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Abstract—In this work, a novel technique based on adaptive
filtering is proposed for the control of three phase universal active
power filter with a solar photovoltaic array integrated at its DC-
bus. Two adaptive filters along with a zero crossing detection
technique, are used to extract the magnitude of fundamental
active component of distorted load currents, which is then used
in estimation of reference signal for the shunt active filter.
This technique enables extraction of active component of all
three phases with reduced mathematical computation. The series
active filter control is based on synchronous reference frame
theory and it regulates load voltage and maintains it in-phase
with voltage at point of common coupling under conditions of
voltage sag and swell. The performance of the system is evaluated
on an experimental prototype in the laboratory under various
dynamic conditions such as sag and swell in voltage at point
of common coupling, load unbalancing and change in solar
irradiation intensity.
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NOMENCLATURE

Grid voltages

Grid impedances

PCC phase voltages

PCC voltage magnitude

PCC line voltages

PCC voltage templates

Load phase voltages

Load line voltages

series active filter phase voltages
Reference load voltages in d-q domain
Load voltages in d-q domain

PCC voltages in d-q domain

Series active filter reference voltages in
d-q domain

Series active filter voltages in d-q do-
main

Control signals for series active filter
Grid line currents

Reference grid current magnitude
Reference grid currents

Shunt active filter line currents

Load line currents

Load angle

Solar PV array current

Solar PV array voltage

DC-link voltage

resonant frequency of filter

Controller sampling time

n sampling instant

q Quadrature shift operator

Ipog grid current equivalent to PV power

T MPPT sampling time

Vo MPPT perturbation step size
ABBREVIATION

PV Solar Photovoltaic

pPCC Point of Common Coupling

vscC Voltage source converter

PV —UAPF Solar photovoltaic integrated universal
active power filter

SOGI Second order generalized integrator

FACTS Flexible AC transmission system

FPS Fundamental positive sequence

DSC Delayed signals cancellation

DFT Discrete Fourier transform

ADALINE Adaptive linear element

LMS Least mean square

LMF Least mean fourth

UAPF Universal active power filter

UPFC Unified power flow controller

MPPT Maximum power point tracking

DSP Digital signal processor

LPF Low-pass filter

ZCD Zero crossing detection

S/H Sample and Hold

PI Proportional-Integral
PLL Phase locked loop
THD Total harmonic distortion

I. INTRODUCTION

HERE has been an increased proliferation of clean energy

systems based on solar and wind energy in mordern
distribution system. However, due to their intermittent nature,
voltage fluctuations have become a major issue in low voltage
distribution system [1]. Along with this, the advancement in
semi-conductor technology has led to the widespread use of
sophisticated power electronic systems like computer power
supplies, switched mode power supplies, variable frequency
drives, servers, etc. These systems are energy efficient but draw
highly nonlinear current from the supply system. Moreover,
this increasing sophistication has led to an increased sensitivity
to voltage disturbances. The nonlinear currents drawn by
power electronic loads, lead to increased losses in distribution
transformers, distortion of voltage at the point of common
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coupling (PCC), etc. [2], [3]. Thus the future systems demand
clean energy along with improved power quality.

The integration of clean energy generation along with active
filtering, mitigates power quality problems in distribution sys-
tem while also reducing dependance on fossil fuels thus lead-
ing to improved quality of environment [4]. Renewable energy
integration with flexible AC transmission systems (FACTS)
devices such as unified power flow controller (UPFC) has
been discussed in [5], [6]. These devices are mainly used
for improving stability of the power system while integrating
large PV farms. Primarily, FACTS devices such as UPFC
is used in transmission systems. The shunt compensator is
connected at the primary feeder and series compensator is
connected at the secondary feeder. Moreover, only simulation
results have been provided in the literature regarding operating
of FACTS devices with renewable energy systems. However,
renewable energy integration with active power filter is used
in distribution systems wherein in load current compensation
is a major requirement. The proposed system compensates for
load current harmonics, protects sensitive loads from voltage
sags/swells and also injects active power from PV array. While
the structure of a active power filter is similar to FACTS
devices, the shunt compensator of active filter is at load side
to mitigate load current quality issues while a series active
filter is at supply side. This structure has the benefit of lower
rating of series active filter as current flowing to the series
active filter is balanced and sinusoidal. A comparison between
FACTS devices and proposed system is presented in Table 1.

TABLE I
COMPARISON BETWEEN FACTS DEVICES WITH RENEWABLE ENERGY
INTEGRATION AND PV-UAPF

SL. FACTS with Renewable Energy
No System

PV-UAPF System

1 Employed in Transmission sys-
tem

Employed in Distribution Sys-
tems

2 For Integration of PV and wind  Integration of distributed gener-

farms ation sources

3 Main function is power system  Main function is power quality
stability improvement

4 No harmonic current compensa-  Load harmonic current compen-

tion sation present

Primarily, research has been done in the integration of
power quality along with shunt connected renewable energy
systems [7]. However, the shunt connected topologies cannot
regulate voltage at the load side and maintain grid current at
unity power simulataneously, as voltage regulation by shunt
compensator requires reactive power [8].Moreover, the voltage
compensation capability of the shunt compensator, depends
upon the impedance of the supply system which directly
affects the rating of the shunt compensator. Universal active
power filter has both shunt and series filters and protects
sensitive nonlinear loads against voltage sags/swells at PCC
side along with improving the grid current quality. Due to the
increased sags/swells in PCC voltages owing to large scale in-
tegration of renewable energy sources, which are intermittent,
there has been increased research on renewable energy systems
integrated with universal active power filters [9]. Solar PV

integrated universal active power filter (PV-UAPF) provides a
complete solution for integrating clean energy sources along
with improving power quality of distribution systems [10],
[11]. Though there is extra cost incurred due to the extra series
converter required in case of PV-UAPE, this cost is justified
in case of systems which have highly sensitive loads such as
semiconductor industries, PLCs, adjustable speed drives etc.
where any loss of production due to power quality issues can
lead to huge economic losses.

Reference signal generation is one of the most important
factors affecting the performance of active filters. Two main
reference signals for PV-UAPF system are the load voltages
and grid currents. In distribution systems, the load currents are
highly distorted and also subjected to unbalancing conditions,
while voltage disturbances are mainly sag/swell in PCC volt-
ages. Fast and accurate estimation of fundamental frequency
load current active component particularly under unbalancing
conditions is of prime importance in control of PV-UAPF sys-
tem. Conventional algorithms for reference signal estimation
include methods based on p-q theory [12] and d-q theory
[13]. However, the performance of these methods deteriorate
under unbalanced load conditions. This is because the cut-
off frequency of low pass filters used in these techniques
would have to be kept very low to filter out double harmonic
components present during load unbalanced conditions. This
affects the dynamic performance of the system.

Some advanced control techniques based on adaptive notch
filters have been proposed in [14], [15]. In these techniques, an
adaptive notch filter is used in each phase of a system to extract
fundamental load active current component. Though they have
good dynamic response, the computational burden is higher.
Another technique for extracting the fundamental component
of distorted signals, is by the use of second order generalized
integrator (SOGI) band pass filters. In [16], a fundamental
positive sequence (FPS) extractor based on SOGI has been
used to detect FPS components of PCC voltage. Recently use
of delayed signal cancellation (DSC) based method for extrac-
tion of fundamental components have been proposed in [17].
In this technique, multiple delayed signal cancellation blocks
are cascaded together for perfect cancellation of harmonics
and extraction of fundamental component of distorted signal.
This method is insensitive to minor variations in frequencies
and presence of DC-offset in sensed signals, which comes at
cost of increased computational burden.

Other techniques for extraction of fundamental component
include frequency domain techniques such as those based
on discrete Fourier transforms (DFT) such as sliding DFT,
wavelet transforms etc. [18], [19]. However, their computa-
tional burden is very high and are more suitable for power
quality monitoring operation rather than for real-time appli-
cations. Another approach in extraction of fundamental active
component of load, is by the use of ADALINE structure. In
ADALINE based methods, the output is adapted based on
adaptive filter theory such as least mean square (LMS), least
mean fourth (LMF), recursive least squares, affine-projection
etc. [20], [21].

In this work, an adaptive filer based technique is proposed
for control of three phase-three wire PV integrated UAPF sys-
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tem. The adaptive filter considered is a fourth order quadrature
signal generator [22]. Two adaptive filters are used to estimate
the fundamental positive sequence components of distorted
load currents. These positive sequence components are then
used to estimate reference signal for the shunt active filter of
PV-UAPF system. The proposed method has reduced compu-
tational burdern and has good dynamic response. The series
active filter of the PV-UAPF is controlled using synchronous
reference frame theory based technique to compensate for
voltage sags/swells at the PCC. A maximum power point
tracking (MPPT) algorithm is used to operate PV array at its
peak power point [23]. Since this is a single stage system, the
MPPT algorithm generates the reference DC-link voltage. The
main advantages of the system are as follows,

o Multi-functional system providing pollution free clean
energy based on solar PV power along with clean power
quality.

o The power generated from PV array, supplies load power
thus reducing active power demand from supply system.

o The sampling of positive sequence currents obtained by
adaptive filter based on zero crossing of load voltage,
enables estimation of magnitude of active component of
all phases with one sampling.

o The proposed system protects sensitive loads from PCC
voltage sags/swell while maintaining grid current within
IEEE 519 standard.

o The system performance is robust under various distur-
bances in the load, voltage sags/swells at the PCC and
solar irradiation.

The performance of PV-UAPF system is evaluated under
both steady state and dynamic conditions using an experi-
mental prototype. The steady state performance of the system
is verified to check its compliance with IEEE-519 standard.
The dynamic performance of the PV-UAPF is evaluated under
conditions such as voltage sag/swell at PCC, load disturbances
and change in solar irradiation.

II. SYSTEM CONFIGURATION

Fig. 1 shows the configuration of a PV-UAPF system. This a
three phase system consisting of a shunt active filter and series
active filter with a common DC-bus. The shunt active filter is
interfaced near the nonlinear load whereas the series active is
interfaced in series with the PCC. Other major components
of the system include interfacing inductors, ripple filters and
injection transformers. The PV array is coupled directly to the
DC-bus of PV-UAPF system. A diode is used while integrating
the PV array with PV-UAPF to prevent reverse power flow
into PV array. The detailed design methodology of PV-UAPF
is given in [2].

The phasor representation of operation of PV-UAPF is given
in Fig.2. The signals under nominal condition have subscript
1’ while signals under PCC voltage sag condition are repre-
sented with subscript 2’ . The load voltage (V1) and PCC
voltage (V1) are equal under nominal conditions. The load
current (I11) lags behind V7, with a phase angle ¢. During
sag condition, the series active filter injects a voltage (Vsg)
in phase with the PCC voltage (V;2) to maintain load voltage
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Fig. 1. System Configuration of Solar Photovoltaic Integrated Unified Active
Power Filter

(V12) in same magnitude and phase as that of nominal PCC
voltage (V1). The shunt active filter current (Isgr1, Ism2) is a
combination of load reactive power and current corresponding
to PV array power injection (Iyg1, Ipug1). The PV power
generation is more than the load active power demand, and
consequently the excess power is fed into the grid.
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Fig. 2. Phasor Representation of PV-UAPF system operating with a linear
load

III. SYSTEM CONTROL

The major function in control of PV-UAPF system is estima-
tion of reference signals for the shunt and series active filters.
Apart from this, the system also has to extract maximum power
available from the PV array. The detailed description of the
PV-UAPF control structure is explained as follows.

A. Control of Shunt Active Filter

The shunt active filter control is presented in Fig. 3(b). The
primary task in the control of a shunt active filter is generation
of reference currents. In this work, the shunt active filter is
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controlled using indirect current control wherein the reference
for the shunt active filter is the grid current, which should only
contain fundamental and active power component. The shunt
active filter control blocks involve three sub-blocks i.e. DC-
nus control block, load active current evaluation block and PV
feed forward block. Two adaptive filters are used to extract the
fundamental positive sequence components of the load current.

The basic structure of adaptive filter is shown in Fig. 3(a).

This basic structure is a fourth order system consisting of
a quadrature signal generator with a gain K and resonant
frequency ws. The input to the filter is a sinusoidal input given
as,

1)

where T is sampling time of the system, X,, is magnitude
of sinusoidal wave

For the input x(nTy), the adaptive filter provides two signals
which are in quadrature with each other,

x(nTs) = Xmsin(wckTs + ¢¢)

z1(n+1) = —21(n) + p(n) ()
aa(n+1) = () +tan(Z ) @)
where
tan(wsTS J(Ks(z(n) +z(n+1) — 2qz1(n)) + 221 (n)
pn) = w weT:
1+ tan(—==) (K, + tan(%))

“)

where ¢ is a quadrature shift operator.
The frequency adaptive law of the system is given as,

%)(m(n) —z1(n))gr1(n)
®)

Since ws(n) is time adaptive, the adaptive filter is a non-
linear filter. The factor K is chosen based on compromise
between steady state accuracy and dynamic performance. In
this work,K; is chosen as 0.5. The value of v used in
the system is 0.0002. The detailed description regarding the
stability analysis and parameter selection of filter are presented
in [22].

The frequency tracking capability of the adaptive filter is
shown in Fig.4. The signal frequency changes from 50Hz to
48Hz and back to 50Hz. The adaptive filter is able to track
the step change in frequency within 0.1s.

The three phase grid currents are converted to o — f3
domain using magnitude invariant Clarke’s transform. The «
component is given to adaptive filter block 1 and S component
is given to adaptive filter block 2. Each adaptive filter gives
fundamental component (i7.41, ¢7,81) and its quadrature shifted
versions (gira1,qrg1).- The fundamental positive sequence
component in « axis is obtained as,

ws(n +1) = ws(n) — y(tan(

(6)

Once the fundamental component of load current is ob-
tained, the magnitude of active component (I;,) is obtained
by sampling the iJLrod at the zero crossing of the 3 component

i1+ = iLal — Q4141

Frequency
Estimation Eq. (5)
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(b) Control Configuration of Shunt Active Filter

Fig. 3. Adaptive Filter Based Control of Shunt Active filter
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Fig. 4. Frequency Tracking Response of the Adaptive Filter

of the load voltage component. Since the magnitude invariant
transformation is used, the sampled o component of the
positive sequence currents, is the average active component
component of load current in each phase.

The DC-bus control block maintains the DC-link voltage
of the PV-UAPF. It consists of a proportional-integral (PI)
controller. The input to PI controller is error between reference
voltage and sensed DC-bus voltage. The DC-bus voltage is
filtered using a low pass filter to eliminate noise present in
DC-bus voltage.

The reference for the PI controller is obtained using a MPPT
controller. The task of MPPT controller is to operate the PV

1551-3203 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/T11.2017.2778346, IEEE

Transactions on Industrial Informatics

array at its maximum power point. The PV array is designed
such that the maximum power point of PV array is also
the operating DC-link voltage of PV-UAPF system. In this
work, a perturb and observe (P&O) based MPPT controller
is used due to its simplicity and ease of implementation. The
perturb and observe algorithm is a hill climb search technique
where, the reference voltage is updated based on difference in
power between present and past sampling instants. The P&O
algorithm searches for the peak of P-V curve by checking the
slope on P-V curve dP,,/dV,,. The operating voltage of PV
array, V,, is perturbed with a small step change depending
upon the sign of slope.

Two important parameters in MPPT operation, are the
MPPT sampling time (7},,) and perturbation step size (§V,v).
A smaller step size results in smaller oscillation around MPP
point, however, it results in poor dynamic response. Similarly,
a large sampling time enables the algorithm to track MPP
without getting disturbed by noise. However, larger sampling
time consequently results in poor dynamic response. A detailed
discussion of selection of T}, and dV},, is given in [23] and
values used in this work are given in Table. II.

The reference voltage generated through MPPT algorithm
is compared sensed DC-bus voltage in a PI controller. The
control law for the DC-bus controller is given as,

Iloss (TL) = Iloss (TL - 1) + KpAevdc + Kievdc(n) (7)

where I, is the output of PI controller, which is also the
loss component of PV-UAPF, K,, and K; are the gains of
PI controller and Ae,q. is the difference in DC-bus voltage
error between the present and past sampling time. e,q. is the
DC-bus voltage error.

The PV feed forward component block estimates the equiv-
alent grid current magnitude generated due to PV array active
power and is obtained as follows,

2 P,
Ipvgzg ‘2 (8)

where P, is power obtained from PV array, V; is magnitude
of PCC voltage.

The magnitude of PCC voltage V; and the PCC voltage in-
phase templates are extracted using the following equations:

2
VS = \/§ (Uza + ’Ugb + Uzc) (9)
Vsa Ush Vsc
sa = T 2 Usb = Ty Usc = T 10
u s = U V. (10)

The magnitude of reference current for the shunt active filter,
is obtained as follows,

I3 = Irap + Lioss — (11)

The reference magnitude is multiplied with templates of PCC
voltages to generate instantaneous reference grid currents

(i:aﬂ i:b’ z:c) as,

Ipvg

ko
lsq =

* -k * -5 *
IT X Usq,tgy = I3 X Usp, tge = I, X Uge, (12)

A hysteresis current controller, after comparing reference
signals with the sensed signals, generates appropriate pulses
for the gating circuitry of shunt active filter.

B. Control Configuration of Series Active Filter

Fig. 5 gives the series active filter control block dia-
gram. The PCC voltages (vsq,Usp,Vsc) and load voltages
(vLa,vLb, VL) are converted to d-q domain using phase in-
formation of PCC voltages for d-q transformation. The load
voltages are in-phase with PCC voltages as the series active
filter injects voltages in-phase with PCC voltages. Hence the
direct component of reference load voltage, is the magnitude
of reference load voltage (V;) and quadrature component of
reference load voltage (V) is zero.

The direct component of reference series active filter volt-
age, is obtained as the difference between V', and V7. The
difference between Vg4 and Vg gives direct component of
series active filter voltage. Similar operation is done for the
quadrature components.

Viea = Via— Vsd, Vseda = Via — Via (13)
Vvs*eq = ng - ‘/Sda Vvs*eq = VLq - qu (14)

The error between (V5 ;, Vi) and ((Vie, Vieq) are passed
through PI controller to generate control signals for the se-
ries active filter. The control signals are then converted to
stationary frame and then passed through PWM modulator
to generate switching signals for controlling the series active
filter.
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Fig. 5. Control Configuration of Series Active Filter

IV. RESULTS

The performance of adaptive filter based PV-UAPF system
is evaluated on an experimental prototype developed in the
laboratory. The solar array power is obtained using a solar
array simulator and the active filters have been realized by
using two set of three-leg IGBT stacks having common DC-
bus. The load consists of a three phase bridge rectifier with
an highly inductive load. A DSP-dSPACE MicrolabBox rapid
prototyping controller is used for controlling the prototype. A
four-channel digital storage oscilloscope (Agilent DSO7014A
with a bandwidth of 100 MHz) is used to capture the wave-
forms during dynamic conditions. Table II gives the detailed
experimental system parameters and ratings. A photograph of
the prototype is presented in Fig.6
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Fig. 6. Laboratory Prototype of PV-UAPF System

TABLE 1I
EXPERIMENTAL PARAMETERS

Parameter

Values

PCC voltage

Grid Impedance

Nonlinear Load

DC-bus Voltage

DC-bus Capacitor

Shunt Active Filter Inductor
Series Active Filter Inductor
MicrolabBox Sampling Time
DC-bus PI contoller

Series Compensator PI controller

LPF cut off frequency
PV Array

vs =220V, f =50 Hz
Zay Ly, Ze=0.1 Q4TTuH
Rectifier with R-L: 1.12 kW
Vae =360 V

Cdc = 3.3 mF

Ls =4 mH

Lse = 0.5 mH

Ts =33.33 us

K, =08, K; =02

K,p =2; Krp =400
Kpg =2; Kig =400
frpr =10 Hz;

P =438 kW,

Voe =415V, Ic = 14 A
Vinpp = 360.23 V, Impp = 13.329 A

MPPT Parameters Tm=0.04s ,0Vpy= 05V

A. Internal Signals for PV-UAPF System Control

Fig. 7 presents the performance of the adaptive filters in
extraction of fundamental positive sequence component of
load currents. The main waveforms recorded are phase ’b’
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Fig. 7. Salient Signals in Extraction of Fundamental Positive Sequence Load
Current using Adaptive Filter

load current (i), load current in o — 8 domain (ip ,
11,3) and o component of fundamental positive sequence load
current i} ;. The load current is nonlinear and load of phase
b’ is removed, creating an unbalanced load condition. The

adaptive filter technique is able to extract fundamental positive
sequence component of load current within a one-cycle. Fig.
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Fig. 8. Salient Signals in Series Active Filter Control

8 presents the series active filter control signals. The signals
captured are vsqp, Vsq, Via and Vieq. The internal signals
are recorded during dynamic condition when there is a sag in
PCC voltage. It can be observed that during sag, the d-axis
component of PCC voltage reduces, however, the load voltage
component remains at same level. An appropriate voltage is
injected by the series active filter to maintain the load voltage
at its desired regulation level.

From Fig. 8(b), it can be noted that the series active
filter injects only d-axis component voltage while the g-axis
component remains zero. This means that the PCC voltage and
series compensator voltage are in-phase, which results in load
voltage also being in-phase.

B. Performance of PV-UAPF during Steady State Condition

The steady state PV-UAPF system capability in load com-
pensation and voltage regulation, is evaluated under conditions
of nominal conditions, PCC voltage sags/swells.

The steady state waveforms of a phase of PV-UAPF are
given in Fig. 9. The recorded signals are vy, tsq, Vrq and izq.
In order to present both load side and PCC side information,
only phase ’a’ signals are recorded. The PCC current contains
only fundamental active component while the load current is
of a nonlinear quasi square wave shape. The voltage at load
side is regulated and maintained in-phase with voltage of PCC
during all conditions.

Figs. 10,11,12 show the behavior of PV-UAPF system under
nominal, sag and swell conditions. These results and harmonic
spectra are recorded using power analyzer (HIOKI3390). The
relation between the power analyzer signals with system
signals are given in Tablelll.

It can be observed that though the THD of the load current
is approximately 28%, the grid current THDs are maintained
below 5%. The grid current meets specifications of IEEE-519
standard. Moreover, the power factor at PCC is approximately
unity. The voltage at the load side is maintained at the
desired RMS value of 220 V even though the voltage at PCC
undergoes variation from 170 V during sag condition to 270
V during swell condition. The total power (P12) at the PCC
side is negative due to the fact that the surplus PV array power
is being fed into the PCC.
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TABLE III
RELATION BETWEEN POWER ANALYZER CHANNELS AND
CORRESPONDING SYSTEM SIGNALS

Displayed Signals  Load side/PCC side signals

Ch1,Ch2 PCC side signals (Vsqp, Ve, Lsas Isc)
Ch3,Ch4 Load side signals (V,ab, Vicb, ILa> ILc)
P12, Q12, S12 Power Components in PCC side
P34, Q34, S34 Power Components in Load side
Al2 Power Factor at PCC side
34 Power Factor at load side
f Frequency of the supply system
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C. Dynamic Performance of PV-UAPF System

The dynamic performance of the adaptive filter based PV
integrated universal active filter is evaluated by subjecting
the system to various disturbances such as sag and swell in
the voltage at PCC, load unbalancing and variation of solar
irradiation intensity. The performance of the PV-UAPF system
under PCC voltage disturbances are given in Fig. 13. The
signals captured are PCC voltage (vsqp), load voltage (vrgp),
series active filter voltage (vseqp) and line current (i4,). Fig.
13(a) shows the performance of the system under sag condition
when vs4p dips from its nominal voltage to 170 V, while Fig.
13(b) shows the performance of the system under PCC voltage
swell condition when v, swells from nominal voltage to 270
V. The series active filter injects appropriate voltage to regulate
voltage at load side at its nominal value of 220 V. There is
a reduction in grid current during voltage swell condition and
rise in grid current during voltage sag condition in order to
maintain active power balance.

Fig. 14 shows the performance of the system under load un-
balancing condition. The signals captured are DC-bus voltage
(Viae), grid current of phase ’b’ (is), shunt active filter current
of phase ’b’ (ismp) and load current of phase 'b’. Fig. 14(a)
shows the performance when phase ’b’ load is completely
removed and Fig. 14(b) shows the performance when phase
b’ load is included. It can be observed under both these
conditions, the phase ’b’ grid current is maintained sinusoidal
and DC-bus voltage is regulated during this disturbance. There
is an increase in injected current when the load is removed.
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This is due to the decrease in the load, the extra PV array
power is injected into the grid.

The PV-UAPF system behavior during conditions of varying
solar irradiation, is presented in Fig. 15. The performance of
the system is captured under two conditions i.e. performance
under irradiation decrease from 1000 W/m? to 500 W/m? as
shown in Fig. 15(a) and performance under irradiation increase
from 500 W/m? to 1000 W/m? as shown in Fig. 15(b). It
can be observed that DC-bus voltage is stable under both
these conditions. The MPPT performance under irradiation
conditions of 500 W/m? and 1000 W/m?, is given in Fig.
16. It can be observed that the MPPT efficiency is above 99%
under both these conditions.

Channel 1~ Phatovoltac curve MPPT%
Channel 1 - Photovoltaic curve MPPTY o
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Fig. 16. PV-UAPF Maximum Power Point Tracking Efficiency under Differ-
ent Irradiation Conditions

D. Performance under Fault Conditions

The operation of the system under three phase short circuit
is presented in Fig. 17. Simulated performance is presented
due to limitation of hardware experimentation of fault con-
dition in laboratory environment. The system control is im-
plemented such that, the gating to the system automatically
shuts down in the event of fault. It can be seen from Fig.17
that a fault occurs at PCC from t=0.3s to t=0.36s The PCC
voltage is limited to drop across the short circuit impedance.
It can be observed that during this instant though PCC current
is(A) rises to large value, the load current is nearly zero. The
PV array power (F,,) also reduces to zero as the PV-UAPF
gating is shunt down. Once the fault is cleared, the PV array
power delivered, rises to the nominal conditions and the DC-
link voltage is regulated to its desired value of 360 V.

Under conditions of DC-bus faults, the miniature circuit
breaker (MCB) in PV array as well as the short circuit
protection available in the gate drive circuitry, operate to
protect the system. Moreover, the gate driver circuitry provides
deadband between switches of the same of the active power
filter to prevent shoot through fault. The deadband can be
further modified using the dSPACE-Matlab Blocksets to obtain
desired deadband duration.

V. CONCLUSION

The performance of adaptive filter based PV-UAPF system
under both steady state and dynamic conditions, have been
analyzed in detail. The method of sampling the fundamental
component of load current obtained through adaptive filter
enables fast extraction of fundamental active component of
nonlinear load currents for all phases in one sampling. Only
two adaptive filters are required to extract magnitude of active
component of three phase load currents. This technique re-
quires reduced computational resources while achieving good
dynamic and steady state performance in extraction of funda-
mental active component of nonlinear load current. The system
performance has been found to be satisfactory under various
disturbances in load current, PCC voltage and solar irradiation.
The series active filter is able to regulate load voltage at 220 V
under variations of PCC voltage from 170 V to 270 V. The grid
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Fig. 17. Performance of PV-UAPF Under Three Phase Short Circuit Fault

current THD is maintained at approximately 3% even though
the THD of load current is 28% thus meeting requirement of
IEEE-519 standard. The PV-UAPF system has been able to
maintain the grid currents balanced under unbalanced loading
condition.

The proposed topology and algorithm are suited for employ-
ing in conditions where PCC voltage sags/swells and load cur-
rent harmonics are major power quality issues. Certain power
quality issues not addressed include voltage distortions, flicker,
neutral current compensation etc. This power quality issues
can be addressed by modification of topology and control
algorithm according to the requirements in the distribution
system.

The PV-UAPF system provides dual benefit of distributed
generation as well as improving power quality of the distribu-
tion system.
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