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Abstract-- This paper introduces an application of active power
filter (APF) in photovoltaic (PV) renewable energy system for
power quality (PQ) improvement. The PV energy system is
connected to Saudi Arabia National Grid (110/13.8/0.4 KV) via
inverter circuit, transmission line and step-up transformer. The
harmonics due to the inverter circuit and non-linear local load
are mitigated and reduced using shunt APF. Also the reactive
power and then the voltage regulation can be adapted and
adjusted using APF. Design of APF is presented. The system
under study is simulated using MATLAB/SIMULINK Software
Package. The APF structure and its control system is also
presented. The simulated system is subjected to loading
disturbances to study the effectiveness of APF. The digital results
prove the powerful of the APF in sensing of deceasing the total
harmonic distortion (THD) and fast voltage regulation.

Index Terms-- distributed generation, photovoltaic system,
active power filter, harmonics mitigation, power factor
correction, hysteresis band current controller and power quality.

I. INTRODUCTION

Connection of the traditional electrical utility networks
with renewable energy sources like PV, wind, diesel
engine, fuel cell etc., has bring a series of new challenges to
PQ. The major research topic in the power distribution system
is to improve the PQ [1]-[2]. The primary cause for poor PQ is
the arrival of power electronics based devices and non-linear
loads in both industrial/commercial sector and domestic
environment [3]. Effects of poor PQ like sag, swell distortion
in waveform, harmonics, reactive power generation has
affected both grid as well as utility sectors. Therefore,
efficient solutions for solving these pollution problems have
become highly critical.

Active and passive filters are used for mitigation,
elimination or reduction of these effects. Passive power filters
(PPF) have many disadvantages [4], such as their inability to
compensate random harmonic current variation; they are
designed only for a specific frequency and the possibility of
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resonance at point of common coupling (PCC), tuning
problems and filter overloading. The other drawback of PPFs
is that the sizes of required elements are bulky elements.

There are many research efforts to improve the efficiency
of the PV system. They aimed at the supplying grid with
active and reactive power, to reduce the harmonics in the
system, [5]-[11]. The PV system supply real power from PV
arrays to load and support reactive and harmonics power
simultaneously.

Nowadays APFs have become the most effective solution
to eliminate harmonic pollution in power systems and have
attracted much attention because of their advantages; (i)
Capability to compensate random varying currents. (ii) Good
controllability and fast response to system variations. (iii)
High control accuracy. So APFs appear to be a viable solution
for controlling harmonics-associated problems.

In operation, the APF injects compensation currents at
PCC into the AC lines equal but opposite direction distortion
as well as absorbing or generating reactive power, thereby
eliminate the unwanted harmonics and compensate for
reactive power of the connected load [12]. In this way, the
APF cancels out the harmonic currents and leaves the
fundamental current component to be provided by the power
system and improve the system power factor [13],
Furthermore shunt APF can keep the power system balanced
under the condition of the unbalanced and the nonlinear loads.
By this methodology harmonic suppression is possible within
permissible standards as defined by IEEE-519.

The application of APFs for mitigating harmonic currents
and compensating for reactive power of PV renewable energy
source feeding nonlinear load was presented in this paper.

Il. NONLINEAR LOADS AND HARMONIC DISTORTION

Nonlinear loads are mainly electronic equipment which has
a rectification stage like: computers, electronic ballasts, motor
drives, and light emitting diode lights, etc. Harmonic
distortion can shorten the life of the appliances by voltage
stress and increased heating of electrical insulation. The effect
of harmonics in distribution system lines increases losses and
generally degrades the quality of the supply.
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I1l. PV SYSTEM TOPOLOGY

The basic power scheme of the studied system is shown in
Fig. 1. A PV system is connected to a three phase utility grid
(Saudi Arabia National Grid, 110/13.8/0.4 KV) with shunt
APF interface and non-linear load. The PV system used to
generate power from the sun array and feeding to both grid
and local nonlinear load. The shunt APF used to enhance PQ
of the photovoltaic generation and hence the infinite bus grid.
So two current controlled voltage source inverters (VSI)
namely; PV inverter and APF inverter are connected to each
other in the system. The PV inverter used to convert DC
power to AC power and to properly ensure a power sharing of
the load demand under various irradiance levels between the
PV array and the grid. The APF inverter used to compensate
both the reactive power and harmonics, caused by the
nonlinear load at PCC of the AC mains. Hence APF inverter
reduce low-frequency ripple problem in the system, [14].

PV and APF inverters output power will follow the power
references. The instantaneous reactive power (IRP) p—q theory
is used for generating reference signals for control of power
inverters [15]-[19]. The calculation of active and reactive
components of modulating currents follows the method of
instantaneous power theory [15]. Hysteresis pulse width
modulation technique has been applied in the control
algorithm of both PV and APF inverters.
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Fig. 1. PV System with APF basic schematic diagram.

A. PV Module

A photovoltaic system converts sunlight into electricity.
The basic device of a photovoltaic system is the PV cell [20].
PV cells produce less than 3W at 0.5 to 0.6 Volts, so cells are
connected in series to produce enough power and grouped to
form PV modules or panels. Panels can be grouped to form
large photovoltaic arrays. The term array is usually employed
to describe a photovoltaic panel (with several cells connected
in series and/or parallel) or a group of panels. There are
different sizes of PV module commercially available.

The ideal solar cell can, theoretically, be modeled as a
current source in anti-parallel with a diode. The equivalent
circuit of a single diode PV cell [21] is depicted in Fig. 2. In
the ideal PV cell, series resistance (Rs =0, no series loss) and
shunt resistance (Rsh = infinite, no leakage to ground). The PV

cell terminal current (Ip) is equal to the light produced current
(Ipn), less the diode current (1) and the shunt leakage current
(or ground-shunt current, Ish). The series resistance (Rs)
represents the internal resistance to the current flow. The
shunt resistance (Rsh) is inversely related to leakage current to
the ground.
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Fig. 2. The electrical equivalent circuit model of PV cell

Applying Kirchhoff’s law [22] on the equivalent circuit in
Fig. 2. , the current produced by the solar cell can be
formulated as:

Vy+1pvR Vy+IpyR
1=~ 1| exp VotowRs) || (VoutipRs (1)
pvoopn e aKT/q Rsh

Where, 1y, is photo-current generated by the solar
irradiation to the p-n junction cell; |, is diode saturation
current; g is Coulomb constant (1.602x10* C); K is
Boltzmann’s constant (1.381x10= J/K); T is cell temperature
in °K; a is p-n junction ideality factor of the diode (1 for an
ideal diode); Rs and Rsh are series and shunt resistances of the
PV cell, respectively.

For PV array consisting of Ns series and N, parallel

connected PV modules, (1) becomes:
Vpy+I1pyR \% I pyR
I v=N, 1 1ph—lo| exp ( VT pv S) 1 —[ v pv s] (2)
NsVT Rsh
As the value of Ry, is very large, it has a negligible effect
on the I-V characteristics of PV cell or array. Thus (2) can be
simplified to:

Where, V7 is the thermal voltage of the array with N cells
connected in series, (V1= a.K.T/q). Cells connected in parallel
increase the PV current and cells connected in series provide
greater PV output voltages.

B. The Scheme of 3-Phase PV Grid-Connected Inverter

In grid connected inverter, the inverter is operated as a
voltage source or a current source. When the inverter is
operated as a voltage source, the grid-connection system can
be equivalent to parallel connection of two voltage sources. In
this mode, the output current injected into grid depends on the
grid voltage quality. If the grid voltage is distorted, the
exported output current is distorted. Therefore this scheme is



not a good choice for grid-connection system [23]. Current
controlled mode has been chosen for this work to operate the
inverter as a current source, because this minimizes the effect
of voltage harmonics on the output current and improves PQ.

Fig. 3. illustrates, the electrical diagram of power and
control stages of PV VSI connected to a grid (110/13.8/.4KV,
60Hz as an infinite bus network). The power loop is on top of
the control loop in order to explain the key of how to control
output current of the PV inverter. This is in addition to the
control of PV active and reactive powers.
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Fig. 3. Electrical diagram for PV inverter

The PV inverter is fed from a PV panel and connected to
the grid through inductor (Ly). The main target of the PV
inverter is to inject current from the PV panel at a power
factor within a certain range. The system in Fig. 3 composed
of a PV panel, input capacitor (Cy), three arms full bridge
inverter, each arm has two ideal semiconductor switches
(IGBTs) with a reverse diode in anti-parallel, coupling
inductor (Lyy, Ryy.), output current/voltage sensors and DC bus
voltage sensor.

Output voltage and frequency of PV VSI should be same as
that of grid voltage and frequency. So the grid synchronizing
angle (6) obtained from phase locked loop (PLL) control is
implemented to generate unity vector template.

C. Control of PV Grid-Connected Inverter

Power flow to and from the utility grid can only be
controlled through a current mode control scheme, because
the voltage is always dictated to the inverter by the grid. In
this paper, pulse width modulation voltage source inverter
(PWM-VSI) of the PV system uses a hysteresis current
control, also known as adaptive current control.

With this control, the PV VSI upper and lower IGBT
switches are turned on and off in such a way as to keep the PV
output currents tracking their references with a very small
amplitude error or phase delay. Using a bipolar switching
scheme, the PV VSI current can be controlled to the grid by
presenting either a positive or negative polarity of the PV DC
bus voltage to one side of the VSI side inductor. According to
the result di/ dt =V/L, the polarity of the voltage across the
inductor determines the direction of change in current
magnitude. The PV VSI at any instant can change this polarity

because the PV DC bus voltage always higher in magnitude
than the voltage presented by the grid. Thus, the PV inverter
can also dictate the direction of current change at any instant.
It is desired that the current through the PV interface inductor
(to and from the grid) stay as close to the defined set point as
possible. Tolerance band control uses this fundamental
behavior of current through inductors to make the actual
current ‘dance’ around the desired set point as illustrated in
next subsections.

This control scheme for PV is suitable for the injection of
both active and reactive power into a grid. It enables PV
inverter to absorb little active power from grid, regulate PV
VSI DC bus voltage within limits, and inject the required
reactive power. The positive effect of reactive power support
has been highlighted showing benefits on grid current and
voltage profiles. To improve the PQ of the electric power
system and to compensate the reactive power of the load, the
capacitive reactive power for power factor correction is
supplied by PV system.

D. Calculation of PV VSI Reference Currents

As shown in Fig. 4. , the PV VSI reference currents are
generated by the sine generator based on the voltage phase
and the given amplitude of output current. The reference
current (i) subtracts the grid current (ig) creating error
current (i) which goes through three-level hysteresis
controller to obtain signals for switching PV full-bridge VSI.
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Fig. 4. Generation of PV inverter control pulses

For a given complex power set-point S =Pt +j Qper and
an output voltage of v, = Voq + j Voq, Thus, the reference
current signals i*4 and i*, can be calculated with:

1 * _ 1 Vod Voq |: Pref :| (4)
Iq * Vod2 +V0q2 V0q ~Vod Qref
Where Ps and Qs are reference active and reactive power
signals. Reference current signals in three-phase system are
calculated by reverse Clark transformation (qd0 to abc). In
order to achieve high output current quality, a low-pass
filtering of the signal generated from subtracting the grid-side
current I, from the reference current I as shown in Fig. 5.
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In the case of grid-feeding PV inverter, the reference
currents [ig*, iq*] are usually provided by a power controller



[17] that regulates the active and reactive power delivered to
the load as well as the grid. The instantaneous active and
reactive power components are calculated by:

(5)

The PV system control strategy is proposed for generating
the inverter reference current i*, to inject reactive power q =
Qe into the grid. An appropriate control scheme can help the
inverter operate in reactive power compensation mode even
with the absence of active input power. Operating PV inverter
in VAR mode involves two steps (i) Pre-charging the PV DC
bus capacitance Cgy (ii) Regulating the PV DC bus voltage
within limits while regulating the injected reactive power.

p=Vyly +V,i q =Vgiq —Vyig

In order to overcome PV inverter losses while supplying
the required power, the inverter needs to draw some active
power from the grid. The control strategy enables PV inverters
to absorb little active power from the grid when the PV source
(e.g. sun) is not available to compensate for the inverters”
internal losses, regulates the DC bus voltage to keep it within
limits, and operates the inverters in VAR mode. This
eventually extends the utilization of PV inverters beyond
active power generation and helps improving grid stability and
voltage regulation [24]-[25]. For unity power factor, Qs = 0
and the reference grid current will be:

. Vv . \
=Py =5 Pe (6)
Vg +VOq Vod —|—VOq

Active and reactive power control can be achieved by
controlling direct and quadrature current components (dq),
respectively. Two control loops are used to control PV active
and reactive power, respectively as depicted in Fig. 3. Active
power reference is used to set the d-axis current reference for
active power control. This assures that all the power coming
from the PV is instantaneously transferred to the load as well
as the grid by the PV inverter.

IVV. THE PROPOSED SHUNT APF CONFIGURATION

A. Shunt APF System Structure and Work Principle

The structure of shunt APF system is shown in Fig.6 and
can be divided into four parts: optimal reference current
extractor, compensation current control, gate driver and main
current controlled voltage source inverter (CC-VSI) power
circuit. Each component of the proposed APF system will be
explained in the following subsections.

The main feature of the APF (which sometimes called
active harmonic filter or line conditioner) is that, the supply
current (ipe) is forced to be sinusoidal and in phase with the
supply voltage (vy) regardless of the characteristics of the
load, (i.e. shunt APF acts as a parallel current source with the
nonlinear load) using the relation:

e =1 — i (7)

Where (i) is the filter compensation current. Suppose the
nonlinear load current (i) can be written as the sum of the

fundamental current component (iLy) and the current
harmonics (i.) according to the following equation:
(8)

Then the injected filter compensation current (if) by the
shunt APF should be:
(9)

Ipcc=|L_|f =|L,f (10)

Which contains only the fundamental component of the

nonlinear load current and thus free from harmonics.

Therefore, the shunt APF is harmonics cancellation and

reactive power compensation by injecting equal but opposite
harmonics and reactive currents into the supply line.

B. The Main Circuit Description of Shunt APF.

The proposed three phase shunt APF shown in Fig.6
consists of (i) the three-leg CC-VSI power switches having six
IGBTs with anti-paralleling diodes, to provide a mechanism
for bi-directional flow of compensation current to be either
absorbed from or injected into the supply system. (ii) DC bus
(Vge) connected common to 3-Leg APF VSI, serves as an
energy supply for APF. (iii) APF interface reactor (Ly)
connected on the AC side of the VSI at PCC to regulate the
maximum allowable magnitude ripple current flow into the
APF. (iv) Finally the controller, which has to be established in
order to actively shape the supply current to sinusoidal wave
shape of a unity power factor.

L= s+ Iy

e =1
The resulting current at PCC as source current is
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Fig. 6. Structure of shunt APF system interfaced to PV system

V. CONTROL STRATEGY OF PROPOSED SHUNT APF
A. General

The control system for shunt APF could be divided into
two main stages. In the first stage the reference compensating
current has to be determined, while in the second stage the
derivation of the switching function for the filter inverter
circuit VSI is computed.



B. APF Reference Compensation Current Calculation

The instantaneous reactive power IRP theory that is well
known as p-g control algorithm [17]-[18], is used in this
study. This theorem is based on a-f orthogonal transformation,
which transforms three phase load voltages (v a, Vi, Vic) and
load currents (i, iip, ire) into the stationary reference frame.
From these transformed quantities, the instantaneous value of
the reactive fundamental component and harmonic
components are calculated. This algorithm is suitable in this
case study because of the balanced load voltages and
nonlinear line currents. The principle of harmonic current
detection method is shown in Fig.7.

In order to get the optimal compensation reference currents
(irefas Irefns Irefc), @ Series of calculation would be carried out as
follows:

v, \F 1 -1/2 -1/2 |
== v
v, 3|0 J3/2 —3/2 VLb

i \/5 1 —1/2 -1/2 || "=
Sl=.]= i

s 3|0 3/2 —Bi/2 i“’
The instantaneous real power (p) and the instantaneous
imaginary power (qg), both include a DC component (p, q)
corresponding to fundamental of the load current and an AC

component (p, q), corresponding to harmonic current of the
load current, can be calculated as follows:

ST
q Vs V|| lp g g

and p=p+p and qg=7q+4G (14)

In the proposed APF, the AC component (p) is extracted
from p using a Low pass filter (LPF) as shown in Fig.7. The
compensating currents (i.,) and (i.s), which can cancel the
harmonic current are derived from:

i 1 Vv -V

Ca a r)
N e SV 71 (15)
i | V4V, v, |4

By taking inverse Clarke transformation matrix, the APF
compensating reference currents can be calculated:
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Fig. 7. p-q algorithm for the APF reference current extraction

C. Hysteresis Band Current Controller

The second stage of the shunt APF control circuit is
generating appropriate gating signals for the power switches
that forces the compensated filter currents (i) to follow
derived estimated reference current (i.). The goal is to reduce
the current error.

For the proposed APF in this paper, hysteresis band current
control method is used because implementation of this control
is simple and not expensive, the dynamic answer is excellent,
and controllability of the peak-to-peak current ripple within a
specified hysteresis band [27]. It allows a fast current control.

The operating principle of the hysteresis band (HB)
current controller which is shown in Fig. 8, depends on
comparing of measured APF VSI output current (if) with its
reference (i) by the hysteresis comparator. The outputs of
the comparator are gating signals for the power switches.
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Fig. 8. Block diagram of hysteresis current controller
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In this control scheme, as shown in Fig.9, a signal deviation
(HB) is designed and imposed on (i) to form the upper and
lower limits of a hysteresis band (i £HB/2). The filter current
(if) is then measured and compared with (i) ; the resulting
error (e) is subjected to a hysteresis controller to determine the
gating signals when exceeds the upper or lower limits set by
(estimated reference signal + HB/2) or (estimated reference
signal — HB/2). If the measured filter current is bigger ( half of
the band value ) than the reference one, it is necessary to
commute the corresponding power switches to decrease the
output current, and it goes to the reference. On the other hand,
if the measured current is less (half of the band value) than the
reference one, the switches commute to increase output
current and it goes to the reference.

Actual Filter Current = ig

Reference Current = iref

Hysteresis Band = HB~~

Lower Hysteresis Limit = ief - HB/:

Gating
signals

Fig. 9. Gating signal generation by hysteresis controller

As long as the error is within the hysteresis band (HB), no
switching action is taken. Switching occurs whenever the
error (e) hits the hysteresis band. The APF is therefore
switched in such a way that the peak-to-peak compensation
current signal (if) limited in a specified band around the
reference current is determined by HB. The conditions of
switching devices are tabulated in Table I.

TABLE |
HYSTERESIS BAND

Switch Hysteresis Band (HB)
Lower switch on (irer-i) <-HB
Upper switch on (ier-ip > HB




VI. MODELING OF SOLAR GRID TIE SYSTEM WITH SHUNT
ACTIVE POWER FILTER

To evaluate the operating performance of the designed
system with and without adaptive shunt APF, a 3-phase 60Hz
system is constructed using MATLAB/SIMULINK software.
Fig. 10 shows the complete simulation model of PV
renewable energy source tied to infinite bus Saudi Arabia Grid
110/13.8/0.4KV with APF and non-linear load for power
quality improvement using hysteresis control method.

A. Modeling the Photovoltaic Array

The rated generation capacity of the PV system in this
work is 50 kW, 344 V at standard Test Condition STC (1000
W/m2, 25 °C). The array configuration is achieved by
connecting 10 PV modules (each 250.088 W, 34.4 V rating),
in series. 20 parallel strings are combined together to design
such PV array (N,=10, N,=20) to reach 50kW. The elemental
module is TPB156x156-72-P-250W. The parameter
description from the module datasheet is depicted in Table II.

TABLE |1

ELECTRICAL CHARACTERISTICS DATA OF TPB156X156-72-P-250wW
SOLAR PANEL AT STANDARD TEST CONDITION (STC)

B. Modeling of the remaining system parameters

The system model of 50KW PV array is connected to a 3-
phase infinite bus Saudi Arabia National Grid via PV inverter
through resistance and inductance (R,,=0.15 me; L, =1.5mH)
as LC filter and step-up isolating transformer (250KVA,
0.2/.4KV, Y/D11).

The non-linear local load was constructed using full diode
universal bridge rectifier connected in parallel with a resistor
(Rnet=10 @) and an inductor (Ly; =90 mH) as a load. This
non-linear load tied to PV inverter output through resistance
and inductance (RgLoad-Bus=10 MQ; LgLoad-pus =1.0 HH). It is
interfaced to the compensating shunt active power filter at
200V bus (Bus-1, Bus-2 and PCC-Bus as shown in Fig. 10.).

The proposed shunt APF connected at 200V (PCC-Bus)
for compensating of both non-linear local load and PV
delivered/received power to/from infinite bus 110/13.8/0.4KV
Grid. The APF simulation parameters are listed in Table I1I.

In the three phase infinite bus grid block, the transmission
line model consists of one set of RL series elements connected
between input and output terminals and two sets of shunt
capacitances lumped at both ends of the transmission line.
Transmission line positive and zero sequence resistances,

Parameter Values inductances and capacitances respectively are [R;=0.1153,
\“;'glxt;r;:?t gowi(/(Pm)ax) ;5&?,88 W R,=0.413] (Ohms/km), [L;=1.05e, L,=3.32¢”*] (H/km) and
max ( V mpp, . —_ -9 - -9 - H
Current at Po: () 797A [Cl—ll_.33e : Co—_5.0.1e 1 (F/km). Each transmission line
Open circuit voltage (Vo) 43.4V length is depicted in Fig. 10.
Short circuit current (Is) 7.89A TABLE Il
Temperature coefficient of Iy (K,) (0.07£0.015 %/°C) APF AND ITS CONTROL CIRCUIT PARAMETERS
Temperature coefficient of V. (Ky) -(3111(1)mV/°C) Parameter Values
NOCT (45£2) °C) Smoothing filter
. . Lo Series Filter inductance& resistance, Ly, Ry 1.2mH, 1pQ
The PV inverter uses hysteresis switching and controls Filter DC capacitor, Cqc 2x40 pF
active power by manipulation of direct-axis current while Power device (VSI)
controlling reactive power by manipulation of quadrature-axis IGBT internal resistance, Ro, 0.1mQ
current. The active and reactive measurement are rated at ﬁrl“{?blet' reS'S‘a”Tef‘ Capaf'tance' Rs Cs 10RQ, oo pF
. _ oltage regulator system
50kw. There_fore, an a}ctlve power reference of 1pu = 50kW. Proportional gain for voltage regulator, K, 01
The PV DC link capacitor = 1.0 mF. Integral gain for voltage regulator, K; 1.0
DC reference voltage, Vg 850
. bt PV Corrd Dy e Lonnadzdto 3Eh DisiTbuton Netwe - —— (110/43 514 KV) 3 Phase Infinite Bus Grid
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Fig.10. Complete System MATLAB/SIMULINK Model of PV Renewable Energy Source Tied to Infinite Bus SAUDI ARABIA Network 110K/13.8/4 KV with Active Power Filter and Non-linear load



VII. SIMULATION RESULTS AND DISCUSSION

To study the performance of the solar grid tie system in the

presence of local non-linear load with the proposed shunt
APF, the simulation is carried out as follows;
For the time period from t=0.0 sec till t=0.05 sec, the model is
start running and both APF and non-linear load are switched
OFF. So in this time period, the PV is interfaced only with
utility grid. At a time t= 0.05 sec the non-linear load circuit
breaker is switched ON and APF circuit breaker is still in OFF
state. At a time t= 0.10 sec the non-linear load circuit breaker
is still ON and APF breaker is commanded to switched ON.

The simulation measurements are conducted at different
buses (PV-Bus, Bus-1, Bus-2, PCC-Bus, Grid-Bus, Load-Bus
and APF-Bus), these buses are depicted in Fig. 10.

The phase “a” voltage and current waveforms and their
associated THD in the three different period cases (mentioned
above) are illustrated in the next simulation results figures.

Fig. 11. shows voltage waveform measured at 0.2KV
PCC-Bus (Vpcca) » Which considered the junction point
between PV inverter output (Bus-1 & Bus-2) and (APF-Bus &
Load-Bus). This voltage feeds the local non-linear load in the
above mentioned three different cases.

‘ Non-linear load OFF & APF is OFF | Non-linear Load is ON & APF is OFF

| Non-linear Load switched ON & APF is ON ‘

e at PCC-Bus (V)

00 005 Time (sec) 010 015

Fig. 11. Voltage waveform measured at 0.2KV PCC-BUS (Vpcc-a)

Fig. 12. shows non-linear load current measured at 0.2KV
Load-Bus (i_.,) in the above mentioned three different cases.

Non-linear load OFF & APF is OFF

Non-linear Load switched ON before using APF

Non-linear Load switched ON afrer using APF ‘
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Fig. 12. Non-Linear Load current measured at 0.2KV Load-Bus (i.-a)

Compensating filter current (iz.,) which is to be injected at
0.2KV APF-Bus to compensate both harmonic and reactive
currents caused by the non-linear load is shown in Fig. 13.
This current has the ability to eliminate unwanted reactive and
harmonic currents from PV output currents at 0.2KV PV-Bus
and 0.4KV Grid-Bus.

‘ Non-linear load OFF & APF is OFF H

Non-linear Load is ON & APF is OFF H Non-linear Load switched ON & APF is ON ‘
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Fig. 13. Filter current injected at APF-Bus to compensate both
Non-Linear load and PV currents (it.o)

Fig. 14. shows the current waveform at 0.2KV PCC-Bus
(ircca). This current drawn from PCC for feeding the non-
linear load. The FFT analysis is depicted below each case of
the three different cases in the same figure.

Non-linear load OFF & APF is OFF

Non-linear Load switched ON before using APF | Non-linear Load switched ON afrer using APF
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Fig. 14. Current waveform at 0.2KV PCC-BUS (ipcc-a) and
its associating FFT analysis

Through the analysis of the current waveform at 0.2KV
PCC-Bus (ircc) as shown in Fig. 14, found the THD is at
36.93% before using the APF. When subjected to APF
compensation at time t=0.10 sec, the waveform is now
continuous, almost sinusoidal with THD about 4.98% and
almost in phase with the voltage at PCC-Bus (Vpcc.a) shown in
Fig. 11.

Output current delivered by PV inverter at the 0.2KV PV-
Bus (ipy o) is shown in Fig. 15. This current is considered as
source for supplying the non-linear load. The associating FFT
analysis is depicted below each case of the three different
cases in the same figure.

Without non-linear & without APF | With non-linear Load before using APF | With non-linear Load afrer using APF
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Fig. 15. Delivered output current waveform at 0.2KV PV-Bus (ipv 2)
and its associating FFT analysis

From Fig. 15; it is noticed that before connecting both the
nonlinear load and the APF, the THD of the output current
delivered by PV inverter at the PV-Bus (ipy o) is 13.27% and
9.40% respectively. While when the shunt APF is connected
to the system at time t=0.10 sec, the THD of the output current
delivered by PV inverter decreased to 3.04%; only one specter
at fundamental frequency is appeared in FFT spectrum
analysis, all other harmonics disappears.



Fig. 16. shows PV current submitted to the infinite bus
grid (110/13.8/0.4KV Network) measured at 0.4KV Grid-Bus
(igrid »). The FFT analysis is depicted below each case of the
three different cases in the same figure.
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Fig. 16. Delivered output current waveform at 0.4KV Grid-Bus (igrig a) and
its associating FFT analysis

Referring to Fig. 16; it is shown that before connecting
both the nonlinear load and the APF, the THD of the PV
current submitted to the infinite bus grid (igrig o) is 13.39% and
4.61% respectively. While after implementation of shunt
active harmonic filter at time t=0.10 sec, this current
waveform has become nearly sinusoidal with THD equal
4.19% as illustrated in FFT analysis in Fig. 16.

Fig. 17. shows voltage waveform measured at 0.4KV Grid-
Bus (Vgrig-a). From Fig. 11 & Fig.17, it was observe that
voltage waveforms are always pure sinusoidal without
distortion whether before connecting/disconnecting non-linear
load or connecting/disconnecting the shunt active filter, which
achieve excellent voltage stability.

Non-linear Load is ON & APF is OFF

| Non-linear Load switched ON & APF is ON \

05 Time (sec) 010 015

Fig. 17. Voltage waveform measured at 0.4KV Grid-Bus (Vgrig-a)

Fig. 18. illustrates voltage and current waveforms (Vpec.a &
locca ) Measured at 0.2KV PCC-Bus, showing that at t=0.05
sec non-linear Load is switched ON and APF is still OFF, so
the current waveform is distorted with leading phase shift
about 16 degree (i.e PF = 96 % ). After that, at time t=0.10 sec
the APF is connected. So the current waveform will be
sinusoidal and exactly in phase with the voltage as shown in
Fig.18. Hence the PF is near to unity, this prove the capability
of APF for both reactive power and harmonics compensation
and PF correction at the same time.

From the above simulation results in Fig. 11. till Fig. 18.
Noting that, the values of current waveform THD decreased
when the shunt APF is connected in the system compared to
the values of THD without the shunt APF, as summarized in
Table IV. This means that the distortions in the current
waveforms are decreased and the supply current becomes
almost harmonics free within acceptable standards values.

Non-Linear is OFF & APF is OFF | Non-linear Load is ON & APF is OFF Non-linear Load switched ON & APF is ON

i
VUV

Fig. 18. Power factor measurement using voltage & current waveforms
at 0.2KV PCC-BUS (Vpec-a / ipcc-a )
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As a final result obtained from the simulation shows that
photovoltaic system connected to a three phase grid
incorporating with shunt active power filter offers better
sinusoidal supply waveform with approximately 77%
improvement of THD reduction with almost unity power
factor are achieved in the system.

TABLE IV
PV CURRENT WAVEFORMS % THD (AT PV-BUs & GRID- BUS) BEFORE AND
AFTER COMPENSATION FOR PHASE “A”

% THD
Operation Scenario Load=0OFF Load=ON Load=ON
APF=0OFF APF=0OFF APF=0ON
at PV-Bus 13.27 9.40 3.04
at Grid-Bus 13.39 4.61 4.19

VIII. CONCLUSIONS

In this paper, the performance of the proposed PV
renewable energy source tied to infinite bus Saudi Arabia Grid
with shunt APF and non-linear load for power quality
improvement using hysteresis control method was verified
through simulation studies using MATLAB/Simulink under
different operating conditions. This structure of shunt APF,
using the instantaneous reactive power theory p-q control
method, can effectively reduce the undesired effect of current
harmonics from PV current and grid current.

The simulation results show that the shunt APF with
adaptive control is able to adapt themselves to the load
variations. As for the shunt APF, it can correct the power
factor to unity besides compensating the harmonic currents
present at PCC bus. The shunt APF allows the harmonics
present in the utility system to be compensated, providing a
good quality of PV power supply to customers through the
infinite bus grid.
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