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a b s t r a c t

This paper deals with a model of photovoltaic (PV) array or battery operated DC/DC boost converter fed
three-leg VSC (Voltage Source converter) with star delta transformer for power quality improvement. A
synchronous reference frame theory is proposed for three-phase four-wire DSTATCOM (Distribution Sta-
tic Compensator) which includes voltage source converter and a dc link capacitor. The proposed DSTAT-
COM provides reactive power compensation, source harmonic reduction and neutral current
compensation at the point of common coupling (PCC). The PV array or battery operated boost converter
is used to step up the voltage to match the DC link requirement of the three-leg VSC. The main advantage
of this proposed approach is that, it will provide continuous compensation for the whole day. The star/
delta transformer provides isolation to the VSC and path to the zero sequence fundamental as well as har-
monics neutral current. To derive the reference current in order to generate the firing pulse to the VSC,
the overall system is designed, developed and validated by using MATLAB–SIMULINK environment.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction quality problems in the current, voltage and both current and volt-
In recent years many researchers have focused on renewable
energy source based power quality improvement in the power dis-
tribution system because of widespread use of non-linear elec-
tronic loads [1,2]. There are different types of microsources
which include photovoltaic cell, fuel cell and wind power [3–9].
However, fuel cell and photovoltaic cell are low voltage sources
to provide enough DC voltage to obtain the AC voltage. The photo-
voltaic (PV) cell only has the facility to connect it in series to pro-
vide the necessary dc voltage. The power generated from the PV
array needs power conditioning (i.e., DC/DC (or) DC/AC) before
connecting it to the dc link [10–12]. Thus the DC/DC boost con-
verter is mainly employed to increase the low PV voltage to high
voltage level.

Three-phase four-wire distribution systems are facing severe
power quality problems due to different non-linear loads and un-
planned expansions of the distribution system. The power quality
problems include harmonic currents, high reactive power burden,
load unbalance, and excessive neutral current etc. [13]. The group
of controllers used in the distribution system is known as Custom
Power Devices (CPDs) and it provides solution to the power quality
problems. The CPD consisting of Distribution Static Compensator
(DSTATCOM), Dynamic Voltage Restorer (DVR) and Unified Power
Quality Conditioner (UPQC) are used for compensating the power
ll rights reserved.
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age respectively.
Most of the commercial and industrial loads possess non-linear

characteristics. Examples are computer loads, lighting ballasts,
switched mode power supply, motor drive applications etc. These
lead to harmonics in the supply current as well as excessive neutral
current. The zero sequence neutral current gets a path through the
neutral conductor. The neutral current mainly consists of third har-
monics current [14]. The unbalanced single-phase loads result in
high neutral current. Different mitigation solutions for these power
quality problems are SVC, STATCOM etc. The SVC used at transmis-
sion level with limited bandwidth and higher values of passive ele-
ments increase its size and losses, slows the response and make
them inapt. Similarly, STATCOM can also provide reactive power
compensation and voltage support only at the transmission level.
But the DSTATCOM has the capacity to overcome the above
drawbacks with faster response which can be employed at the dis-
tribution side [15]. The different topologies of DSTATCOM for
three-phase four-wire system for the mitigation of reactive power
compensation, harmonic reduction in the source current, neutral
current compensation and load balancing, are four-leg Voltage
Source Converter (VSC), three single phase VSC, three-leg VSC with
split capacitor [14] and three-leg VSC with neutral terminal
positive or negative of dc bus [16]. Among the different control
techniques applied to the three-phase four-wire compensators,
the synchronous reference frame theory technique is suitable for
the control of DSTATCOM [17].

The main aim of this paper is to maintain the dc link voltage of
the three-leg VSC to provide continuous compensation. The
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Fig. 2. (a) Star/delta transformer windings. (b) Phasor diagram.

Fig. 3. Equivalent electrical circuit of PV cell.
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purpose of photovoltaic (PV) array is to drive the boost converter to
step-up the voltage and maintain the dc link voltage. When contin-
uous compensation is required, the PV array is connected to the
boost converter in the day time and during the night time battery
acts as a dc source for the boost converter. When excess power is
available or compensation is not required the PV array charges
the battery. The boost converter presented in this paper utilizes a
pulse width modulation technique. By using this technique the
boost converter draws constant power from the source. This paper
does not discuss the maximum power point algorithm. The three-
leg VSC utilizing fast switching insulated gate bipolar transistor
(IGBT) with a dc bus capacitor is mainly employed for the required
compensation. The star/delta transformer is used to mitigate the
neutral current by providing a circulating path in the delta con-
nected secondary winding [18] and the DSTATCOM is connected
in shunt with the load with an isolation transformer [19].

2. Design of DSTATCOM and star/delta transformer

The power circuit of boost converter fed three-leg VSC with
star/delta transformer is connected to point of common coupling
(PCC) with nonlinear load is shown in Fig. 1. The VSC consists of
insulated-gate bipolar transistors (IGBTs), inductors and dc capac-
itors. The value of the dc bus voltage of VSC based DSTATCOM
mainly depends on the instantaneous energy available to the
DSTATCOM [20]. The dc bus voltage is calculated as follows:

Vdc ¼
2
ffiffiffi
2
p

VLLffiffiffi
3
p

m
ð1Þ

where m is the modulation index considered as 1 and VLL the line to
line voltage. Thus Vdc is obtained as 677.69 V for VLL of 415 V and it
is selected as 680 V.

The value of dc capacitor (Cdc) of VSC based DSTATCOM depends
on the instantaneous energy available to the DSTATCOM during
transients [20]. The dc capacitor is calculated as follows:

1
2

Cdc V2
dc

� �
� V2

dc

� �h i
¼ 3VðaIÞt ð2Þ
Fig. 1. Schematics of proposed renewable based
where Vdc is the reference dc voltage and Vdc1 the minimum voltage
level of dc bus, a the overloading factor, V the phase voltage, I the
phase current, and t the time by which the dc bus voltage is to be
recovered. Considering Vdc = 680 V, Vdc1 = 670 V, V ¼ 415=

ffiffiffi
3
p
¼

239:6 V, I = 58.13 A, t = 350 ls and a = 1.2, the calculated value of
Cdc is 2600 lF. So Cdc the chosen to be 3000 lF.

Fig. 2a and b shows the connection and the voltage phasor dia-
gram of star/delta transformer. The current rating of the trans-
former is based on circulating current io, in case of any zero
sequence current and the compensation current provided by the
VSC. The primary winding voltage of 240 V is selected for star/delta
transformer when the line to line voltage is 415 V. The secondary
line voltage is chosen for the same current to flow in the windings
and the voltage ratio of the transformer is 1:1. A ripple filter is used
for reducing the ripple voltage due to switching current of the VSC
at the point of common coupling (PCC).
three-leg VSC with star/delta transformer.



Fig. 4. Solar irradiance and cell temperature.

Table 1
Parameters of Sanyo HIT-240HDE4 solar panel.

Parameters Symbol Typical value

Rated maximum power Pmp 240 W
Open circuit voltage Voc 43.6
Short circuit current Isc 7.37
Rated voltage V 35.5
Rated current I 6.77
Short circuit temperature coefficient KI 2.21 mA/�C
Open circuit temperature coefficient KV 1.0.109 V/�C
Number of cells – 6 � 10
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3. Modeling of photovoltaic array

The PV array is a group of several modules connected in series
to obtain a required current and voltage. The theory of photovoltaic
cell is the photovoltaic effect of the semiconductor material. The
equivalent electrical circuit of the PV cell is shown in Fig. 3. Due
to the sudden changes in weather conditions, the external influ-
ences like solar irradiation level and the cell operating temperature
will change with time as shown in Fig. 4. In India, next to the states
Rajasthan and Gujarat, Tamilnadu receives about 5.35 Kwh/sq m/
day and this is the third largest amount of solar radiation in India.
The solar radiation level in Tamilnadu is shown in Fig. 5. The solar
arrays are built up with combined series/parallel combination of
solar cells inorder to maintain the I–V characteristics.
Fig. 5. Solar radiation level in Tamilnad
To model the PV module in MATLAB–SIMULINK, the parameters
are obtained from SANYO-240HDE4 datasheet at solar irradiance of
1000 W/m2 and temperature of 25 �C are shown in Table 1. The PV
module having 60 Heterojunction with Intrinsic Thin Layer (HIT)
silicon cell are connected to obtain a desired voltage of 36 V. This
solar cell has an advantage to generate more energy than conven-
tional crystal solar cells [21]. The I–V characteristics of PV module
at variable solar irradiance with constant temperature of 25 �C and
variable temperature with constant solar irradiance of 1000 W/m2

are shown in Fig. 6. The PV model is developed using basic equa-
tions of photovoltaic cells including the effects of temperature
and solar irradiation [22–24]. The diode current and load current
equations are given by the following relations,

Id ¼ Isat e
QVoc
AkT � 1

� �
ð3Þ

I ¼ IL � Isat e
QVoc
AkT � 1

� �
� Voc

Rsh
ð4Þ

The maximum photovoltaic voltage is obtained under open cir-
cuit condition (i.e), when I = 0 and is given by

Voc ¼
AkT
Q

logn
IL

Isat
þ 1

� �
ð5Þ

where Isat is the saturation current of the diode (10�4 A), Q the elec-
tron charge (1.602 � 10�19 Coulomb), A the curve fitting constant, K
the Boltzmann constant (1.38 � 10�23 J/K), T the operating temper-
ature in absolute scale (40 �C), IL the photovoltaic current in
Ampere, Voc the open circuit voltage and Rsh the shunt resistance
(200–300 O).

The operation of the proposed DSTATCOM has been divided into
three modes. The modes are (i) day time excess power mode, (ii)
day time mode, (iii) night time mode.
u (January 2011–December 2011).



Fig. 6. I–V characteristics of SANYO-240HDE4 PV Module.

Fig. 7. Topology of PV or battery operated boost converter.
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i. Day time excess power mode. In this mode, the output voltage
of the PV array drives the boost converter based DSTATCOM
for compensating the source as well as charges the 36 V
battery.

ii. Day time mode. When continuous compensation is required,
if the PV output voltage is equal to the requirement of the
boost converter input, the PV array can directly connect to
the boost converter so as to step-up the voltage and match
the dc link voltage of the three-leg VSC. In this mode, the
battery is not charged.

iii. Night time mode. In this mode, PV output is absent and only
the battery supplies the boost converter for providing com-
pensation at the night time.

4. Control of DC link voltage with boost converter

The boost converter is used to step up the input voltage to ob-
tain a desired output voltage. The PV array or battery operated
boost converter is shown in Fig. 7. The circuit operation is divided
into two modes. In mode 1, when the switch is in on condition the
input current supplies energy to the inductor for a period Ton. Sim-
ilarly in mode 2, when the switch is off, the inductor voltage adds
to the source voltage and current is forced to flow through diode D
and the load for a period Toff. The PV or battery voltage of 36 V is
fed to the boost converter and the output voltage of the boost con-
verter of 676 V is obtained to maintain the dc link voltage of the
three-leg voltage source converter. In order to step-up the voltage,
a switching frequency of 25 kHz is considered and the inductor va-
lue of 0.0191 mH is calculated [25,26]. The capacitor C of 3000 lF is
chosen as per Eq. (2). The output voltage Vout is greater than the in-
put Voltage Vin and the output equation is shown in the following
equation.

Vout

V in
¼ 1

1� D
where Vout ¼ Vdc; V in ¼ V and D ¼ Ton

Ton þ Toff
ð6Þ

where V is the PV or battery voltage, D the duty cycle, Ton the on time,
and Toff the off time.

5. Control of DSTATCOM

There are many control algorithms available for the generation
of reference source currents for the control of proposed DSTATCOM
in the literature viz. synchronous reference frame theory, instanta-
neous reactive power theory (p–q theory), power balance theory
etc. [17,27,28]. The synchronous reference frame theory is found
suitable for the control of VSC. A block diagram of the controlling
algorithm is shown in Fig. 8.

The feedback signals are sensed from the load currents, PCC
voltages and dc bus voltages of DSTATCOM. The load currents from
the a–b–c frame are first converted to a–b–0 frame and then to d–
q–0 frame using the following equation,

id
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A three phase PLL (phase locked loop) is used to synchronize
these signals with the PCC voltage. The dc component of id and iq
are obtained by passing a d–q–0 current component through the
low pass filter. The input of first PI (Proportional Integral) control-
ler is the error between the reference dc bus voltage V�dc

� �
and the

sensed dc bus voltage (Vdc) of DSTATCOM. The output of PI control-
ler is the loss component of the current (iloss).

ilossðnÞ ¼ ilossðn�1Þ þ kpdðVdeðnÞ � Vdeðn�1ÞÞ þ K idvdeðnÞ ð8Þ

where Vde(n) is the error between reference and sensed dc voltage at
the nth sampling instant. Kpd and Kid are the proportional and inte-
gral gains of the dc bus voltage PI controller. Therefore the reference
source current is,

i�d ¼ iddc þ iloss ð9Þ

Similarly, the amplitude of actual PCC voltage and its reference
value are fed to another PI controller for regulating the PCC voltage.
The output of the PI controller is added to the dc component of iq
because this is a quadrature component of current for regulating
the ac voltage.

iqrðnÞ ¼ iqrðn�1Þ þ KpqðV teðnÞ � V teðn�1ÞÞ þ K iqv teðnÞ ð10Þ

where Vde(n) is the error between reference V�s
� �

and sensed
supply voltage (Vs(n)) amplitude at the nth sampling instant. The



Fig. 8. Control algorithm of three leg VSC.

Fig. 9a. Performance of source voltage and source current without compensation.
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proportional and integral gains of the PCC voltage PI controller are
Kpq and Kiq. The reference supply quadrature axis current is,
i�q ¼ iqdc þ iqr ð11Þ



Fig. 9b. Performance of phase A load current with its spectrum without compensation.

Fig. 9c. Source current after compensation.

Fig. 9d. Source current for phase A with its spectrum after compensation.
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Fig. 9e. Source neutral current after compensation.

Fig. 9f. Capacitor voltage after compensation.

Table 2
Source current total harmonic distortion (THD) for boost converter fed three-leg VSC.

THD in all three phases Three-leg VSC based DSTATCOM with diode bridge
rectifier

Without compensation With compensation

THD of phase A 27.59 5.38
THD of phase B 27.60 5.65
THD of phase C 27.60 5.82
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By using reverse Park’s transformation, the resultant d–q–0 cur-
rents are again converted back to reference source currents. The ref-
erence currents in all the three phases i�sa; i

�
sb; i

�
sc

� �
are used for

generating the gate pulses for three-leg VSC based DSTACOM. A
PWM current controller is used for generating the gating signals
for the IGBT’s in VSC by using the reference and sensed source
currents.
6. Results and discussion

The boost converter fed three-leg VSC with the star/delta trans-
former based DSTATCOM in a three-phase four-wire system which
is modeled and simulated by using the MATLAB with its SIMULINK
environment and PSB toolboxes. The electrical power system under
nonlinear load condition for source voltage and source current
without compensation is shown in Fig. 9a. The source current for
phase A and its harmonic spectrum without compensation is
shown in Fig. 9b. At 0.3 s, the load is changed to two phase load
and also the load currents are made zero between 0.4 s and 0.5 s.
These loads are applied again at 0.5 s respectively. The source cur-
rent is still sinusoidal even when the load in a phase is zero as
shown in Fig. 9c. It is observed from the waveform that the har-
monic current is compensated and source current is made sinusoi-
dal. The source current for phase A and its harmonic spectrum after
compensation is shown in Fig. 9d and the source neutral current is
shown in Fig. 9e. The capacitor voltage waveform after compensa-
tion is shown in Fig. 9f. The electrical power system data used for
simulation is given in Appendix A. The parameter of the photovol-
taic system is given in Table 1. The total harmonic distortion for the
proposed DSTATCOM is given in Table 2.

7. Conclusion

The performance of three-phase four-wire DSTATCOM consist-
ing of PV or battery operated boost converter fed three-leg VSC
with a star/delta transformer is extensively simulated in MAT-
LAB/SIMULINK software. A synchronous reference frame method
has been presented in the paper for reactive power compensation,
source harmonic reduction, and neutral current compensation. The
boost converter is used to step up the voltage so as to match the dc
link voltage of the three-leg VSC and the star/delta transformer has
compensated the neutral current. It is observed that the THD (Total
Harmonic Distortion) of the source current for phase A is reduced
from 27.59 to 5.38.

Appendix A

3-phase AC line voltage: 415 V, 50 Hz.
Line impedance: Rs = 0.01 X, Ls = 2 mH per phase.
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Non-linear load: Three phase bridge rectifier with RL.
Ripple filter: Rf = 5 X, Cf = 5 lF.
AC inductor: 3.3 mH.
DC bus capacitor of DSTATCOM, Cdc: 3000 lF.
DC bus voltage of DSTATCOM: 680 V.
DC voltage PI controller: Kpd = 0.2, Kid = 1.
PCC voltage PI controller: Kpq = 0.01, Kiq = 2.
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