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Three-Phase Grid Connected Shunt Active Power
Filter Based on Adaptive Q-LMF Control Technique

Kanchan Bala Rai “, Narendra Kumar

Abstract—This article discusses the effectiveness of quantum
calculus-based least mean fourth (q-LMF) based control for a
30 grid-connected photovoltaic (PV) shunt active power filter
(SAPF). A PV array is utilized in the proposed system. Using the
q-LMF-based controlling approach, the fundamental active load
component is derived through the load current. The conventional
LMF-based control scheme has been modified with the addition of
the parameter ‘““q”. The variation of “q” influences the working per-
formance of the designed controller. A modified complex coefficient
filter is used to extract the filtered point of common coupling (PCC)
voltage under a weak and distorted grid. In the current control
mode, the SAPF feeds the appropriate compensatory current at the
PCC to minimize current harmonics from the supply structure. The
article also demonstrates real-time training of the algorithm for dif-
ferent q-LMF factors. The proposed system is initially modeled in
MATLAB/Simulink, and the simulation results are validated using
experimental findings. A hardware SAPF prototype is developed
utilizing current/voltage sensors and MicroLabBox. Furthermore,
a comparison of the least mean square, LMF, and the proposed
q-LMF-based load compensation control method has been tested
under steady-state conditions, load unbalancing, and weak grid.
The three control schemes are analyzed in terms of convergence
time, oscillations, source current total harmonic distortion (THD),
and computational load. The proposed control scheme is found
superior to others.

Index Terms—Adaptive neural network, power quality, q
calculus, quantum calculus-based least mean fourth (q-LMF),
shunt active power filter (SAPF), Voltage Source Inverter (VSI).

I. INTRODUCTION

NCREASED usage of electric vehicles, charging stations,
I storage systems, and distributed generators (DG) fueled by
renewable energy has changed the traditional power system
over the last ten years. The application of power electronic
converters in connecting many DGs with adjacent loads is a
novel concept for a “microgrid” [1], [2], [3], [4]. In [2], the
response of the microgrid is discussed between grid-connected
and islanded modes. The switching operation in both modes
is discussed for the reactive power control. In [3], the micro-
grid using master/slave control consists of a storage system,
photovoltaic (PV) system, and loads, and can be operated in
either grid-connected mode or islanded mode. In [4], microgrid
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Fig. 1.  System configuration of 3() grid-connected PV SAPF.

operation can be categorized into grid-connected and islanding
modes. Power quality issues in the distribution system are caused
by the increased penetration of nonlinear loads such as diodes
and thyristor-based circuits [5]. The designing of shunt active
power filter (SAPF) for pulsating load demands is discussed [6].
Power quality (PQ) issues, reactive power burden, poor power
factor (PF), voltage harmonics, current harmonics, and increased
heating have decreased the system’s overall efficiency. A novel
technology called a shunt active power filter is used in the
electrical grid to address reactive power, harmonic distortions,
and other problems related to power quality. It functions by intro-
ducing compensating currents into the system, which effectively
reduces disturbances and assures a reliable power source.
SAPF offers qualities such as customized filtering, flexibil-
ity to perform under system disturbances, and fast dynamic
response and becomes an ideal solution for minimizing current-
related power quality difficulties [7]. Itis also noteworthy that ac-
tive power filters operate more efficiently than under light loads
[8]. Fig. 1 shows a PV-connected SAPF model that includes a
3 () power supply, customer loads, and a voltage source inverter
(VSI) in shunt with the source. SAPF is suitably controlled to
inject equal amplitude harmonics into the current with a 180°
phase shift so that the grid current is devoid of harmonics.
Power quality concerns may be classified as current- or
voltage-related difficulties, and they can cause malfunction of
end-user equipment. The PQ issues associated with current are
current harmonics, reactive power utilization, and inadequate
power factor. The PQ aspects related to voltage include voltage
sags, voltage swells, notches, voltage harmonics, flickers, and
so on. The ratio of the root mean square of the harmonic content,


https://orcid.org/0000-0001-9278-2676
https://orcid.org/0000-0002-6841-6550
https://orcid.org/0000-0001-5527-1869
mailto:kanchan_2k19penalty -@M phdee503@dtu.ac.in
mailto:kanchan_2k19penalty -@M phdee503@dtu.ac.in
mailto:narendrakumar@dtu.ac.in
mailto:alkasingh@dce.in
https://doi.org/10.1109/TPEL.2024.3398369

RAI et al.: THREE-PHASE GRID CONNECTED SHUNT ACTIVE POWER FILTER BASED ON ADAPTIVE Q-LMF CONTROL TECHNIQUE

v

Initialization of weights for extracting
fundamental active load current

v

Determine in — phase templates

!

Determine PCC voltages

i
«

\ 4

Updating the weights using
g — LMF algorithm

A

Is" 1" optimized ?

YES

Y

End

Fig. 2. Process diagram for utilizing the q-LMF controlling scheme to deter-
mine the ideal weight.

considering harmonic components up to the 50th order and
specifically excluding interharmonics, is expressed as a percent
of the fundamental. Harmonic components of order greater than
50 may be included when necessary. Several control strategies
for SAPF have been discussed in the literature. The two most
popular conventional control strategies are the instantaneous
reactive power theory (IRPT) [9], and the synchronous reference
frame (SRF) theory [10]. These two control schemes are used to
calculate the fundamental load component for reference current
generation for SAPF. The IRPT control scheme is discussed for
power conditioning [11]. The SRF theory is also known as the
dq theory because of its use of the phase-locked loop (PLL) and
its foundation is based on the dq0 frame of reference. However,
it is crucial to evaluate the SRF theory’s efficacy in improving
power quality aspects. The IRPT on the contrary, incorporates
computations in a fixed reference frame without the usage of
a PLL; as a result, it is widely used in the control of SAPF.
The IRPT involves a much lower computation time as PLLs are
not required. Some of the limitations of IRPT are sensitivity to
harmonics, complexity implementation, and dynamic response
issues. PQ enhancement of a single-phase grid-connected PV
inverter is regulated using Bernoulli’s polynomial-based arti-
ficial neural network controller [12]. In [13], the fundamental
active load component extraction in shunt active power filtering
is achieved via a Hermite polynomial-based controller. Another
important current control technique is based on a second-order
generalized integrator for harmonic extraction and a fuzzy-tuned
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PI controller for dc bus voltage [14]. Naqvi and Singh [15]
proposed an enhanced filtering generalized integrator based
filtering technique to filter the source voltage from harmonics
content. This control scheme improves the PQ issues in grid-tied
PV systems. Several maximum power point tracking (MPPT)
algorithms have been developed for this purpose, to condition the
control system to extract the maximum power point associated
with the P-V and I-V characteristics of a PV module such as
perturb and observation, hill climbing (HC), and Incremental
Conductance. A modified decorrelation normalized least mean
square (LMS) algorithm is used for load compensation to fur-
ther generate the reference source current under various grid
disturbance conditions [16].

The LMS control mechanism is commonly used as an adaptive
controller in the DSTATCOM operation [17]. It is an adaptive
filter. The properties of an unknown system in which this filter is
used, as well as environmental changes, have propelled adaptive
filter theory to the forefront of research. The presence of system
perturbations leads to self-adjustment of the filter constants,
ensuring that the system’s filter and environment continue to
function properly [18]. It is also well known that the normal
LMS algorithm produces significantly more noise in the weights
than the LMF approach when the time constant values for both
techniques are identical. Hence, the approach is to achieve the
right learning rule that produces a lower steady-state error and
excellent tracking as compared to the conventional LMS-based
control system [19].

A low signal-to-noise ratio restricts the LMS algorithm from
reaching appropriate steady-state performance since it operates
as a lower-order adaptive filter. Hence, to alleviate this difficulty
and improve the system’s steady-state performance, a fourth-
order power expansion was used [20]. When evaluated against
multiple inputs, the LMS algorithm is simpler to develop and
provides consistent and reliable results. However, the LMS’s
rate of convergence is subpar [21]. A typical smaller step size
is recommended to achieve the lowest possible error rate. An
equilibrium is essential to achieve a faster convergence rate
(CR), a lower step size, and better control performance. It is
investigated that if CR is less than zero or approaches zero, the
convergence rate is much better with better tracking capability
as compared to CR equal to one. A conflict between these
two algorithmic objectives can be overcome by selecting an
appropriate convergence coefficient [22]. Numerous academics
have been drawn to changes in its control parameters. The most
popular and widely used LMS algorithms for improving power
quality include normalized LMS, leaky LMS, variable step size
LMS, kernel LMS, and Least mean mixed norm (LMMN) [23].

These algorithms allow self-governing tracking, reduced real-
time processing, robustness to changes in system parameters,
and good response even under dynamic load conditions. In
terms of mean square error, adaptive algorithms with high-order
errors, such as LMF perform better than conventional LMS
algorithms (MSE). In [24], a new family of g-least mean fourth
(q-LMF) based control-based stochastic gradient algorithms for
channel identification is proposed. The q-LMF method, on the
g-calculus, also referred to as Jackson’s derivative, expands the
LMF technique even further. The g-LMS algorithm has also been
applied to the development of whitening filters and system iden-
tification [25]. The suggested algorithm in this study provides a
new way to error correlation energy to give a quick convergence
rate, enhanced stability and reduced steady-state error. In [26],
comparison to traditional LMF, the suggested method provides
higher flexibility even under larger step sizes. The g-steepest
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descent approach is used to improve the stochastic gradient
descent technique, which is frequently implemented in LMF or
LMS-based control schemes. The standard LMF algorithm can
achieve higher convergence than the LMS technique. It has been
utilized successfully in various fields, including number theory,
adaptive filtering, operational theory, mechanics, and relativity
theory [27]. The proposed technique modifies the LMF approach
to reduce the fourth power of the instantaneous error estimate.

The weighted sum of the inputs is sent to the summation
unit. If the estimated output differs from the desired output,
the weights are adjusted based on the obtained errors. Based
on the error, the q-LMF learning algorithm adjusts the weight.
To minimize errors and update weights, a q-LMF adaptive
learning filter is utilized. The step size influences how fast the
q-LMF converges. The proposed q-LMF is used for extracting
the fundamental load component of each phase of the system,
which is added with an active loss component and further used
to generate reference source current for each phase.

A. Research Gap

1) Nonlinear loads cause power quality (PQ) issues; however,
it is important to adhere to PQ regulations.

2) Conventional adaptive filtering algorithms show poor
steady-state and dynamic responses under load unbalanc-
ing.

B. Technical Motivation

1) Evaluate the viability of the proposed control technique
in a 3() grid-connected PV SAPF under load unbalancing
while maintaining the PQ.

2) Application of q-LMF adaptive filter for PQ improvement.

3) Adding a control parameter q to typical LMF and
LMS may improve performance while retaining system
stability.

4) A comparative study among LMS, LMF, and ¢-LMF-
based algorithms has been performed.

II. SYSTEM CONFIGURATION

The proposed layout includes mostly a 3() VSI, a dc link
capacitor (Cy.), interfacing inductor (L¢), source impedance
(Rs,Ls), and a nonlinear load (Rp1,Ly1). There are six in-
sulated gate bipolar transistors (IGBTs) in the VSI. For low
to medium-power applications, IGBTs are a great solution. A
PV array of 8.3 kW ratings is linked with the VSI. The PV
power is fed to the grid through 3() VSI. The VSI is linked to
the PCC employing an interface inductor (Lg). The nonlinear
load is made up of a diode bridge rectifier with an R-L load.
The switching signals for VSI switches are extracted through a
proper control scheme designed based on the q-LMF algorithm.
The total load current is estimated by summing the fundamental
load current as well as the dc-link loss component. The resulting
output is then multiplied with the unit template of each phase
to obtain the reference source current. The six switching signals
are generated after comparing the three reference source currents
with the actual source currents. The switching pulses required
by IGBTs are generated by the q-LMF control technique, as
explained in Section III.

III. CONTROL ALGORITHM

The proposed article utilizes a g-LMF-based control scheme
to find the fundamental component of nonlinear load current.
The control scheme is developed using a mathematical model
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with a suitable step size. By employing an extra control parame-
ter q, the proposed q calculus-based LMF can be used to improve
the performance of the traditional LMF while maintaining the
algorithm’s stability [24]. Furthermore, the proposed control
technique generates adaptive weight values as shown in Fig. 2.
If q = 1, the proposed q-LMF algorithm acts as a conventional
LMF. However, the change in the q parameter can alter the
behavior of the algorithm entirely.

A. Introduction to Q-Calculus

Quantum calculus is often known as limitless calculus. The
differential of a function is expressed as

dg (F(x) = f(qx) = £ (x). ey
The derivative of (1) is given as
dq (F(x) _ flgx) ()
D, (f (x)) = 2 = . 2)
S M R R
If q tends to 1, the above expression is suited to the classical

derivative. The g-gradient of function f(x) for “m” number of
variables is expressed as [23]

Ve (x) 2 Da1af (%), Dzaf (%) 5o one . D

where = [q1,q2,9s..............dm

B. Proposed Adaptive q-LMF Algorithm

The conventional LMF algorithm is expressed as

wn+1)=wn)— ngJ (w) 3)

I3 2]

where “p” is the step size or learning rate, J(w) is the cost

function for the proposed q-LMF algorithm, and it is expressed

as J(w) = e*(n). Here, e(n) is defined as the calculated error

between actual output (d) and calculated output (w™ (n)x(n)) at

the nth instant. Also, x(n) is denoted as the input signal, which
T

is expressed as x(n) = [x1 X2
e(n)=d(n)—w? (n)x(n) 4)
and “w” is the weights vector, and “M” is the length of the filter.

The proposed q-LMF algorithm is obtained by replacing the
conventional gradient with the g-gradient [21]

th)

w(n+1) = w(n) = £Va.d (w) 5)

Vawd (W) = —4E (qi + qi + i + 1) xk (n) € (n),
forK=1,2,3,....M (6)

Vawl (W) = — 4E [Gx (n) € (n)] (7

where qy is the quiescent value at kth instant of time, G is a
diagonal matrix

3 2 1 3 2 1
diag (G) — [(q1+q1+ql+ )7(q2+q2+q2+ )

4 4

4

Because of system ergodicity V J(w) can be expressed as
Vawl (W) &~ —4Gx(n)e?(n). Equation (5) will be expressed as

w(mn+1)=w(n)+ uGx(n)e® (n). ©)
The input variable x(n) is given by

3 2 1 T
............. ,(qM+qM+qM+ )} ®

x (n) = [upatipptipe] (10)
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ia (n) — upa (n) Wpa (1)
e(n) = |irp (n) — upy (n) wpp (1) (11)
ire (n) — upe () Wpe (1)
w(n+1) = [Wpa (04 1) Wby Wpe (m+ 1] (12)
W (n) = [Wpa () Wpb (1) Wpe (n)] " (13)

where in-phase unit templates are represented by Upa, Upp, Upc-
e(n) is defined as the difference between the real load current
irx(n) and calculated load current i, (n) = [uy(n) x Wy (n)]
(k = a, b, ¢), wpk(n) is the active weight component.

The weight of the fundamental active component of the load
current of phase “a” is expressed as

Wpa (4 1) = Wpa (n) + pGupg( (epa (n) )3> . (14
Similarly, for phases “b” and “c”

wop (0 1) = wpp (0) + pGuge((ep (0))°)  (15)

Wpe (n =+ 1) = Wpc (n) + MGupc( (epc (n) )3) (16)

For LMF-based operations, q1,q2,qs = 1
G=[11"

While for q-LMF, the value of q can be chosen according to
the requirement q = 2, 3,4 ........

For q1,q2,q3 = 2

G = [3.5 3.5 3.5]" using (8).

Hence, the G matrix is dependent on the choice of q.

C. Generation of Unit Templates and Reference Source
Current

The active and reactive components of the load current have
harmonics. The control strategy for producing switching signals
using the g-LMF algorithm is shown in Fig. 3. The unit template
must be in the same phase as the PCC voltage. The mCCF is
used to obtain a sinusoidal unit template under abnormal grid
conditions. The Transfer function of mCCF is given by

(S + we + jWO)
(s + wc)2 +w?
where we, wp is the bandwidth of CCF and favourable angular
frequency of CCEF, respectively. The values selected for where

We, wo are 94.2 and 314 rad/se. This filtered fundamental source
voltages (vi,, Vi, vi.) are used to generate the unit templates

(upaa Upb, U-pc)

T (s) = we a7

! /
Visa Visb

Upa = —, Upp = ——
A R

/
VSC
y Upe = V. (18)

Vo= VT v (19)

where V; denotes the PCC voltage amplitude. Using (18),
the proposed work implements a PLL-less control system.
The active loss component Ip(n) is calculated by subtracting
the reference dc-link voltage (V) and actual dc-link voltage
(Vge). The active loss component is expressed as

Ip (n + 1) =1Ip (n) + K1 Vice (Il + 1) + Kp(VdCe (Il + ].)
— Viee (n) (20)

Vice (n) = V. (n) — Ve (n) 2D
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Fig. 3. Control approach based on adaptive q-LMF for generating switchin,
g pp! p q g g g

signals for a three-phase grid-connected PV system.

where Ki, K, are the integral and proportional gains utilized
to tune the PI voltage controller on the dc-link. The addition
of the average fundamental active weight component (wy,), the
dc loss component (Ip) are added and the PV’s feedforward
current (Ipygr) is subtracted from the total gives the total active
component (weq)of 3() source current determined as

(22)
(23)

Weq = Wp + Ip — Ipver

Wp = (Wpa + Wpb + Wpe) /3.
The PV feedforward current is utilized for compensating the

performance under current and voltage disturbance and it is
expressed as

I v (24)
PVIf = .
3Vy
The active reference source current is defined as
. L e
Iy = Weq*Upa; Igy, = Weq*Upb; Iy = Weg*Upc- (25)
The reference source current (i) is obtained by using
R
Labe = [lﬁa Lsp IQC] (26)
where if,, 1%, i%. are the 3() reference source current.

IV. RESULTS AND DISCUSSION

A hardware setup is developed in the laboratory using Hall ef-
fect current and voltage sensors LEM LA 25P and LEM LV 25P,
respectively, as shown in Fig. 4. Sensor circuits measure each
phase’s source current, load current, dc link voltage, and source
voltage. A digital signal processor for applied and control engi-
neering (dSpace) controller (1202-DSPACE) is implemented to
execute the control scheme. The nature of the sensor’s output is
analog, which must be changed into a digital signal through an
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TABLE II
HARMONIC SPECTRA OF SOURCE VOLTAGE AND SOURCE CURRENT UNDER
NONLINEAR LOAD DURING NORMAL AND WEAK GRID CONDITIONS

Conditions Magnitude Percentage THD
Source Source Source Source
Voltage Current Voltage Current
(Vsa) (isq) (Vsa) (isq)
Normal Grid 338.8V 12.6 A 0.63% | 1.65%
Voltage Sag 271.1V 18.97 A 0.85% | 1.70%
Voltage Swell 406.6 V| 4497 A 0.54% | 4.35%

Nonlinear
R-L Load

Fig. 4. Experimental setup of proposed 3() grid-connected PV-SAPF.

TABLE I
SYSTEM PARAMETERS

System Parameters  Simulation Value Experimental Value

3@ ac supply (line 415 V (rms) 40 V (rms)
to line)
System frequency 50 Hz 50 Hz
Filter impedance 0.1 Q, 4.3 mH 0.1Q,4.3mH
Ry, Ly
Source impedance 0.04 Q, | mH 0.1Q,3.5mH
R, L,
Reference  dc-link 800 V 80V
voltage Ve(ren
Dc Capacitance ~ 1650puF 4700 pF
(cdc)
PI controller Kp=04,K;=1.5 Ky =0.05, K; =0.005
learning rate (p) 0.01 0.01
Atq=2 G G
=[3.75 375 3.75]" =[3.75 3.75 3.75]"
Switching 10 kHz 10 kHz
Frequency fg,,
Three-phase 40 Q, 10 mH 20 Q, 80 mH

uncontrolled diode

rectifier with Load
Ryg, Ly

A/D converter provided through MicroLabBox/dSpace. The PV
characteristics is realized using a solar PV simulator (Chroma
62100H-6005). PV is integrated at the dc link of the three-phase
VSC and synchronized with the grid. A power quality analyzer
(Hioki-PQ 3100) is utilized for harmonic spectra analysis of
current and voltage. For voltage and current measurements,
voltage probes (HIOKI) and current probes (HIOKICT7136) are
used. The dynamic response of the proposed system is captured
using a digital signal oscilloscope (DSOX2014A). The sampling
time of the proposed system is considered as 50 ps for running
the experimental setup.

Also, the effectiveness of the proposed system is evaluated
by simulating the proposed system in MATLAB Simulink. The
simulation model consists of a 3() ac grid, 3() nonlinear loads, 3()
VSI, and interfacing inductors coupled at the PCC along with the
control scheme for the proposed system. The system parameters
and their value are given in Table I. The effectiveness of a 30), grid
coupled SAPF is modeled in MATLAB/Simulink under both
steady-state and dynamic load conditions. The effectiveness of
the proposed system is monitored using appropriate signals,
such as source voltages (Vgnc), source currents (igpe), load
currents (ipane), compensating current (icane), de-link voltage
(Vqe), active source power (Pg), source reactive power (Qg),
load active power demand (Py,), load reactive power demand

(Qr), and PV’s active power (Ppy). The proposed current
extraction method is used to evaluate SAPF behavior in both
steady-state and dynamic modes. The proposed control strategy
must be implemented on the VSI to improve the said power
quality issues.

The harmonic spectra of source voltage and source currents
under normal and weak grids are given in Table II. The source
voltage (vg,) and source current (i, ), have a total harmonic dis-
tortion (THD) of 0.63% and 1.65%, respectively, under a normal
grid while the THD of iy, under voltage sag and swell are 1.7%
and 4.35%, respectively, as given in Table II. The source voltage
and source current are in phase with one another, maintaining the
PF at unity. The SAPF’s functioning has provided compensation
for the load’s reactive power demand (Qy,) and reduces the
harmonics in the source currents. The VSI compensates by
supplying the necessary current computed using the proposed
algorithm.

Even when the load is unbalanced, the supply current tries
to be sinusoidal. It is also observed that the active component
weight varies owing to load variations, and the error signal
fluctuates close to zero before recovering to its starting value.

A. Voltage Swell, Voltage Sag, Distorted Grid, and Load
Unbalancing

The performance of the proposed system under voltage sag is
shown in Fig. 5. The three-phase source voltage (vs) is deviated
from its nominal value by approximately 20% of the actual
voltage. Due to the constant source power supply, the source
current (igpe) is increased as noticed in Fig. 5. The voltage at
PCC is decreased at voltage sag due to which voltage across
load decreases and, hence, load current decreases. The dc link
voltage is maintained at its reference value due to its control
scheme. The power from the PV array fulfills the load demand
and the remaining power is supplied to the grid.

Fig. 5 illustrates the suggested system’s operation under volt-
age sag, swell, and distorted grid. There is a 20% deviation
between the nominal and actual values of the three-phase source
voltage (vsabe). As seen in Fig. 3, the source current (isqpe)
decreases because of the continuous source power delivery
under voltage swell conditions. When there is a voltage swell,
the voltage at the PCC increases, which increases the voltage
across the load and, consequently, the load current. Its control
mechanism keeps the dc link voltage at its reference level. The
source current maintains to be sinusoidal under load unbalancing
conditions. The THD of the source voltage (vg,) and source
current (is,) are 0.85%, 1.70%, respectively, under voltage sag.
The THD of the source voltage (vg,) and source current (ig,)
are 0.54%, 4.35%, respectively, under voltage swell as shown
in Fig. 6, which are below the IEEE-519 standards’ allowable
limit.
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Fig. 6.

The source current under a distorted grid at t = 0.65 s, the
source current remains sinusoidal with the effect of the control
scheme. The THD of the source current (is,) under distorted
source voltage is 2.40%, and THD of source voltage (vg,) is
10.04%, as shown in Fig. 7.

The power analysis under the weak grid and normal grid is
shown in Fig. 8. The solar PV is connected to VSC at 1000 W/m?
irradiance. The waveforms of signals PV voltage (Vpy), PV
current (Ipy), active source power (Pg), source reactive power
(Qs), load active power demand (Pr,), load reactive power
demand (Qy,), VSC’s reactive power (Qr,), and solar PV array
(Ppy). The active (Pr,) and reactive load power (Qy,) demand
are fulfilled by PV array and VSI, respectively. While the extra
PV’s power is fed to the grid.

Harmonic order Harmonic order

©) (d)

FFT analysis of source voltage and source current under (a) and (b) vy, and ig, under voltage sag (c) and (d) vg, and ig, under voltage swell.

B. Comparison of the Proposed Q-LMF-Based Control With
Conventional Adaptive Control Algorithms

Fig. 9(a) shows the fundamental active weight component
waveform under steady-state conditions. This is found that the
fundamental weight signal converges fast with the q-LMF-based
algorithm. Fig. 9(b) shows the response of the average weight
of the fundamental component of load current (wy,) to load
unbalancing in phase “a” for the proposed q-LMF-based control
algorithm. Studies demonstrate that by adding a second regulat-
ing term, “q” to the traditional LMF technique, the developed
g-LMF algorithm enhances its performance. The comparative
analysis considers step size 4 = 0.01 for LMS, LMF, and q-LMF
with different values of q = 1, 2, 3. The effectiveness of the
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algorithms is investigated in terms of steady-state error and
convergence rate and Fig. 9(b) demonstrates that the q-LMF per-
forms better than the traditional LMF and LMS. The proposed
algorithm converges faster as compared to the conventional LMF
and LMS. The average active component computed using the
LMS technique takes the maximum time to reach the steady
state with LMF and the proposed q-LMF techniques. Fig. 9(b)
shows that the oscillations using the LMS technique are quite
less but it causes the maximum error and tracking is erroneous,
especially under unbalanced load conditions. Table IV illustrates
the comparison among techniques such as LMS, LMF, LMMN,
and q-LMF.

It is investigated from Table III, that proposed q-LMF has
better performance than other conventional schemes. When g =
2, the signal converges att = 0.54 s, and the q = 1(Conventional
LMF) signal converges at t = 0.56 s. When q = 3, the funda-
mental active component of load current has fast convergence
compared to q = 1 and 2 but with a small steady-state error.
Hence, q = 2 has been selected as the optimized value. The in-
vestigations reveal that the g-LMF algorithm response is highly
dependent on the q parameter selected. From Fig. 9, it is clearly
shown that by increasing the value of ¢, faster learning can be
achieved but at the cost of significant error.
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Fig. 9. Response of fundamental weight signal (wy,) for conventional LMF,
LMS, and proposed q-LMF (at q = 2, q = 3) at (a) steady state and (b) dynamic
load condition.

TABLE III
COMPARATIVE STUDY OF PROPOSED CONTROL (Q-LMF) ALGORITHM WITH
CONVENTIONAL CONTROL SCHEME

Parameter Conventional control Algorithm Proposed
Control
LMS LMF LMMN ¢-LMF
Type Adaptive | Adaptive | Adaptive | Adaptive
Complexity Low Low Moderate | Low
Order of | Second Fourth Mixed Fourth
optimization (Second
and
Fourth)
Oscillation
a.  Steady- No Moderate | Moderate | Lesser
state
b.  Transient No Moderate | Moderate | Moderate
state
Sampling Time | 60 pus 50 pus 55 s 50 ps
(Ts)
Convergence more moderate | moderate | less
Time
TABLE IV
CONVERGENCE ANALYSIS AMONG LMS, LMF, AND Q-LMF CONTROL
SCHEME
Technique Steady-state condition Dynamic condition
Error | Convergence Error Convergence

Time Time
LMS 02A | 100 ms 027 A 76 ms
LMF (q=1) 05A | 88 ms 027 A 58 ms
q-LMF (q =2) 1.2A | 64ms 0.62 A 42 ms
q-LMF(q =3) 41A | 52ms 3.02A 29 ms
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Fig. 10. (a) Dynamic response of the proposed system having waveforms of
signals v, sa, iLa, and V. (b) Source voltage (vs, ), reference source current
(i%,), actual source current (ig,), and load current (ir,) of phase-a under load
unbalancing.

C. Experimental Results

Dynamic response of the proposed system with q-LMF con-
trol scheme is shown in Fig. 10. Fig. 10(a) shows the dynamic
response of the system under load increase. The waveform of
signals of phase “a” source voltage (vg,), source current (ig, ),
load current (ir,), and dc link voltage (Vg4.) are shown in
Fig. 10(a). The source current decreases as the decrease in load
to maintain the supply power constant. At the same time, the dc
link voltage regulates its reference value due to the effectiveness
of the PI controller. The dc link voltage slightly decreases with
an increase in load for almost a cycle; after that, it will regulate
to its reference 80 V, as shown in Fig. 10(a). The reference
source current (if,) is sinusoidal and follows the sensed source
current due to the proposed q-LMF control and HCC, as shown
in Fig. 10(b). The proposed system is also tested under weak grid
conditions, i.e., voltage sag, swell and distorted grid. A 20% of
voltage sag and swell are observed on the PCC voltage, as shown
in Fig. 11(a) and (b). It is notified from the Fig. 11(a), the phase
“a” source voltage (vy,) is decreased due to voltage sag at PCC.
The source current (i, )increase to maintain the supply power
(Pr,) constant. Because the load power is proportional to the
square of source voltage, the load power, as well as load current,
decreases and vice-versa in case of voltage swell. The distorted
voltage in the source voltage is shown in Fig. 11(b). It is seen
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Fig. 11.  Performance analysis of proposed control scheme under (a) voltage
sag, (b) voltage swell, and (c) distorted voltage.

that the source current is sinusoidal due to the proposed control
scheme. The proposed system behaves satisfactorily under weak
and distorted grid condition due to mCCF at the input of PCC
voltage, which filter out the unwanted harmonic component and
extract the fundamental component of source voltage. The dc
link voltage is maintained to its reference value.

The intermediate signals of the proposed control scheme
based on q-LMF are shown in Fig. 12(a). The effectiveness of
q calculus-based LMF on fundamental active load components
under load unbalancing is shown in Fig. 12(b).

The conventional LMF takes more time to converge un-
der load unbalancing and reach a steady state. The con-
ventional LMF takes around 4.5 cycles to reach the steady
state position, while with q-LMF with q = 2, G = 3.5,
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Fig. 12. Intermediate signals of the proposed q-LMF-based control scheme
with the waveforms of (a) iy, €a, eg, and V¢ and (b) fundamental weight wy,
under load change.

the fundamental active load component takes 1 to 1.5 cycles to
converge. When q = 3, the fundamental active components con-
verge the fastest but a small steady-state error is also obtained.
When g =2, both convergence rate and steady-state performance
are optimized. Thus, itis established from Fig. 12(b) thatincreas-
ing the value of “q” results in fast convergence but also results in
alarge steady-state error. These results also match the findings of
simulation studies. Fig. 13(a) and (b) shows the representations
of source voltage and source current with current THD levels.
The THD of the source current is achieved to be 2.99% with
SAPF compensation and follows the IEEE 519 standards, while
the THD of the source voltage is only 1.15%. Fig. 13(c) and (d)
shows the source voltage waveform and load current with THD,
respectively. The THD of load current is 21.63%.

V. CONCLUSION

The proposed control scheme is based on the g-LMF adaptive
filter technique. The proposed control scheme is developed and
implemented on developed prototype for grid connected PV sys-
tem. With a single-stage, three-phase grid-integrated PV system
that is exposed to nonlinear loading at voltage swell, voltage sag,
load imbalance, and distorted voltages at PCC, the q-LMF has
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Fig. 13.  Power analyzer results of (a) waveforms of the source voltage and
current, (b) THD of source current, (c) waveforms of source voltage and load
current, and (d) THD of load current.
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increased power control capabilities and improved power qual-
ity. The proposed control scheme includes an extra parameter q
and offers more control over the dynamic performance and rate
of convergence. The conventional LMF is also compared with
the g-LMF for power quality improvement. The simulation and
experimental results have shown that the THD of the source
current is well within IEEE-519: 2014 limits and a proper
power balance has been achieved between the source, load, and
inverter. The response of the proposed controller has proven to
be effective and reliable compared with existing conventional
techniques. The effectiveness of the proposed g-LMF-based
control technique (with q = 2) resulted in optimized performance
with a fast convergence rate and the least steady-state error in the
estimation of the fundamental active weight component of load
current. The MSE obtained with g-LMF showed a lower value
than the conventional LMF control. The developed PQ controller
maintains the power factor of the source current to unity as well
as makes the source current sinusoidal. During load unbalancing
conditions, the dc-link voltage is well regulated within 10%,
and reactive power compensation is accomplished by efficiently
using the proposed q-LMF control method. Significant features
of the proposed g-LMF technique for load compensation and
weak grid are presented.

1) The g-LMF technique is similar to a single-layer training
technique for online weight updating to derive the funda-
mental component of the load current from the distorted
load current.

2) It has a PLL-less structure.

3) It provides appropriate switching signals irrespective of
load uncertainties and weak grid.

4) It offers a higher convergence rate, lower steady-state
error, and better dynamic performance as compared to
conventional techniques.

5) The proposed technique is effective in improving power
quality issues.
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