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Abstract— A variable step size logarithmic hyperbolic cosine
adaptive filtering (VSS-LHCAF)-based control scheme is
proposed for a grid-tied multifunctional photovoltaic-
distribution static compensator (GTPVD) having single-stage
topology for solar energy conversion with maximum power
extraction from the PV array. The proposed VSS-LHCAF
control scheme is utilized to estimate the fundamental weight
components of nonlinear load current accurately in generating
the driving pulses for the three-phase two-level voltage source
converter (VSC) switches employed in GTPVD, thus enhancing
the power quality by mitigating the harmonics produced by
nonlinear loads, providing a reactive power compensation,
unbalanced load compensation, and maintaining grid currents
sinusoidal at unity power factor (UPF). The multifunctional
GTPVD system is developed in MATLAB/Simulink. The
response of GTPVD is observed under solar irradiance
variation and unbalanced loading conditions with a nonlinear
load. Further, the proposed control scheme is compared with
existing adaptive filtering-based algorithms like least mean
square (LMS) and least mean fourth (LMF)-based control
schemes, and it is observed that proposed control scheme offers
better performance in terms of convergence, oscillations, steady-
state error, and grid current total harmonic distortion (THD).

Keywords— Distribution Static Compensator, Least Mean
Fourth, Least Mean Square, Photovoltaic, Power Quality,
Variable Step Size Logarithmic Hyperbolic Cosine Adaptive Filter.

I. INTRODUCTION

The rapidly increasing demand for global electrical energy
is being met by an exponential increase in renewable energy
conversion into electrical energy rather than relying on fossil
fuel sources. Solar photovoltaic (PV), a readily available
energy source, accounts for a significant share of the various
renewable energy sources. The challenges lie in integrating
the PV power into the grid while maintaining the power
quality (PQ) at grid. The PV power is generally converted into
AC power through a voltage source converter (VSC). The
VSC functions as a distribution static compensator
(DSTATCOM), solving the PQ problems. When VSC
performs power conversion and PQ improvement, the
effective utilization of solid-state switches in VSC increases.
This system is named the grid-tied multifunctional PV-
DSTATCOM (GTPVD), which necessitates a control scheme
to extract the maximum power from PV arrays, address PQ
problems, and inject excess energy into the grid while meeting
the load requirement. Several control schemes are presented
based on phase-locked loop (PLL) synchronization [1], and
others were developed using time and frequency domain
analysis. Conventional control schemes necessitate
transformations or PLL, which result in delayed responses and
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are difficult to implement. Several adaptive filtering-based
control schemes such as least mean square (LMS) [2], least
mean fourth(LMF) [3], and normalized LMS(NLMS) [4] are
becoming popular in extracting the fundamental weight
components of distorted current as the filter parameters adjust
automatically for changing environmental conditions to
maintain the system's behavior as intended. In general, it is
necessary to build an appropriate cost function specifically for
various noise environments. The mean-square error (MSE),
which is smooth and tractable mathematically, is frequently
employed as a cost function in contexts with gaussian noise.
The LMS algorithm is created under the minimum MSE
(MMSE) criterion. However, with non-gaussian noises, LMS
suffers from considerable performance loss. The LMF method
is a higher-order adaptive filter with a fourth-order power
optimization. The conventional LMS algorithms have a
convergence problem due to drifting [5], whereas the LMF
algorithm has stability issues [6]. The accuracy of adaptive
filters can be improved by including the hyperbolic cosine
function. In order to achieve stabilization in the event of
substantial weight errors and to track the steady-state with
high accuracy a novel normalization based on the logarithmic
hyperbolic cosine function is proposed [7] with variable step
size, producing a variable step size logarithmic hyperbolic
cosine adaptive filter (VSS-LHCAF)-based control scheme.
In terms of stability, steady state error, and resilience against
impulsive noise, it excels conventional adaptive filtering
algorithms. This paper implemented a VSS-LHCAF-based
control scheme to operate a single-stage GTPVD thus
enhancing the power quality by mitigating the harmonics
produced by nonlinear loads, providing a reactive power
compensation, unbalanced load compensation, and
maintaining grid currents sinusoidal at unity power factor
(UPF).

The paper is organized into five sections. Section II
presents GTPVD configuration. Section III presents the
overall control scheme for single-stage GTPVD based on the
proposed VSS-LHCAF along with extraction of maximum
power from PV  array. Section IV  presents
MATLAB/Simulink results for GTPVD under different
operating conditions and a comparative assessment of control
schemes. The conclusion of this paper is presented in Section
V.

II. GTPVD CONFIGURATION

Fig. 1 depicts the configuration of GTPVD. The GTPVD
is composed of VSC, PV, dc-link capacitance (Cq), ripple
filter (Ry and C,), and interfacing inductor (L,). These
parameters are designed as illustrated [8]. The ripple filter is



used to bypass the high-frequency switching ripples produced
by VSC by offering low impedance, and interfacing inductors
mitigate current ripples [9].
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Fig.1. GTPVD configuration

III. PROPOSED VSS-LHCAF-BASED CONTROL SCHEME FOR
GTPVD

Minimizing a logarithmic hyperbolic cosine cost function
yields VSS-LHCAF control scheme. The LHCAF cost
function is smooth to small errors and robust to large errors.
As a result, VSS-LHCAF guarantees convergence and
stability. The cost function and weight updating equation of
the VSS-LHCAF control scheme is given as [7]

J(e(i)) = In{cosh[ A()e(?)]} (1)

w(i +1) = w(i) + p(i) tanh [ A(0)e (i) |u (i) )

where, e(i) is adaptation error, A(i) is a variable scaling factor,
and u(i) is a variable step size. The values for A(i) and u(i) are
chosen large initially to obtain a faster convergence rate and
then decreased iteratively by using the equations given as

Ai) =y A=)+ ff exp[~AGi— D] A ~1) 3)
u(i) = oy Ai =)+ B, exp[-A( - D] A 1) 4)

O<a,a, <1
B, B, > 0 are the step sizes of the A(i) and (7).

where, are the forgetting factors and

The GTPVD overall control architecture shown in Fig. 2
is divided into five sections as:

A. Generation of PCC Unit Voltage Templates

The phase voltages (vgs, Ve, and ve.) and voltage peak
value (V') at the point of common coupling (PCC) are
calculated through sensed line voltages using (5) and (6)

Veq = (2vgab +ngc)/3
Vep = (_Vgab +vgbc)/3 (5)

Voo = <_2ngc —vgab)/3

. |2
Ve = \/E(véa +Vgy +Vee) (6)

The in-phase (Ugpa , Ugpp , and Ugy) and quadrature (Ugqa ,
Uggh , and ug,c) unit voltage templates are estimated as [10]

v v
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B. Extraction of Maximum Power from PV Array

®)

Uegp =7

As power output from PV depends on environmental
conditions (temperature and irradiation), numerous
maximum power point tracking techniques are available in
the literature to operate the PV so as to extract maximum
power. Here, an incremental conductance (InC) MPPT [11]
is implemented to extract maximum power. The dc-link
reference voltage (V'4) is considered as PV voltage
corresponding to the maximum power point (V).

C. Estimation of Weight Components

The VSS-LHCAF control scheme is used to accurately
estimate fundamental active and reactive weight components
of nonlinear load current.

The fundamental active weight component of phase ‘a’ is
estimated as

W (i +1) = W, (i) + (i) tanh [/I(i)epa (i)] U gy (1) 9)

where, e4(i) is the adaptive error of active weight component
at i instant for phase ‘a’.

€pa(i) = ira(i)-gpa(i)Wpa(i) (10)

The fundamental reactive weight component of phase ‘a’
is estimated as

W, (i +1) = W, (i) + (i) tanh[ﬂ(i)eqa (i)]ugqa @)y (11

where, eq(i) is the adaptive error of reactive weight
component at i i

instant for phase ‘a’.
€qa(t) = ira(t)-tgga(YWya(i) (12)
Similarly, fundamental active and reactive weight
components for phase ‘b’ and ‘¢’ load currents are estimated

considering the respective voltage templates and error
components.

W (i +1) = w,, (i) + u(0) tanh [ﬂ(i)epb (i)] gy () (13)
W,y (i +1) = W,y (i) + (i) tanh [ﬂ(i)eqb (z')]ugqb (i) (14)
W, (i +1) = W, (i) + (i) tanh [l(i)epc (i)] Ugpe () (15)

W, (i +1) = w,, (i) + (i) tanh [ﬂ(i)eqc (i)]ugqc 0) (16)

where, epp(i) = irp(i)-tgpn(D)Wpi(i) (17)
eqv(i) = iL6(1)-Ugqp(1)Wan(i) (18)
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Fig. 2. Control architecture for GTPVD

epe(i) = ire(i)-tgpe(H)Wpe(i) (19)
€qe(i) = i1e(1)-Ugge())Wac(i) (20)

A PV feedforward component (w,,y) is considered in
control scheme to achieve improved dynamic response of
grid currents during variation of solar irradiance.

Wi = 2V i/ 3V g1 21

The active loss component is calculated by implementing
a proportional-integral (PI) controller action on dc-link error
voltage.

Wy, (1) =Wy, (D) + K e Ve (+1) = Voo () + K Ve (i +1))
(22)
where, K,q. and Kj4. are dc-link PI controller parameters and

Vice(i) 1s the error between reference and actual voltages of
de-link.

Vdce(l) = V*dc(i)'Vdc(l) (23)

The reactive loss component is calculated by
implementing a proportional-integral (PI) controller action
on PCC voltage error.

Wig (1) = Wy (D) + K o Ve ((+1) =V g () + Ko Vo G+ 1)
(24)
where, K4 and Kj,. are PCC voltage PI controller parameters

and V(i) is the error between reference and actual voltages
of PCC.

Vere(i) = V*gt( )-Veu(i)

The total weight of active fundamental components is
estimated as

(25)

(26)

where, Wpaye 1s the average of fundamental active weight
components of three phases.
Woavg = (Wpg + W + W) /3

Wip = Wpavg T Wip =Wy

27

The total weight of reactive fundamental components is
estimated as

(28)

Wi

q=Wl -Ww

q qavg

where, Wqayg 1s the average of fundamental reactive weight
components of three phases.
Wavg = (an + Wy + ch) /3 (29)
D. Estimation of Grid Reference Currents and Generation
of Driving Pulses
The grid reference current signals are estimated as

*

loq = Wil gpg + Wigll gy (30)
K

lgh = Wiplgp, + Wigllggp 31
R

lge = Wyl gpe + Wigllgye (32)

The driving pulses for VSC switches are generated using
a hysteresis current controller by passing the error among
grid reference currents and sensed grid currents through it.

IV. RESULTS AND DISCUSSION

The GTPVD is developed in MATLAB/Simulink. The
PV array is designed for 11kW of power for which 20
modules connected in series form a string and 2 such strings
are connected in parallel. A nonlinear load of SkW is
considered in the form of a diode bridge rectifier followed by
a series R-L load to draw nonlinear current. The response of
GTPVD is observed under different operating conditions.

A. Steady State Performance with Balanced Nonlinear load

As depicted in Fig.3 (a) and (b), during steady state
condition, PV array is generating 11kW of power, out of
which 5kW is delivered to load and the additional power of
6kW is delivered to grid. Despite the fact that load draws
distorted currents, grid currents (ig.c) are sinusoidal and these
are 180° phase opposition with grid voltages(vgas.), indicating
that the excess power is being delivered to grid from PV after
fulfilling load. The negative sign of grid power (P,) indicates
that the generated PV power is fed to load as well as injecting
to grid. The grid reactive power (Q,) is compensated by
compensator to ensure unity power factor (UPF) operation.
The dc-link voltage follows its reference value (700 V)
throughout operation using MPPT method.
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B. Dynamic Performance at Variable Solar Irradiation

The dynamic behavior of GTPVD at variable irradiation is
depicted in Fig. 4 (a) and (b). The solar irradiation (G,.) is
changed to 0 W/m? from 1000 W/m? at 0.45 s. Before the
variation of irradiation, 6kW of PV power is delivered to the
grid after fulfilling load (5kW) from 11kW of generated PV
power. After changing the solar irradiation, the grid fulfills
the load requirement(5kW), during which the VSC continues
to provide harmonics mitigation and maintain reactive power
as zero. It is observed that the grid currents magnitude is
decreased and are in phase with the grid voltages starting
from 0.45 s, indicating there is no power to the grid due to the
non-availability of PV power and grid is delivering required
power to the load.

C. Dynamic Performance with an Unbalanced Nonlinear Load

The dynamic performance of GTPVD is shown in Fig. 5
(a) and (b) when GTPVD is connected to an unbalanced
nonlinear load. The phase ‘¢’ of the load is disconnected at
0.45 s to create an unbalanced load. Even if load currents are
unbalanced, sinusoidal currents with UPF are maintained at
grid but with increased magnitude due to less drawing of
power by the unbalanced load and as PV array is adding its
power simultaneously in the system. The dc-link voltage (V)
tracks reference value. The adaptive error active component
of phase ‘c’ is zero. The weight components (Wpe, Wpave, Wip,
wy) are varied and then settled to newer values.

D. THD Calculation
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Fig. 6 (a) and (b) shows harmonic spectra of grid current
(iy) and nonlinear load current (iz). The total harmonic
distortion (THD) of ‘i;” is 0.91%, which follows IEEE-519
standard [12] while the THD of ‘i, is 24.9%.

E. Comparative Assessment of Control Schemes

Fig.7. shows average fundamental active weight
component (Wyae) estimated by proposed VSS-LHCAF,
LMS, and LMF-based control schemes during unbalanced
loading condition, which is created by disconnecting phase
‘¢’ of load from 0.45 s to 0.65 s. A comparative assessment
of LMS, LMF, and proposed VSS-LHCAF-based control
schemes is provided in Table I under steady state and
dynamic conditions. With the proposed VSS-LHCAF-based
control scheme, oscillations in ‘wp.g are nearly zero
compared to that of LMS and LMF-based control schemes
during steady state as well as unbalanced load operating
conditions. LMS and LMF control schemes employs a fixed
step size, whereas VSS-LHCAF control scheme adjusts step
size to achieve faster convergence and less steady state error

in estimating the weight components.
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TABLE I. COMPARATIVE ASSESSMENT OF CONTROL SCHEMES

Steady state . .

(Sfolllltrol condition Dynamic condition
cheme Oscillations | Accuracy | Oscillations | Tracking Deviation
LMS High Poor More Moderate High
LMF High Poor More Fast High

Proposed
VSS- Very less Better Very less Fast Less

LHCAF

V. CONCLUSION

A VSS-LHCAF-based control scheme for the GTPVD is
proposed which mitigates the harmonics, providing a reactive
power compensation, unbalanced compensation, and
maintaining grid currents sinusoidal at UPF, thus enhancing
PQ while integrating PV power to grid. The response of
GTPVD for proposed VSS-LHCAF control scheme is
observed by developing GTPVD in MATLAB/Simulink. It is
observed that VSS-LHCAF control scheme offers better
performance in terms of convergence, oscillations, steady
state error, and grid current THD when compared with




existing adaptive filtering algorithms such as LMS and LMF-
based control schemes.
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