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Abstract: Power quality (PQ) issues are significant in inverter-fed distributed generation system with non-linear loads which
degrades the performance of the consumer equipments and the power system itself. Therefore, this work presents an improved
photovoltaic (PV) coupled hybrid filter for the improvement in PQ in an active distribution system. A shunt hybrid active filter
(SHAF) integrated with PV is designed with the help of an advanced signal processing approach called dual tree-complex
wavelet transform (DT-CWT) for extracting the frequency information in the voltage and current due to the PQ disturbances. For
calculating the reference current and switching signals, zero attracting least mean square (ZA-LMS) is considered in the hybrid
filter and adaptive perturb and observe-fuzzy algorithm is proposed for maximum power point tracking in PV system to improve
the performance under different operating conditions. The system model using the proposed technique is developed in
MATLAB/Simulink and real-time experimental set up using two different controllers, i.e. the conventional proportional-integral
(PI) and fuzzy-PI controllers. The results on comparison illustrates better performance of the proposed ZA-LMS and DT-CWT
with fuzzy-PI based SHAF technique for PQ improvements with respect to that of LMS/normalised LMS with PI/fuzzy-PI based
SHAF under different operating scenarios.

1

Introduction

Renewable energy sources (RES) play a vital role in the design,
operation and control of the modern power system. In the last few
decades, it has been found that the photovoltaic (PV) system has
emerged as an essential component in the power system network as
compared with other renewable sources [1] because of its
characteristics such as lower cost, pollution and maintenance. The
PV integrated grid network [2] is becoming very popular
configuration for power engineers and researchers. However, the
realisation and effectiveness of PV systems rely on certain features
like solar irradiance, temperature, dust level and load. Usually, the
uncertainty in temperature and solar radiation affects the efficiency
and performance of solar PV when integrated with the power grid.
The power versus voltage graph for the PV system is not linear and
varies with time due to variation in atmospheric conditions. Hence,
the prime role of maximum power point tracking (MPPT) [3] is to
continuously trace the system characteristics to receive maximum
power from PV.
In this context, different MPPT techniques are described in the
literature. In [4], a comparative study of different MPPT techniques
like perturb and observe (P&O), incremental conductance and
ripple correction techniques are reported. In [5], the authors
proposed a grey wolf optimisation based MPPT technique which
counteracts problems like slow tracing efficiency, steady-state
fluctuations and transients. In [6], fuzzy based MPPT techniques
are discussed and compared with other existing techniques under
static and dynamic conditions. In [7], MPPT employing variable
step sizes and frequency approach is presented in which only a
single sensor is required by taking load current data. In [8], new
extremum seeking theory is discussed and its efficiency is observed
with partially shaded conditions and continuous variation of solar
irradiation. In [9], MPPT based on particle swarm optimisation is
discussed which may sometimes be affected under sudden variation

of system parameters under weather changing conditions.
Therefore in this work, the MPPT is achieved using adaptive
perturb and observe–fuzzy (APOF) algorithm [10]. The proposed
technique implements the benefits of P&O [4] and a fuzzy logic
system [11] to track the optimal power point and hence helps in
improving the system performance and efficiency.
Nowadays, it is observed that the power quality (PQ) issue is
getting worse due to rapid growth in utilising power electronics
based converters for interfacing the RES. They inject a lot of
harmonics into the power system thereby degrading the PQ. Hence,
passive, active and hybrid filters are used to mitigate the
harmonics. However, hybrid filter is one of the popular and
efficient options because it provides the merits of both passive and
active filters for reducing the harmonics and compensating the
reactive power. In this context, some conventional controlling
algorithms like the instantaneous reactive power, synchronous
reference frame, Cauchy-Schwarz inequality and Kalman Filter
techniques are discussed in [12] for PQ improvements. Again,
different adaptive techniques are considered for designing the
voltage source inverter (VSI) based filters and algorithms like the
least mean square (LMS), least mean fourth (LMF) are discussed in
[12]. The authors in [13–15] have discussed the diffusion LMS
(DLMS), leaky least means square forth and normalised LMF
algorithms. In [16], the adaptive neuro-fuzzy inference systemLMS is explained. The recurrent neural network with HebbianLMS, recursive least square, sliding mode control (SMC) and
fuzzy SMC techniques are presented in [15, 17–21].
Further, research works based on discrete wavelet transform
(DWT), wavelet packet transform and adaptive algorithm, for timefrequency information and control of VSI, are discussed in [22–
26]. However, the main drawbacks of the above controllers are to
fail in the presence of dc offsets and their ineffectiveness in case of
RES integrated hybrid power system. Moreover, their performance
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Fig. 1 Configuration of PV integrated SHAF

is affected under frequency and noise variations, thereby increasing
the computational burden and complexity.
Therefore in this work, a PV integrated shunt hybrid active
filter (SHAF), designed using dual tree-complex wavelet transform
(DT-CWT) [27] and zero attracting least mean square (ZA-LMS)
[28] techniques, is proposed to generate the reference current and
switching pulses to mitigate the harmonics. The main objectives of
the proposed technique are to:
(a) Improve the PQ by reducing the current and voltage distortions
and compensating the reactive power.
(b) Simulate the proposed SHAF incorporated in the PV integrated
power system to provide total harmonic distortion (THD) values
less than the tolerance of 5% as per the IEEE-519 standard.
(c) Provide low cost, pollution-free, minimum maintenance with
improved MPPT solar PV system connected across the dc link
capacitor to control the dc link bus voltage.
(d) Provide an improved harmonic compensation technique with
very fast and robust controller to produce the reference current.
(e) Improve the grid stability and power factor to unity by
suppressing the harmonics using the proposed DT-CWT based ZALMS algorithm based SHAF under load imbalance and dynamic
conditions.
(f) Provide a real-time solution for mitigating the harmonics during
dynamic conditions.
The proposed technique helps in improving the system stability and
reliability by compensating the harmonic contents under different
loadings and system dynamics and maintaining the power factor at
unity. ZA-LMS has the merits like it is computationally faster than
the conventional LMS, normalised least mean square (NLMS),
DLMS and so on. It estimates the reference current and hence the
gating signal to VSI accurately by processing the distorted load
currents and voltages. To eliminate the demerits of DWT, the
merits of adaptive filters are exploited using the proposed DTCWT and ZA-LMS to design an efficient control scheme which
can estimate reference current and regulate the dc link voltage
using PI [29] and fuzzy-PI [30]. This greatly reduces the
computational complexity since the reference signal can be
decomposed into several frequency bands by the wavelet filters.
The adaptive filter coefficients are updated with a multi-resolution
analysis which makes the proposed algorithm not only effective for
stationary but also robust for non-stationary PQ issues. The PV
system is incorporated in the proposed technique to improve the
system dynamic performance and minimise oscillations in grid
currents.
The performance of the controllers is analysed using MATLAB/
Simulink and the results are verified using the real-time
2

experimental set up. The proposed control scheme is found to have
better filtering capabilities over the conventional LMS and NLMS
techniques with more flexibility and reliability.
The rest of the paper is organised as follows. The system
configuration and control techniques are provided in Sections 2 and
3, respectively. The Matlab and experimental results are discussed
in Section 4 followed by conclusions in Section 5.

2

System configuration

The block diagram of the power system under study is depicted in
Fig. 1. It comprises of solar PV, DC–DC boost converter (DBC),
VSI with non-linear loads. The proposed system delivers the
required real power to the utility network and compensates the
reactive power and thus the harmonic contents in currents and
voltages. The DBC connected across the PV array steps up the
voltage to maintain voltage across the dc bus as required by the
VSI. The APOF algorithm is used for MPPT in the solar PV. The
output voltage of DBC is controlled by regulating the duty cycle.
The reference current and hence the gating signal of VSI is
produced using the ZA-LMS and DT-CWT techniques.
Hysteresis current controller (HCC) [31, 32] is employed for
generating the switching signals to VSI. The sensed supply
currents are deducted from the reference currents to estimate the
errors which are fed to HCC for generating the gating pulses to the
VSI. As long as the error is within the hysteresis band (HB), there
is no switching action, whereas, it takes place if the error hits the
HB. The APF is therefore switched in such a way that the peak-topeak current compensation limits the reference current into the HB.
The compensating currents of the VSI are mixed with the supply
for improving the PQ so that the THD is reduced and also power
factor is corrected for all the loading conditions. The main
advantage of this scheme is that it is easy to design and implement.
The SHAF with a PV unit injects required real and reactive powers
into the load to compensate the harmonics. Further, the APOF
based MPPT controller has good current and power tracking ability
during transient periods. The design details and specifications of
solar PV system, DBC and other components are discussed in [33]
and the parameters are provided in Table 1.

3

Control algorithms

The control structure of the proposed algorithm is shown in Fig. 2
and the description for DT-CWT and ZA-LMA algorithm are
explained below.
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Table 1 Parameters of PV, DCB and SHAF
Element
Solar panel
solar insolation
max. power (Pmax)
open ckt. voltage (Voc)

Parameters
1000 W/m2
500 W
64.5 V

short ckt. current (Isc)

9.25 A

max. voltage (Vmax)

58.0 V

max. current (Imax)

8.62 A

series resistance (Rse)

0.008 Ω

shunt resistance (Rsh)

1000 Ω

short ckt. temperature coefficient of (KI)

2.21 mA/oC

open ckt temperature coefficient of (KV)

1.0.109 V/oC

cell temperature

40°C

Boost converter
boost inductor and capacitor (Lb)

5 mH

duty cycle (D)
switching frequency (Fsw)
controllers gain (Kp&Ki)
Active filter
AC line voltage and frequency
line impedance: Rs and L
ripple filter (Rf and Cf)

0.5
10 kHz
0.26, 0.15
415 V, 50 Hz,
0.002 Ω and 1.6 mH
5 Ω and 10 μF

rectifier (R and L)
switching frequency(Fsw)

22 Ω and 300 mH
10 kHz

DC link capacitance (Cdc)

2200 µF

DC link voltage (Vdc)
hysteresis band controller

415 V
±0.5

Fig. 2 ZA-LMS based control algorithm
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Fig. 3 Decomposition of phase ‘c’ load current using DT-CWT technique

Fig. 4 Voltage control of dc link using

(a) PI, (b) Fuzzy-PI

3.1 Dual tree-complex wavelet transform

iA f lc = abs(Imasin(ωt) − Imasin ϕ

In this technique, the signals are analysed using the time-frequency
resolutions which are extremely helpful in detecting any PQ issues
in the power system. The sensed distorted currents (iLa, iLb and iLc)
are handled distinctly by the DT-CWT for fundamental component
estimation. Two distinct DWT decompositions are used for
computing the complex transform of each phase current. One is
utilised to generate the real coefficients while the other is employed
for generating the imaginary coefficients. In DT-CWT, there are
two trees termed as real tree and imaginary tree. The active
components in the load currents are estimated from the imaginary
tree. Fig. 3 explains the decomposition structure of phase ‘c’ load
current.
The quadrature fundamental load current components (iq f La,
iq f Lb and iq f Lc) are used to estimate the active current components
(iA f La, iA f Lb and iA f Lc). These active power components are
extracted by evaluating the absolute values of fundamental
components at the zero crossings to find out the unit phase
template (uap, ubp and ucp).
In three-phase system, the extraction process for phase ‘a’ load
current is given as
vsa = V psin(ωt)

(1)

iLa = Imasin(ωt − ϕ) + ∑ iha

(2)

where Imasin(ωt − ϕ) is fundamental load current, and the
harmonic part of phase ‘a’ load current is given as ∑ iha. It extracts
the phase ‘a’ quadrature fundamental load current and is given as
iq f La = Imasin(ωt − ϕ)
4

(3)

(4)

The average load current for active power components I Aplg is
derived in the following equation:
I Aplg =

iA f La + iA f Lb + iA f Lc
3

(5)

3.2 DC link voltage control
For regulating the dc bus voltage, a PI or fuzzy-PI controller is
implemented in VSI. The PI controller is the traditional one used
for regulating the dc link capacitor voltage. The peaks of the
reference currents are calculated by controlling the dc link voltage.
The original dc link voltage V dc is compared with the reference
value V dcref to get an error signal e = V dcref − V dc which is given
as input to PI controller. The controlling structure is shown in
Fig. 4a. However, PI has many drawbacks like its inefficiency
during changing of parameters and load uncertainty conditions.
Hence to minimise such issues, FLC based PI is suggested as it
is one of the most robust techniques that do not require any
mathematical computation. The dynamic performance of SHAF is
improved by employing the FLC to regulate and reduce the ripples
in the dc link voltage. Fig. 4b shows a FLC with two inputs, error
e(t) and change in error Δe(t). The output signal is denoted as Ipdc
that is measured as peak supply current. Thus, it is helpful in
generating the required reference currents for generating the gating
pulses to VSI. Mamdani type fuzzy system is considered in this
study to provide better efficiency as compared to the Sugeno type.
Here, triangular membership function (MF) with seven linguistic
variables like NH (negative high), NA (negative average), NL
(negative low), Z (zero), PL (positive low), PA (positive average)
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and PH (positive high) [4, 10, 11, 33] are considered to formulate
the rule base. The input and output relation is given as
e(t) = V dc − V dcref
Δe(t) = en(t) − en − 1(t)

(6)

where V dcref is the reference dc link voltage and V dc is the
measured dc link voltage.
In discrete form, the control equation is given as
I pdc(k) = I pdc(k − 1) + K p vdce(k) − vdce(k − 1) + Kivdce(k) (7)
where I pdc, K p,Ki, respectively, represent the output current,
proportional, integral gains, and vdce is the error input to the
controller.

In this algorithm, the estimated error signal is given by
ε(n) = d(n) − x (n)ω(n)

(8)

x(n) = [x(n), x(n − 1) . . . x(n − N + 1)]T is input vector, d(n) is the
desired output, [d(n) = ω0T x n + v n and ω0 are weight vector of
length N; v(n) is disturbance in the source and the term xT(n)ω(n)
refers to the estimated output for input x(n) and weight value ω(n) .
In the modelling of ZA-LMS control for VSI, these vectors are
represented as unit in phase vectors (uap, ubp and ucp) and unit
quadrature vectors (uaq, ubq and ucq) calculated for generating the
reference active and reactive currents. The ZA-LMS weight
equation [23] is expressed as
δC n
ω(n + 1) = ω(n) − ζ 1
δω n

(9)

ω(n + 1) = ω(n) + ζε n x n − Qsgn ω n

(10)

uap =

vsa
vsb
vsc
;u =
and ucp =
V t bp V t
Vt

(16)

The reference active power weight ωpr is expressed from Fig. 3
and is given by
ωr p = ωmp − I Aplg + I pdc

∗
∗
∗
iap
= ωr puap; ibp
= ωr puap and icp
= ωr pucp

(17)

(11)

(18)

3.5 Reference reactive current generation
The calculation of quadrature vectors using unit in phase vectors is
done by
−ubp ucp
+
, ubq =
3
3
ubp − ucp
−
and ucq =
+
2 3
uaq =

3uap
2
3uap
ubp − ucp
+
2
2 3

(19)

The regulation of voltage at PCC is achieved by employing PI/
fuzzy-PI controller whose output is derived as
ωt n = ωt n − 1 + k pq vte n − vte n − 1 + kiq vte n

where ζ and sgn ω n are known as step size and component wise
sign function, respectively. The cost function C1 n is expressed as
1
C1 n = ε2 n + γ∥ ω(n) ∥1
2

The voltage amplitude V t is derived from the instantaneous phase
voltages vsa, vsb, vsc at PCC. Now, V t along with vsa, vsb, vsc is
employed for measuring the unit in phase vectors uap, ubp, ucp and
is given by

Therefore, the reference active power component of supply
currents are derived from uap, ubp, ucp and ωr p which is given by

3.3 Fundamental weight extraction by ZA-LMS

T

3.4 Reference grid current generation corresponding to
active power components

(20)

where k pq,kiq are the proportional and integral constants of the
controller. The reference weight (ωrq) with respect to reactive
power is calculated from the difference between outputs of the
controller ωt and average reactive power weight value ωmq
ωrq = ωt − ωmq

(21)

Fundamental active power components (ωap, ωbp, ωcp) of iLa, iLb
and iLc are derived by estimating updated weights using (10).
Therefore, for phase ‘a’, the updated active power components are
expressed as

(uaq, ubq, ucq) represents unit quadrature vectors with reference to
weight (ωrq)

(12)

The currents in (22) along with (18) are employed for calculating
the reference supply current

ωap n + 1 = ωap n + ζεa n uap − Qsgn ωap n

Similarly, the updated reactive power component (ωaq, ωbq, ωcq) for
phase ‘a’ is given by
ωaq n + 1 = ωaq n + ζεa n uaq − Qsgn ωaq n

(13)

Average weights with respect to fundamental active and reactive
power components are computed as
ωmp =

(ωap + ωbp + ωcp)
3

(ωaq + ωbq + ωcq)
ωmq =
3

(14)

∗
∗
∗
iaq
= ωrquaq; ibq
= ωrqubq and icq
= ωrqucq

(22)

∗
∗
+ iaq
iaref = iap
∗
∗
ibref = ibp
+ ibq

(23)

∗
∗
icref = icp
+ icq

Finally, currents in (23) are compared with supply currents to
generate the error to be processed for generating the switching
signal of VSI.
3.6 Design of MPPT controller using APOF

(15)

Equations (14) and (15) help to estimate the reference currents for
producing the gating pulse to VSI.

P&O algorithm is the most popularly used for MPPT since it is
simple and easy to implement as compared with other methods [4,
10, 11]. However, it has drawbacks like poor tracking, inefficiency
during rapid change in irradiance and continuous oscillations
around the optimal maximum power point (MPP).
Therefore, an APOF based MPPT technique is employed in this
paper to overcome all these issues. It is an adaptive and modified
form of conventional P&O algorithm that tracks MPP even under
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Fig. 5 Implementation of APOF based MPPT method

Fig. 6 Membership function of

(a) Change of power (ΔP), (b) Change of voltage (ΔV), (c) Change of duty ratio (ΔD)

Table 2 Rule base for the FLC controller
ΔP
NEB
NB
NEB
NB
N
Z
P
PB
PEB

NEB
NEB
NEB
NEB
NB
N
Z

NEB
NEB
NEB
NB
N
Z
P

N
NEB
NEB
NB
N
Z
P
PB

variation in solar radiation and atmospheric temperature. These
features of APOF help in extracting MPP with minimum
fluctuations that also helps in improving the PQ. The proposed
APOF algorithm presented in Fig. 5 is designed in MATLAB/
Simulink and is tested further in real-time environment.
In this work, seven inputs/outputs variables such as negative
extra big, negative big, negative, zero, positive, positive big and
positive extra big represented as NEB, NB, N, Z, P, PB, PEB,
respectively, are considered for designing the fuzzy system. The
MFs for change in power ΔP, incremental change in voltage ΔV
and duty cycle ΔD are presented in Fig. 6. By evaluating ΔP and
ΔV, these are then converted into the linguistic variables to
generate the suitable output value of ΔD by utilising the rule base
as shown in Table 2. Mamdani based fuzzy inference system is
used for designing the output variable for MPPT in PV system and
centroid of area method is employed for defuzzification process.

4

Simulated result analysis

The proposed SHAF incorporated in the PV integrated power grid
is developed in MATLAB/Simulink software. Here, three-phase
grid connected PV based SHAF is designed for harmonic
compensation. The efficacy of the proposed method is analysed by
using PI and fuzzy-PI controllers. The investigations are carried
6

ΔV
Z
NEB
NB
N
Z
P
PB
PEB

P

PB

PEB

NB
N
Z
P
PB
PEB
PEB

N
Z
P
PB
PEB
PEB
PEB

Z
P
PB
PEB
PEB
PEB
PEB

out using two different conditions. The first condition is for
dynamic state condition and the second is for variation of solar
irradiance under non-linear loading conditions. The gains of the PI
are given in Table 3 and the system parameters are given in
Table 1.
4.1 Dynamic performance under non-linear load
The dynamic performance of the SHAF is investigated in a threephase system, and it is observed by switching off the load from
phase ‘c’. Here, the waveform of the three-phase supply voltage
and current remain almost sinusoidal and also balanced. Fig. 7a
illustrates the supply current waveforms when load is removed in
phase ‘c’ and is seen to be distorted. The three-phase load currents
are depicted in Fig. 7b from which the current in phase ‘c’ can be
noticed to be almost zero during 0–0.2 s because of the removal of
load. At 0.2 s, the load is connected back to the system and hence
the waveform is observed to be continuous from 0.2 s onwards.
The waveform of load current in phase ‘a’ and ‘b’ can be
compared to phase ‘c’ in the dynamic state. Fig. 7c gives the
relation between the supply voltage and current using LMS and PI
controllers. Similar experiments are carried out for the proposed
model using the fuzzy-PI controller and the results are as shown in
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Figs. 8a–c which reflects the improved performance compared to
the previous one.
Table 3 Gains of PI using different techniques
Controllers
PI-LMS
fuzzy-PI-LMS
PI-NLMS
fuzzy-PI-NLMS
PI-ZA-LMS
fuzzy-PI-ZA-LMS

Again, case studies are presented for the NLMS controller
under dynamic condition to test the compensating ability of the PI

Kp
0.118
0.214
0.265
0.258
0.236
0.25

PI controller gains

Ki
2.45
2.61
2.67
2.485
2.18
2.5

Fig. 7 Simulation results for PI controller using LMS during dynamic state

(a) Source currents, (b) Load currents, (c) Source voltage/current

Fig. 8 Simulation results for fuzzy-PI controller using LMS during dynamic state
(a) Source currents, (b) Load currents, (c) Source voltage/current
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Fig. 9 Simulation results for PI controller using NLMS during dynamic state
(a) Source currents, (b) Load currents, (c) Source voltage/current

Fig. 10 Simulation results for fuzzy-PI controller using NLMS during dynamic state

(a) Source currents, (b) Load currents, (c) Source voltage/current

and fuzzy-PI controllers. The source currents, load currents and
source voltages with currents are represented in Figs. 9a–c and
10a–c, respectively, for the above two controllers. However, it has
been observed using the NLMS-fuzzy-PI controller that the system
performance is improved significantly in comparison to that of the
NLMS-PI controller. The signal characteristics of source currents,
load currents and source voltages with currents are depicted in
Figs. 11a–c and 12a–c, respectively, for ZA-LMS with PI and
fuzzy-PI controllers. It is observed from these results that the
source current using the proposed ZA-LMS with fuzzy-PI
controller is more close to sinusoidal during dynamic conditions
when compared to that of LMS/NLMS based PI/fuzzy-PI
controllers.

8

4.2 Compensation of harmonics under different irradiances
and non-linear loadings
The performance of the proposed system is investigated under
different solar irradiance and non-linear loading conditions. It has
been observed during the investigation that the PV current reduces
during the reduction in solar irradiance and simultaneously PV
power is also decreased. However, it is noticed that with the
decrease in solar irradiance, the load power remains almost
constant. The simulation work is carried out in MATLAB when the
solar irradiance is varying from low to high range, thereby
affecting the solar system output.
Three different PV irradiances are considered for the
simulations; 50, 500 and 1000 W/m2. For a comparative analysis,
the performance of the conventional PI is evaluated along with the
fuzzy-PI controller. In order to obtain better performance, the input
impedance of the VSI must be much greater than the output
impedance of the hybrid filter. For the simulation of the PV
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Fig. 11 Simulation results for PI controller using ZA-LMS during dynamic state

(a) Source currents, (b) Load currents, (c) Source voltage/current

Fig. 12 Simulation results for fuzzy-PI controller using ZA-LMS during dynamic state

(a) Source currents, (b) Load currents, (c) Source voltage/current

integrated system, the switching frequency is set at a high value of
around 20 kHz. The output simulated results of PV integrated
SHAF with different irradiances using both PI and fuzzy-PI
controllers are shown in Figs. 13 and 14, respectively. Fig. 13
shows the simulated response for the proposed model using PI
controller. The dc-link voltage, VSI current, source current and
load current during solar irradiance of 50 W/m2, 500 W/m2 and
1000 W/m2 are depicted in Figs. 13a–c, respectively. The THD
analysis are provided in Figs. 15a–c which show that there is an
increase in THD values, i.e. 2.95, 3.51 and 3.85%, respectively,
during solar irradiance of 50, 500 and 1000 W/m2.
The waveforms of the voltages and currents are depicted in
Figs. 14a–c, respectively, for different irradiances using fuzzy-PI,
and the estimated THD values are illustrated in Figs. 16a–c.
During the solar irradiance of 50 W/m2, the THD is calculated as

1.87%. Similarly, at irradiances of 500 and 1000 W/m2, the THD
values are calculated to be 2.31 and 2.64%, respectively. The
various waveforms of the source, load and filter currents along
with dc-link voltage for fuzzy-PI, under irradiances of 50, 500 and
1000 W/m2, are shown in Figs. 14a–c, respectively.
Although, the THD value increases with the increase of solar
radiation, both PI and fuzzy-PI controllers could be able to keep
them below 5%. This in turn increases PV current and reduces the
supply current, whereas the load is dependent upon the power
supplied from PV. The waveforms of PV current, PV voltage and
PV power are depicted in Figs. 17a–c for different solar
irradiances. During this operating condition and in presence of PV,
the compensation capability is enhanced by injecting extra active/
reactive power into the grid. Similar test is done with LMS and
NLMS algorithms using PI and fuzzy-PI controllers. A
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Fig. 13 Simulation results for proposed scheme using PI controller showing dc link voltage, VSI current, source current and load current during solar
irradiance of
(a) 50 W/m2, (b) 500 W/m2, (c)1000 W/m2, respectively

Fig. 14 Simulation results for proposed model using fuzzy-PI controller showing dc link voltage, VSI current, source current and load current during solar
irradiance of
(a) 50 W/m2, (b) 500 W/m2, (c) 1000 W/m2

comparative analysis of LMS, NLMS and ZA-LMS, by evaluating
THD, active power, reactive power and power factor under
different solar irradiances, is shown in Table 4. In comparison to
the PI controller, the fuzzy-PI controller clearly shows much better
performance using the three different LMS techniques.
Additionally, the value of THD reduces significantly in the
proposed ZA-LMS and fuzzy-PI case showing the efficiency of the
PV integrated SHAF as compared to other conventional
techniques.

10

4.3 Experimental test using dSPACE
This sub-section presents the real-time experimental verification of
the compensation of harmonics using dSPACE. The experimental
set-up using dSPACE 1104 and other components is depicted in
Fig. 18a and is employed to test the compensating capability of
LMS, NLMS and ZA-LMS based SHAF using fuzzy-PI. The
design of the real-time hardware employs specifications as
displayed in Table 1 and is consisting of digital storage
oscilloscope (DSO), DSP boards, DS1104, analogue-to-digital
converters and I/Os. The Hall effect sensors LV-25 and LV-55p are
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Fig. 15 THD analysis using PI controller during solar irradiance of
(a) 50 W/m2, (b) 500 W/m2, (c) 1000 W/m2

Fig. 16 THD analysis using fuzzy-PI controller during solar irradiance of
(a) 50 W/m2, (b) 500 W/m2, (c) 1000 W/m2

utilised for measuring the source voltages and currents,
respectively.
The proposed controller incorporated in power system is
developed in MATLAB/Simulink and dumped to the dSPACE for
generating the gating signals to the VSI to compensate the
harmonics. The results are captured by the help of DSO and
presented in Figs. 18b–d, respectively, for LMS, NLMS and the
proposed ZA-LMS based SHAF using fuzzy-PI controller. The
THDs in the sources currents are estimated to be 2.76, 2.14 and
1.38%, respectively, for LMS, NLMS and the proposed ZA-LMS

based SHAF. It is analysed from these results that the ZA-LMS
based SHAF provides improved harmonic compensating
performance as compared to that of the other two techniques under
non-linear loading condition.

5

Conclusion

A robust SHAF is proposed in this paper for the improvement in
PQ in a PV integrated power system with different loading
conditions. It is found that with the integration of PV, the dc link
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Fig. 17 Simulation results for proposed model using fuzzy-PI controller showing PV current, PV voltage and PV power at
(a) 50 W/m2, (b) 500 W/m2, (c) 1000 W/m2

Table 4 Comparative analysis of different controllers used
in PV integrated system
Different
Different parameter
cases
% THD with different P, kW Q, VAR Cos Ø
irradiance
1000
500
50
W/m2 W/m2 W/m2
PI-LMS-SHAF
fuzzy-PI-LMSSHAF
PI-NLMS-SHAF
fuzzy-PI-NLMSSHAF
PI-ZA-LMSSHAF
fuzzy-PI-ZALMS-SHAF

3.75
2.57

3.82
3.17

4.24
3.49

9.156
9.173

19.16 0.9821
34.39 0.9879

3.44
2.18

3.88
2.40

4.03
2.88

9.157
9.731

23.35 0.9821
18.29 0.9819

2.95

3.51

3.85

9.718

8.583 0.9966

1.87

2.31

2.64

9.718

3.302 0.9982

voltage is better controlled, and the load gets uninterrupted. A
DBC converter with APOF algorithm is used to track the MPP of
the PV array. In this paper, the proposed controller is tested using
DT-CWT with ZA-LMS, LMS and NLMS techniques for
calculating the reference current and switching signals. The
proposed scheme is studied with conventional PI and fuzzy-PI
controllers. It is observed that reactive power management, power
factor, harmonic distortions and THD values are improved in the
case of fuzzy-PI and ZA-LMS based SHAF as compared to that of
PI/fuzzy-PI based LMS and NLMS techniques under different
operating scenarios.

12

Fig. 18 Real-time analysis

(a) Experimental set-up with dSPACE. Source voltages and currents usingfuzzy-PI
controller with, (b) LMS, (c) NLMS and, (d) ZA-LMS
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