, load voltage
and inductor current of shunt converter. For the grid voltage
of 267 V(rms), the load voltage is regulated at 232 V (rms).
The inductor current has a rms value of 1.322 A.

Fig. 9.

Laboratory prototype of experimental set up

Table IV shows THD of grid voltage, grid current, load

TABLE IV.

THD VALUES OF THE DVR FOR INPUT CURRENT, INPUT VOLTAGE , OUTPUT CURRENT, OUTPUT VOLTAGE , POWER FACTOR , EFFICIENCY
AND VOLTAGE REGULATION

Source Voltage(rms)
185 V
230 V
265 V

THD
(%)
(Input Current)
5.2
5.4
5.6

THD
(%)
(Input Voltage)
2.7
3
3

THD
(%)
(Output Current)
2.7
3.1
3.6

THD
(%)
(Output Voltage)
2.7
3.2
3.5

Power factor
(%)
(Input side)
1
1
0.99

Efficiency
(%)

Voltage Regulation
(%)

94.2
98.52
93.95

1
0.8
1.3

loads. To address this issues, a Dynamic Voltage Restorer
with no energy storage requirement to compensates the voltage
across load is designed. H-bridge converters connected in back
to back configuration with a common dc link capacitor is used
to compensate the load voltage against sag and swell. The load
voltage is compensated by injecting a voltage in series with
supply voltage with the help of injection transformer connected
between supply and load. Various protection schemes are also
incorporated in DVR. The performance of DVR is tested by
detailed simulation results in MATLAB. Simulation results are
shown for voltage sag and swell with linear and nonlinear
loads. To validate the simulation results, a 5 kVA laboratory
prototype of DVR is developed. From the experimental results,
it is concluded that DVR is successfully able to compensate
for voltage sag and swell. Voltage regulation across the load
is found to be within ±2%.
Fig. 12. Waveforms of shunt and series converter with sag in grid voltage,
source voltage (250 V/div), load voltage (250 V/div), rectifier inductor current
(5 A/div), grid current (5 A/div), X-axis 10 ms/div
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