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Abstract: In this paper, a three-phase three-wire Distribution STATic COMpensator (DSTATCOM) which is fed by
Photovoltaic (PV) array or battery operated DC-DC boost converter is proposed for power quality improvement in the
distribution system. The proposed DSTATCOM consists of a three-leg Voltage Source Converter (VSC) with a DC bus
capacitor. The PV array or battery operated boost converter is proposed to maintain the DC link voltage of the DC bus
capacitor for continuous compensation for the load. The control of DSTATCOM is achieved by using Icos® controlling
algorithm which is used to generate the reference currents. The switching of VSC will occur by comparing the source
current with the reference current using Hysteresis based Pulse Width Modulation (PWM) current controller. The
performance of the DSTATCOM s validated using MATLAB software with its simulink and Power System Blockset
(PSB) toolboxes.
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1. Introduction

Electricity is a convenient form of energy for
lightning, heating, cooling and also produces motive
power for various types of loads and power for a
number of applications. Hence, the annual
consumption of electricity has been increasing rapidly
throughout the world. Thus, the increased usage of
electricity in the modern day world challenges the
economic co-operations of a power system with a
greater focus on power quality [1-3]. Many researchers
have focused on renewable energy source based power
quality improvement in the power distribution system
[4-5]. Power quality has caused a great concern to
electric utilities with the growing use of sensitive and
susceptive electronic and computing equipment such as
personal computers, computer-aided design
workstations, fax machines, uninterruptible power
supplies, printers, etc. and other nonlinear loads such as
fluorescent lighting, adjustable speed drives, heating
and lighting control etc. Hence, in the deregulated
power market, the power quality is becoming a major
issue for the competing power distribution utilities.
These nonlinear loads of switching converters and
other power electronic devices create major power
problem in the distribution system which tends to
power quality problem. The various power electronic
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based devices called custom power devices used to mitigate
the power quality problems have been proposed in the
literature survey [6-7]. Among these, DSTATCOM is the
most effective device [8-9].

The Distribution STATic COMpensator (DSTATCOM)
is one of the shunt connected custom power device which
injects current through the interface inductor at the Point of
Common Coupling (PCC) so that the reactive power
compensation, source current harmonic reduction and load
current compensation can be achieved. The different
topologies of DSTATCOM are reported in the literature
such as a 4-leg VSC (Voltage Source Converter), three
single phase VSC and 3-leg VSC with split capacitor
DSTATCOM [10-11] etc. The proposed DSTATCOM
consists of three-leg VSC with a dc bus capacitor. The
operation of VSC is supported by a DC bus capacitor with
proper dc voltage across it. For controlling DSTATCOM,
and hence to generate the reference currents there are
number of controllers reported in the literature survey such
as instantaneous reactive power theory, adaptive neural
network, synchronous frame theory and power balance
theory [12-18]. All the above mentioned algorithms have
slow response. Here, the Icos® controlling algorithm is
proposed for generating the reference currents [19-20].
Since, after tracking the reference currents with the help of
controller and by comparing it with source currents, the
switching of VSC will occur and hence cancel out the
disturbances caused by the nonlinear loads.
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Figure 1. Circuit diagram

In this paper, the Photo Voltaic (PV) module or battery
with boost converter is connected to the dc bus capacitor
of VSC which is used to provide the desired voltage
across the dc bus for providing continuous reactive power
compensation, source harmonic reduction and load
compensation throughout the day. The proposed system is
simulated under MATLAB environment using
SIMULINK and simpowersystem tool boxes.

2. System Configuration

Figure 1 shows the basic circuit diagram of the three-
phase three-wire system which is used to feed the
nonlinear load continuously. The nature of the nonlinear
load is to cause distortion in the current. After connecting
the nonlinear load, suddenly there will be a distortion in
the distribution system. In order to eliminate these
distortions, the control of DSTATCOM is achieved by
using the Icos® algorithm. The load currents, source
voltages and the dc bus voltage are given as an input to
the Icos® controlling algorithm. The controlling
algorithm is used to generate the reference currents. Then
the Hysteresis based PWM current controller compares
the reference and source currents and gives a switching
pulse to the DSTATCOM. The DSTATCOM consists of
six Insulated Gate Bipolar Transistor's (IGBT) with
antiparallel diode based three-leg VSC connected in shunt
with the dc bus capacitor. The PV module with the DC-
DC boost converter is connected with the dc bus
capacitor, which is used to give a desired voltage across

P

Ve ipa i g

of proposed DSTATCOM

the capacitor for continuous compensation. According to
the gate pulse given, the switching of VSC will occur
which injects a currents at the PCC through the interface
inductor L,.

3. Photovoltaic Module

Photovoltaic (PV) is one of the major power sources,
becoming more affordable and reliable than utilities [21-
22]. Photovoltaic is the method of converting solar
radiation into direct current electricity which generates an
electric power by using semiconductors that exhibit the
photovoltaic effect. PV module is a connected assembly
of photovoltaic cells. Hence, it will be connected in
parallel to produce high current and in series to produce
high voltage. Figure 2 shows the equivalent circuit of a
PV cell. It consists of a current source in parallel with a
diode which represents the nonlinear impedance of the pn
junction and also a small series and a high parallel
intrinsic resistance. The output current of the solar cell

can be represented as,
V+ IR
B 1) - ( Rp ) &)

q (V+IRg)
e  AKT

I = Iph = ILsqt (
where,
I = Output current of solar cell

Io;n = Photocurrent
. = Saturation current of the diode (10™*A)
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q = Electron charge (1.6 x 10 °C)

V = Voltage on the load

R = Series intrinsic resistance

R, = Parallel intrinsic resistance

k = Boltzman’s constant (1.38 x 10% J/K)
T = Cell temperature (K)

A = Ideality factor
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Figure 2. Equivalent circuit of a PV cell

To model the PV module in MATLAB-SIMULINK,
the parameters are obtained from SHANSHAN ULICA
UL-175D photovoltaic module. The solar irradiance (G)
and temperature (T) were taken as standard test
conditions which are 1000 Watt/m* and 25°C
respectively. The parameters to model the PV module is
shown in Table 1.

Table 1. Parameters of Solar Panel

Parameters Typical Value
Maximum Power (Ppax) 175 W
Voltage at Pmax (Vimp) 3BV
Current at Pmax (Iyp) 4.86 A
Short circuit current (Is) 52A
Open-circuit voltage (Voc) 43.6 V
Maximum System Voltage 1000 V
Temp. Co-efficient of (Iy) 0.03% /°C
Temp. Co-efficient of (V,) -0.34% /°C

The proposed DSTATCOM has three operating
modes. They are day time excess power mode, day time
mode, night time mode. In day time excess power mode,
the voltage from the PV panel is used to charge the
battery as well as it also passes through the boost
converter to maintain the desired voltage across the dc
bus capacitor for continuous compensation to the load. In
day time mode, the battery is not charged and the PV
output voltage is equal to the requirement of the boost
converter input to match the dc link voltage of the three-
leg VSC. In night time mode, the stored energy in the
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battery will be passed through the boost converter to
maintain the dc bus capacitor voltage.

4. Control of DC Capacitor Voltage with
Boost Converter

Boost converter also called as high efficiency step-up
converter which has an output DC voltage greater than its
input DC voltage. It consists of two semiconductor
switches and one storage element [23-24]. Figure 3 shows
the circuit diagram of a boost converter. When the switch
is closed, the inductor gets charged by the PV or battery
and stores the energy. The diode blocks the current
flowing, so that the load current remains constant which
is being supplied due to the discharging of the capacitor.
When the switch is open the diode conducts and the
energy stored in the inductor discharges and charges the
capacitor. Therefore, the load current remains constant
throughout the operation.

L D
550\ H

-0

Figure 3. Circuit diagram of a boost converter

The output voltage of the boost converter can be written
as,

o =i () @
where,

Vi, V, - Input Voltage and Output Voltage

D - Duty Cycle, D = —Ton
Ton+ Toff

Ton  -Ontime

T - Off time

The boost converter which is used to maintain the
constant output voltage for all the conditions of
temperature and variations in solar irradiance. The input
to the boost converter is 35V and the boosted output
voltage will be 670V. The switching frequency is chosen
to 25 KHz. The inductor and capacitor used in the boost
converter is 0.0191 mH and 7000 pF.
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Figure 4. Block diagram of Icos® controlling algorithm

5. Proposed ICos® Algorithm

The block diagram of Icos® controlling algorithm is
shown in Figure 4. It is used to extract the reference
currents [25-26]. The Icos® algorithm is used for
controlling the DSTATCOM for reactive power
compensation and source current harmonic reduction. The
source currents (ig4, igp and i), the load currents
(iLq,iLp and i;.), the ac terminal voltages (v,, vy, v.) and
the dc bus voltage (V;.) are sensed. The Icos®
controlling algorithm is used to generate only the active
component of the load currents i.e. ICcos® (where 1 =
amplitude of fundamental load current and @ =
displacement angle of load current). Hence by combining
the in-phase and quadrature component, the reference
current can be generated.

The three-phase harmonic-rich load currents can be
expressed as,

I = Ylign sin(nwt — @4,) (forn = 0,1 to ) (3)
Iy = Xlpn sin(nwt — @y,) (forn = 0,1to ) (4)

Ie = Xl sin(nwt — @) (for n = 0,1 to ) (5)

where,

lL@aogn = amplitude of n™ harmonic current in a, b and ¢
phases

D(aneyn = phase angle of n™ harmonic current in a, b and ¢
phases

IL@bey = load currentina, b and c phases

5.1. In-Phase Component of Reference Source current

The amplitude of active power component of
fundamental load currents are given as,

ILapl = |Iyq1] cos @gy = [Real (I141)] (6)
Iippr = [Ip1l cos @y = |Real (I1p1)] (7
Ichl = |lye1| cos @y = |Real (Icq)l (8)

Hence, the amplitude of active power component of
fundamental load current is extracted at zero crossing of
the unit template in-phase with PCC voltages.

For a balanced source current, the magnitude of active
component of reference source currents can be given as,

Iy = {|1La1| cos g1 +|ppl ;054’1;1 +Ic1l cos ‘1>c1} + Iy (9)

where,

lsmg = output of the dc bus voltage PI controller of the
VSC

The error in dc bus voltage of VSC at n" sampling instant
is given as,
Vdce(n) = Vdcr(n) - Vdc(n) (10)

Ve ny = reference dc bus voltage
Ve = dc link voltage of the VSC
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The output of the PI controller for maintaining dc bus
voltage of the VVSC at the n" sampling instant is given as,

Ismd(n) = Ismd(n—l) + Kpd{Vdce(n)_ Vdce(n—l)} + Kid (11)

where,

Ko and Kig = Proportional and integral gain
constants of the dc bus voltage

Vice ) @nd Ve gy = Voltage errors in n" and (n-1)"

instant

The amplitude of the three-phase voltage is given as,

1

V. = {G) w2 + v + vcz)}z (12)

The unit vector in phase with (v,, v, and v,)are derived
as,

Va Vb _ Y

u, = —: = —'"Uu,. =
a vl P | Vi

(13)

In-phase component of reference source currents are

estimated as,

lsaa = Isala; ispa = Isalp ; Uscq = Isalc (14)

5.2. Quadrature Component of Reference Source
Currents

The unit vectors (w,,wy, and w,) in quadrature with
(v, vp and v,) can be calculated using the in-phase unit
vectors (ug, u, and u,) given as,

— _% , U

we=-5E+ 5 (15)
_ @ (up—uc)

wp =—— + G (16)
_ _@ (up—uc)

w, = . v an

The amplitudes of reactive power components of
fundamental load currents are given as,

1Laq1 = |ILa1| sin®@qy = |Imag (I1q1)| (18)
Iy = lIip1] sin®py = |[Imag (Ip)] (29)
1ch1 = |lye1| sin®@gy = |Imag (Ipc1)l (20)

Thus, the amplitude of reactive power component of
fundamental load current is extracted at zero crossing of
the unit template quadrature phase of PCC voltages. For
balanced source currents, the magnitude of reactive
component of reference source currents can be given as,

I = {_ |ILa1| Sin @ gy +|Ipp1| SinPpy +|Ipcq| sin Py
sq =

- J+ lomg  (21)
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where,

lsmg = output of the ac terminal voltage PI controller of
the VSC

The error in amplitude of ac terminal voltage at n®

sampling instant is given as,

Viemy = Vory — Ve (22)

where,

Vir (n) = reference ac terminal voltage
Vi@ = three-phase ac terminal voltage

The output of the PI controller for maintaining the
amplitude of ac terminal voltage at the n™ sampling
instant is given as,

Ismq(n) = Ismq(n—l) + Kpa{Vte(n) - Vte(n—l)} + Kithe(n) (23)
where,

Kpa and Kia = proportional and integral gain
constants of the ac terminal voltage

Viey@nd Vienyy = voltage errors in n™ and (n-1)" instant

The quadrature component of reference source currents
are estimated as,

i;aq = Iqua; i;bq = Iqub ’ i;cq = Iquc (24)
5.3. Reference Source Currents
The reference source currents can be extracted by the

sum of in-phase and quadrature components of the
reference source currents and it is given as,

isq = i;aq + i5qq (25)
isp = lspg + lspa (26)
isc = i;cq + lsca (27)

Thus, these reference source currents

(i34, iy and iy, ) are compared with the source currents
(i ispand iz.) in hysteresis based PWM current
controller for generating gate signals for IGBT switches
of VSC based DSTATCOM.

6. Simulation Results and Discussion

The analysis of PV or battery interfaced to boost
converter operated DSTATCOM for a three-phase three-
wire system has been done using MATLAB software
using SIMULINK and Power System Blockset (PSB)
toolboxes and hence the performance has been shown.
The source current without compensation and injected
current waveform is shown in Figure 5. The source
current waveform is shown in Figure 6.
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Figure 5. Source current without compensation and Injected
current waveform with Icos® controlling algorithm
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Figure 6. Source current waveform with Icos® controlling
algorithm
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Figure 7. Phase A Current harmonics and its THD
waveform for without and with controlling algorithm
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The Phase A current harmonics and its THD
waveform for without and with Icos® controller is shown
in Figure 7. The active power waveform for Icos®
controller is shown in Figure 8. The reactive power
waveform for Icos® controller is shown in Figure 9. The
DC bus capacitor voltage waveform is shown in Figure
10.
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Figure 10. DC bus capacitor voltage

Table 2. Comparison of THD values of DSTATCOM before
and after compensation

Before After
Phases . .
compensation compensation
Phase A 23.98 2.25
Phase B 23.98 2.21
Phase C 23.98 2.25

7. Conclusion

The simulation of the Photovoltaic (PV) array or
battery operated DC-DC boost converter fed three-leg
VSC based DSTATCOM has been carried out for reactive
power compensation, source harmonic reduction and load
current compensation in the distribution system. The
DSTATCOM was controlled by Icos® algorithm. The
boost converter is used to step up the voltage so as to
match the dc link voltage of the three-leg VSC based
DSTATCOM for continuous compensation. The
comparison of THD values of DSTATCOM before and
after compensation is shown in Table 2. The THD value
is below the permissible limit of 5% (IEEE-519-1992).
The MATLAB software with its simulink and Power
System Blockset (PSB) toolboxes has been used to
validate the proposed system.

APPENDIX

AC line voltage: 415V, 50Hz

Non-linear load: Three phase bridge rectifier with R =
20Q

AC inductor: 2.5 mH

DC bus capacitance of DSTATCOM, Cgy: 7000 uF

DC bus voltage of DSTATCOM: 670 V

DC voltage PI controller: K,4=0.1, Kj;=1

PCC voltage PI controller: K, =0.1, Kjq =1
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