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In this paper, a photovoltaic (PV) based dynamic voltage restorer (DVR) is proposed to handle deep volt-
age sags, swells and outages on a low voltage residential distribution system. The PV based DVR can
recover sags up to 10%, swells up to 190% of its nominal value. Otherwise, it will operate as an Uninter-
ruptable Power Supply (UPS) when the utility grid fails to supply. It is also designed to reduce the usage

of utility grid, which is generated from nuclear and thermal power stations. PV based DVR system is com-
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prised of PV system with low and high power DC-DC boost converter, PWM voltage source inverter, ser-
ies injection transformer and semiconductor switches. Simulation results proved the capability of the
proposed DVR in mitigating the voltage sag, swell and outage in a low voltage distribution system.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Dynamic voltage restorer (DVR) can provide the most cost effec-
tive solution to mitigate voltage sags, swells and outages by estab-
lishing the proper voltage quality level that is required by sensitive
loads. Problems facing industries and residential regarding the
power qualities are mainly due to voltage sag, short duration volt-
age swells and long duration power interruptions [1]. Particularly
Tamilnadu, India, has more than 3 h of power interruption in a
day. This may occur in developing countries, where the generated
electrical power is less than the demand. The above-mentioned
power quality problems may disturb the process of production in
industries and residences, resulting in equipment damage and loss
of revenue.

Voltage sag is a sudden reduction of utility supply voltage
which may vary from 90% to 10% of its nominal value. On the other
hand, voltage swell is a sudden rise of supply voltage which may
vary from 110% to 180% of its nominal value. According to the IEEE
519-1992 and IEEE 1159-1195 standards, a typical duration of
voltage sag and swell is 10 ms to 1 min [2]. The outage refers to
an interruption of power for long duration. Many research works
have been carried out focusing in the design and control of DVR
[3-7].
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Table 1 shows the voltage variations at Mettur Thermal Power
Station (MTPS)in 230 kV bus. From the table, it is observed that there
isvoltage sag during summer season and voltage swell during winter
season. The voltage variation event in 230 kV bus is reflecting on
230V residential distribution system in the same way. The voltage
sags and swells often caused by starting of large induction motors,
energizing a large capacitor bank and faults such as single line to
ground fault, three phase to ground fault, double line to ground fault
on the power distribution system. Voltage sag and swell in power
systems produce an important effect on the behavior of sensitive
loads. Tripping of power adjustable speed drives (ASD) is one of
the greatest voltage sag problems, causing critical loads to stop with
the resultant interruption of the manufacturing process several
times a year. The resulting loss of time and production, or damaged
equipment may cause significant economical losses. To solve the
above problems a new method is proposed in this paper.

In general, the voltage injection from DVR compensates the
voltage sag, swell and outage. However, it needs a high capacity
DC storage system. In the proposed DVR design, a PV system with
low and high power DC-DC boost converters are incorporated to
function as a high capacity DC voltage source.

Advantages of photovoltaics are:

e Solar power is pollution free.

e Reduced production end wastes and emissions.

e PV installations can operate for many years with little mainte-
nance, so after the initial capital cost of building of any solar
power plant, operating costs are extremely low compared to
existing power technologies.
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Table 1

Voltage variation events in 230 KV bus at MTPS.

Day Voltage variation in summer Voltage variation in winter
(April 2010) in kV (December 2010) in kV
Maximum Minimum Maximum Minimum

1. 227 217 234 226
2. 225 217 233 227
3. 229 222 232 224
4. 227 220 233 227
5. 227 220 233 229
6. 227 219 235 227
7. 228 216 234 227
8. 228 221 233 227
9. 229 220 233 227

10. 229 223 233 226

11. 227 219 233 227

12. 226 214 234 227

13. 228 214 234 225

14. 228 221 233 226

15. 228 223 233 226

16. 228 220 231 225

17. 228 220 231 227

18. 230 224 231 225

19. 230 221 231 229

20. 228 224 233 226

21. 230 223 233 226

22. 230 224 233 227

23. 231 224 234 224

24. 231 226 234 226

25. 231 225 232 224

26. 230 225 231 226

27. 229 223 232 226

28. 230 225 231 225

29. 230 225 231 225

30. 230 225 231 224

31. - - 231 225

Disadvantages of photovoltaics are:
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e Solar electricity is not produced at night and is much reduced in
cloudy conditions. Therefore, a storage system is required.
e Solar cells produce DC which must be converted to AC.

The location of the proposed PV based DVR in a low voltage sin-
gle phase distribution system is shown in Fig. 1.

This Paper presents a simulation model of a PV based dynamic
voltage restorer capable of handling 10% voltage sags, 190% of volt-
age swells and outages on a low voltage distribution system. It is
also designed to reduce usage of utility power in daytime. In the
daytime, DVR will act as online UPS to feed the generated power
in PV system to battery and load [8].

2. Proposed DVR

The block diagram of the proposed PV based DVR is shown in
Fig. 2. The proposed system mainly consists of a photovoltaic array,
low and high power DC/DC boost converters, battery, PWM inver-
ter, series injection transformer, and semiconductor switches Sy, Sy,
S3, Ry and R,.

Tables 2 and 3 show the control signals of the semiconductor
switches Sy, S, S3 and Ry, R, respectively. The power semiconductor
switches are controlled by the voltage sensor and logical components.

An injecting transformer is connected in series with the load for
restoring sag and swell, and is reconfigured into parallel connec-
tion using switches S;, S, and S; when handling outage [9]. A
DVR can compensate voltage drop across a load by injecting a volt-
age through a series injection transformer [10]. The injected volt-
age is in phase with supply voltage, as shown in Fig. 3.

In normal condition, the supply voltage is equal to the load voltage
with zero angle. During sag, the supply voltage decreases to a value
less than its nominal value. The DVR reacts to the sag event and in-
jects a compensating voltage Viy; in phase with the supply voltage
to restore the voltage at nominal value. This method is very simple
to implement, very fast especially in calculating the DVR compensat-
ing voltage. The injected voltage of a DVR (Vpyg) can be expressed as

|Vinj‘ = |Vpresug‘ - |Vsag‘ (1)
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Fig. 1. Typical location of PV based dynamic voltage restorer.
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Vovr = Vigj

LVinj = Opnj = 05

The inverter is a core component of the DVR. Its control will di-
rectly affect the dynamic performance of the DVR. A sinusoidal
PWM (SPWM) scheme is used. The carrier waveform is a triangu-
lar wave with higher frequency (1080 Hz). The modulation index
varies according to the input error signal from the PI controller.
The basic idea of SPWM is to compare a sinusoidal control signal
of normal frequency 50 Hz with a triangular carrier signal. When
the control signal is greater than the carrier signal, the switches
turned on and their counter switches are turned off. The output
voltage of the inverter mitigates the sag, swell and outage. The
DC voltage might be used from PV array if available. Otherwise,
the line voltage is rectified and the DC energy is stored in
batteries.

3. Photovoltaic array modeling

PV array is a system which uses two or more solar panels to
convert sunlight into electricity. PV array is a linked collection of
solar cells. The use of new efficient photovoltaic solar cells has
emerged as an alternative source of renewable green energy con-
version [11,12]. In the proposed DVR, PV array provides a DC
source for the DVR. The electrical system powered by solar array
requires DC/DC converter due to varying nature of the generated
solar power resulting from sudden changes in weather conditions

which change the solar irradiation level as well as cell operating
temperature. Solar arrays are built up with combined parallel/
series combination of solar cells. The PV array is designed and
modeled with a low step up boost converter to charge the batter-
ies. An equivalent circuit model of photovoltaic cell is shown in
Fig. 4.

The PV model is developed using basic equations of photovol-
taic cells including the effects of temperature changes and solar
irradiation [13-15]. The PV cell output voltage is a function of
the photo current that mainly determined by load current depend-
ing on the solar irradiation level during the operation. The solar cell
output voltage is shown in Eq. (2).

v, = ARTep, (Tt lo =1y p 2)
e Iy

where V. is cell output voltage in volts. A is fitting factor. e is elec-
tron charge (1.602 x 10~ '%c). I, is Photo current (10 A). I is reverse
saturation current of diode (0.0002 A). k is Boltzmann constant
(1.38 x 10722 J/°k). I. is cell output current in A. R, is solar cell inter-
nal resistance (0.001 Q). T, is operating temperature of the refer-
ence cell (40 °C).

When the irradiation and ambient temperature change, the
solar cell operating temperature also changes, resulting in a
new output voltage and a new photo current. The solar cell oper-
ating temperature varies as a function of solar irradiation level
and ambient temperature. The effect of temperature variations
are represented in the model by the temperature coefficients
Crv and Cri.
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Fig. 2. Block diagram of the proposed PV based DVR.
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Table 2
Control signals for Sy, S, and Ss.

Supply voltage (%) Control signals Mode of operation

S Sa S3
100 1 0 1 Ideal
<100 1 0 0 DVR
>100 1 0 0 DVR
0 0 1 0 UPS
Table 3

Battery charge control.

PV voltage (V) Control signals Battery charging unit
Ry R,
>6 0 1 PV array
<6 1 0 Rectifier
VPresag“* ~
.- 'i\\
- - “‘
-k \
-7 \
LT \ 5 i
= H
- P !
V, i
Q Vv inj i
sag VL
I
Fig. 3. In-phase compensation.
Crv =1+ pr(Ta = Tx) 3)
Cni=1+2(T,~T 4
m=1+ S (Ta—Tx) (4)
(o

where g; = 0.004 and y; = 0.006 for the cell used and T, =40 °C is
the reference ambient temperature. T, is atmospheric ambient tem-
perature. The change in the photocurrent and operating tempera-
ture due to variation in the solar level can be expressed as follows.

Csv = 1+ Bros(Sx — Sc) (5)
G =1+ (550 ©)

where S, is reference solar irradiation level (100 W/m?). S, is new
level of solar irradiation. The new value of cell output voltage and
photo current can be expressed as follows.

| 1, I—c'[

L (T) A A %

Fig. 4. Equivalent circuit of photovoltaic cell.
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Vex = CrvCsvVe (7)

Iphx = CTICSIIph (8)

The temperature change, AT, occurs due to the change in solar irra-
diation level.

AT = o5(Sx — Se¢)

A functional block diagram of photovoltaic (PV) array is shown
in Fig. 5. The mathematical model of a single PV cell given by Eq.
(2) is represented with the block called Block 1. The effect of change
in solar irradiation and temperatures are represented in the block
called Block 2.

Table 4 shows the temperature and solar radiation variations at
erode district for the period of 1 month. These data are collected
from the Tamil Nadu Agricultural University (TNAU), Coimbatore
[16] to estimate the possible output voltage of the PV array with
change in temperature and radiation level. From the table and
Eq. (7), it is observed that the PV array output voltage may vary be-
tween 11.33V and 6.50 V.

4. DC/DC converter

A DC-DC converter is an electronic circuit to convert a source of
DC voltage from one level to another level. Additionally, the bat-
tery voltage declines as its stored power is drained. Switched
DC-DC converters offer a method to increase voltage from a par-
tially lowered battery voltage thereby saving space instead of using

multiple batteries to accomplish the same thing and it regulates
the DC voltage.

4.1. Low power DC-DC boost converter

In the boost converter, the output voltage is greater than the in-
put voltage [17]. A low step up DC-DC converter is shown in Fig. 6.
Its main function is to regulate the output voltage of the PV array.

The circuit operation can be divided into two modes.

(1) Mode 1: When the switch S is on, the diode D,, is reverse
biased by switch and V,, thus isolating the output stage.
The input current (i;), which raises, flows through inductor
L and switch S. The input V; supplies energy to the inductor
during on period (T,,). The voltage across the inductor (L) in
mode 1 is shown in Eq. (9).

di
V=Ll 9)
V=V,

(2) Mode 2: When the switch S is off, the inductor current is
forced to flow through the diode D, and load for a period
Totr. As the current tends to decrease, polarity of the emf
induced in inductor L is reversed and it is connected in series
with voltage source V; and load through diode D,,,. The out-
put voltage V, in mode 2 is expressed in Eq. (10).

dis
Vo=Vt (10)

The average output voltage of the converter is depicted in Eq.
(11).

Vo=1"5 (11)

Ton
Ton + Toff

where D is duty cycle, T, is on time and T is off time.
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Table 4

Erode district weather data.

Fig. 5. Functional block diagram of photovoltaic array.
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Date Temperature (°C) Relative humidity (%) Rainfall (mm) Solar radiation (Cal/cm?)
Max. Min.
01.09.2011 33.2 24.7 70.8 00.0 448.19
02.09.2011 30.9 24.2 79.9 00.0 354.31
03.09.2011 33.5 24.5 77.0 00.0 320.66
04.09.2011 32.6 24.3 72.2 00.0 464.30
05.09.2011 34.1 24.6 71.1 00.0 482.00
06.09.2011 353 25.5 68.1 00.0 539.02
07.09.2011 34.7 25.0 66.2 00.0 426.76
08.09.2011 343 24.2 68.2 00.0 447.04
09.09.2011 35.5 24.7 70.3 00.5 454.96
10.09.2011 34.6 243 68.2 00.0 484.29
11.09.2011 35.5 23.9 76.3 02.0 439.79
12.09.2011 34.1 23.9 73.7 00.0 494.11
13.09.2011 34.7 23.7 72.6 00.0 461.49
14.09.2011 34.8 242 713 00.0 485.35
15.09.2011 34.6 24.9 67.3 00.0 493.85
16.09.2011 343 23.8 71.8 01.0 472.30
17.09.2011 34.9 249 71.8 01.5 500.68
18.09.2011 343 23.0 67.3 00.0 463.91
19.09.2011 36.3 25.1 62.1 00.0 524.86
20.09.2011 354 24.9 65.9 04.0 473.64
21.09.2011 313 23.1 74.6 00.0 226.03
22.09.2011 35.7 23.2 67.3 00.0 554.83
23.09.2011 35.1 222 66.3 00.0 487.98
24.09.2011 339 23.0 63.3 00.0 448.58
25.09.2011 35.8 241 59.9 00.0 570.24
26.09.2011 36.0 24.5 59.6 00.5 558.42
27.09.2011 36.4 24.5 64.2 01.0 538.82
28.09.2011 36.2 25.1 57.5 00.0 551.47
29.09.2011 36.6 23.8 61.4 00.0 518.03
30.09.2011 37.1 24.5 64.0 01.5 529.80
Month average 34.7 24.2 68.3 00.5 473.86
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Fig. 6. Circuit diagram of low step up DC-DC converter.

4.2. High power DC-DC boost converter

The output voltage level of the low power DC-DC converter and
batteries are low. Hence, it is not sufficient to inject the required
amount of voltage to load to mitigate voltage sags, swells and out-
ages. For that a high step up DC-DC converter is used to step up the
low power dc to high power DC. It is connected in between batter-
ies and PWM voltage source inverter.

The advantages of this converter are:

e High step up gain.

e Voltage Stress across the switch is low.

e It has low conduction loss.

e Coupled inductor coil is less than other coupled inductor
converters.

o High efficiency.

Fig. 7 shows the circuit diagram of high step up DC-DC con-
verter [18-21].

The main operating principle of this converter is that when
the switch S is turned on, the coupled inductor induces voltage
on the secondary side and magnetic inductor L, is charged by
Vin. The induced voltage in the secondary makes Vi, Ve, Ve
and Vs to release energy to the load in series. When the switch
S is turned off, the energy stored in the magnetic inductor L;, is
released via secondary side of coupled inductor to charge the
capacitors C; and Cs; in parallel. The proposed converter
operation can be divided into five mode of operation [18].
The output equation of high step up DC-DC converter is shown
in Eq. (12).

VO = Vin + Vcl + VC2 + V}_Iz + Vc3 (12)

where V(¢ is voltage across the capacitor C; in voltage. V, in voltage
across the capacitor C; in voltage. V is voltage across the capacitor

Cs in voltage. V], is voltage across the secondary of the coupled
inductor (Ns) in mode II.

V), = kVig (13)
D (14+k)+(1—-kn
Va = i _DVln 5 (14)
nDk
VCZ = Vc3 = mvin (15)
where k is coupling coefficient (k = LmLiLk), n is coupled inductor
turns ratio (ﬁ—;) and D is duty cycle D = Tmf;",w.or
V() = Vin~MCCM (16)
1+n-+nD
Mew="9"p an

5. Simulation results and discussion

To illustrate the effectiveness of the PV based DVR for voltage
sag, voltage swell and outage mitigation on low voltage single
phase distribution system is shown in Fig. 8. A 3 KVA, 230/
230V transformer is used for connecting the DVR to the network.
The proposed DVR model is simulated by MATLAB simulink to
compensate voltage sag, voltage swell and outages at the source
side.

The simulation parameters are shown in Table 5.

The total simulation period is 1 s. Using the facilities available
in MATLAB the DVR is simulated to be in operation only when the
supply voltage differs from its nominal value. Otherwise, the DVR
will act as online ups when the PV array output is greater than
6V. It reduces the energy consumption from the utility grid.
When the PV array generates more power than the load demand,
the excess power is stored in the battery. Therefore, during the no
injection period, the generated power in the PV array charges the
batteries. During the night time, the output voltage of the PV ar-
ray is too low. At that time, the batteries are charged by the
supply.

A programmable three phase voltage source is used to pro-
vide the single phase variable voltage at the source end. The first
simulation contains no DVR, a reduced voltage (184 V) is applied,
during the period 0.1s to 0.2s, a raised voltage (276V) is
applied, during the period 0.7 s to 0.8 s and zero voltage (0V)
is applied, during the period 0.3s to 0.6s, as presented in
Fig. 9a. The voltage sag and swell at the source point is 30%

D; i3
p—

G

Fig. 7. High step up DC-DC converter.
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Fig. 8. Simulation model of proposed PV based DVR with PI controller.

and 20% with respect to the reference voltage. The injected
voltage, load voltage and load current of the DVR are shown in
Fig. 9b-d.

The PV array consists of 9 PV cells, all connected in series to
have a desired voltage output. Depending on the load power re-
quired, the number of parallel branches can be increased to 9 or
more [22]. Usually the PV array with boost converter provides
increased output voltage with more ripples. However in the
proposed method, the presence of LC filter and batteries in the
output of the low step up dc-dc converter reduces the ripple
and increases the stability of the DC source. Fig. 10a and b
shows the PV array voltage without and with boost converter,
respectively.

Fig. 11 shows typical characteristics of a PV module with
different values of irradiation level with constant temperature
(40 °C). The product of the current and voltage represents the
output power of the PV array. The maximum power produced
by the module is reached at a point on the characteristics
where the product of voltage and current is maximum. Two
lead acid batteries with 12V, 88 Ah are connected in series is
used to obtain 24 V. The battery parameters are shown in Ta-
ble 6 [23].

Table 5

Simulation parameters.
Parameters Values
Load resistance, R, (Q) 20
Load inductance (mH) 10
Source voltage (V) 230
Load voltage (V) 230
Rated load current (A) 10

The high power boost converter specifications are:

1) Input DC voltage Vi, =24 V.

2) Output DC voltage V,=230V.

3) Maximum output power = 4 KW.

4) Switching frequency = 25 kHz.

(5) Ly, =48 pH, L, = 0.25 pH.

(6) C;=3.151 uF/100V, G, = C3 = 1.062 pF/200 V and Co = 500 p1F/
450V.

—~ o~ o~ —~

Fig. 12 shows the output voltage of the high power boost con-
verter. The converter is operated in continuous conduction mode
(CCM). The steady state analysis of the high step up DC-DC con-
verter is presented in [18]. Under the full load operating condition
Vin=24V, V=230V and P, = 2.3 KW. A control circuit is incorpo-
rated with the proposed converter to regulate the output voltage at
230 V.

6. Conclusion

The design of a dynamic voltage restorer (DVR) which incorpo-
rates a PV array module with low and high power boost converters
as a DC voltage source to mitigate voltage sags, swells and outages
in low voltage single phase distribution systems has been pre-
sented. The modeling and simulation of the proposed PV based
DVR using MATLAB simulink has been presented. The PI controller
utilizes the error signal from the comparator to trigger the
switches of an inverter using a sinusoidal PWM scheme. The pro-
posed DVR utilizes the energy drawn from the PV array and the
utility source during normal operation and stored in batteries
and which is converted to an adjustable single phase ac voltage
for mitigation of voltage sag, swell and outage. The simulation re-
sult shows that the PV based DVR performance is satisfactory in
mitigating the voltage variations.
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Fig. 11. P-V characteristic of a PV module with different values of irradiance.

Fig. 9. Supply voltage, injected voltage, load voltage and load current. (a) Supply
L Table 6
voltage, (b) injected voltage, (c) load voltage, and (d) load current.
Battery parameters.

. . Parameters Values
The proposed DVR is operated in: Nominal voltage (V) 2
. . Nominal capacity (Ah) 88
o Standby mode, where the PV array voltage is zero and the inver- Nominal power (W) 360
ter is not active in the circuit to keep the voltage to its nominal Internal resistance () 0.00136
value. Nominal discharge current (A) 17.6
o Active mode, where the DVR senses the sag, swell and outage.
DVR reacts fast to inject the required single phase compensa- 100 . ; , 5
tion voltages.
e Bypass mode, where DVR is disconnected and bypassed in case
of maintenance and repair. > 200 i
e Power saver mode, when the PV array with low power dc-dc 5
converter voltage is enough to handle the load. = 100 _
S
Further work will include a comparison with laboratory

experiments on a low voltage DVR in order to compare simula- 00 0‘I2 0.]4 0I6 08 1
tion and experimental results. The dynamic performance of Time (Sec)
the DVR and multiple functions of DVR require further

investigation. Fig. 12. Output voltage of the high step up DC-DC converter.
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