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Abstract— This paper presents a robust generalized
modified Blake-Zisserman adaptive filter (GMBZAF)-based
control scheme for a three-phase grid-tied single-stage
photovoltaic system (GTPVS) to improve power quality (PQ).
The GMBZAF-based control scheme enables GTPVS to
integrate maximum PV power into the grid with power quality
(PQ) improvement at the grid side, such as maintaining
balanced sinusoidal grid currents, current harmonics
mitigation, reactive power assistance to the inductive load at
steady-state, and even during dynamic conditions (variable load
and irradiance). The GMBZAF is implemented to accurately
calculate the active and reactive weight components of load
current. The GTPVS is modeled using MATLAB/Simulink, and
its response is observed at steady-state, unbalanced loading, and
variable solar irradiance conditions. The comparative
assessment between the proposed control scheme and the
existing adaptive filtering-based control schemes such as least
mean square (LMS) and least mean fourth (LMF) is done.

Keywords— Blake-Zisserman Adaptive Filter, Least Mean
Fourth, Least Mean Square, Photovoltaic, Power Quality.

I. INTRODUCTION

Renewable energy sources have gained significant interest
in global electrical energy generation due to exponentially
rising energy consumption and environmental challenges
caused by fossil fuels. Solar energy is becoming popular due
to decreasing cost of photovoltaic (PV) modules, less
maintenance, and clean energy, which is easily captured.
Generally, two types of topologies are available in the
literature for the grid-tied PV system (GTPVS): single-stage
and double-stage, each having merits and demerits [1]. When
the power loss, efficiency, system complexity, and reliability
are considered, a single-stage topology is preferred. When the
PV array’s output voltage is insufficient for the DC link to
have power flow, it is preferable to use a double-stage
topology where a dc-dc converter is employed additionally.
The double-stage topology shares the control burden among
dc-dc converter and VSC. An effective control scheme is the
heart of the operation for GTPVS. The control scheme
operates GTPVS such that it enables GTPVS to provide multi
functionalities such as integrating the maximum PV power
into the grid with grid side power quality (PQ) improvement,
thus maintaining balanced sinusoidal grid currents, current
harmonics mitigation, and reactive power assistance to
inductive load while feeding nonlinear loads. To calculate the
fundamental component from the distorted signal, several
traditional techniques based on transformations and phase-
locked loop (PLL) [2] have been reported in the literature. In
the PLL-based synchronous reference frame (SRF), the low
pass filter contributed to oscillations, which reduced the
system’s ability to respond dynamically. This issue prevailed
in the direct axis component of current. Control schemes
based on adaptive filtering algorithms such as variable step-
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size LMS [3], least mean fourth [4], and least logarithmic
absolute difference (LLAD) [5] are utilized to calculate
fundamental weight component of distorted current. The
filtering schemes’ accuracy, steady state alignment, and
dynamic response depend on non-gaussian environmental
conditions. It is essential to embed an appropriate cost
function to derive the weights updating relation specifically
for various noise environments. Several adaptive filtering-
based control schemes are embedded with different cost
functions like different powers of the error, mean absolute
third error [6], and sigmoid [7]. The accuracy of adaptive
filters is improved by including the robust generalized
modified Blake-Zisserman(GMBZAF) [8] cost function in
updating the weights thus leading to a GMBZAF-based
control scheme. The convergence performance of GMBZAF
is superior to that of other existing algorithms.

The major contributions of this paper are:

¢ Injection of maximum power from PV array into grid
along with the improvement of PQ at grid side.

e Calculation of fundamental weight components of
distorted nonlinear load current using GMBZAF.

e Maintaining grid currents sinusoidal at unity power
factor (UPF) while feeding nonlinear loads.

This paper is organized into five sections. Section Il
presents GTPVS configuration. Section Il presents the
overall control scheme for single-stage GTPVS based on the
proposed GMBZAF-based control scheme. Section 1V
contains the results and discussion. The conclusion of this
paper is presented in Section V.

Il. GTPVS CONFIGURATION

The single-stage GTPVS configuration is shown in Fig. 1.
It is formed by an IGBT-based voltage source converter
(VSC), PV array, dc-link capacitance (Cqc), ripple filter (Re
and Cyx), and interfacing inductance (Lf). The GTPVS
parameters are designed as illustrated in [3].

I1l. PROPOSED GMBZAF-BASED CONTROL SCHEME FOR
GTPVS

The GMBZ cost function is [8]
J(e(r)) = log(l+8) - E{Iog [exp(—p|e(r)|ﬁ)}+5} (1)

where e(r) is an adaptive error component, 5 is a
normalization constant, B is a shape parameter, p is a
parameter controlling kernel width, and E[.] is the expectation
operator. Here 3, B and p are the non-zero positive parameters.
The GMBZ cost function exhibits a more robust behavior in
reducing the adaptive error and improving convergence than
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Fig. 1. GTPVS configuration
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Fig. 2. Control architecture for GTPVS

most existing cost functions. It reduces steady-state
misalignment. The GMBZAF weights are updated with a step
size of ‘p’ using (2)

w(r +1) = w(r) + e (e(r)u(r) @
where,
exp(~ple(n)]” ) le(r)" signle(r)]

[0+ e(-elee)

f(e(r) =

The control architecture for single-stage GTPVS is shown
in Fig. 2 and is divided into four sections as explained below.

A. Extraction of Maximum Power from PV Array

An incremental conductance (InC) -based MPPT [9] is
used for PV array to deliver maximum power in which the
operating point is updated to reach maximum power point
(MPP). The PV voltage at MPP is considered as the reference
dec-link voltage in implementing a control scheme. The

equations and Ppy-Vpy characteristics of PV array illustrating
the operation of INC MPPT method are given as (4)-(7) and in
Fig. 3.

dPpy __ dlpy _ _
Wy Ipy + Vpy pr—— G+ AG=0 4)
AG > —G, left to MPP (5)
AG < —@, right to MPP (6)
AG = —G, at MPP )
Pnm |
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1
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Fig. 3. Ppy-Vpy characteristics of PV array illustrating INC MPPT method
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Fig. 4 (a) and (b): Performance of GTPVS during steady-state operating condition with balanced nonlinear load
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Fig. 5 (a) and (b): Dynamic performance of GTPVS during a change in irradiation
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Fig. 6 (a) and (b): Dynamic performance of GTPVS during unbalanced load



B. Generation of PCC Unit Voltage Templates

The point of common coupling (PCC) phase voltages are
calculated from the sensed PCC line voltages, and then PCC
voltage maximum value is calculated as [10]

Voa 1 2 1 v

Vg =3[ -1 1 {gﬂ ®
” 1 —p|LVabe

gc

Vi = \/2(V§a +Vo, +VE.) 13 9)

The in-phase unit and quadrature unit templates of PCC
phase voltages are calculated as [11]

u V
gpa ga 1 1 1
ngb = ng _— —_— —_— (10)
Vgt Vgt Vgt
Ugpe | | Ve
ugqa 0o -2 2 nga
qub = 3 1 _1 ugpb (11)
23
u -3 1 -1|y
gac gpc

C. Calculation of Weight Components

To inject the sinusoidal currents into grid, the weight of
the fundamental active and reactive components of three
phases (a, b, c) load currents are calculated using GMBZAF
weights updating relation (12) and (13)

Woa (r+1) | [Woa (1) + 225 (€ (N)Uigpa (1)
Wi (1 +1) | = [ Wy (1) + 22 (€ (1) Ug (1) (12)

| Wpe (r+2) || Wi (1) + 2 f (8¢ (1)Ugpc (1)

Woa (T +2) | [ Woa (1) + 22F (Bga (1)Ugga (1)
W (1 +2) | = Wy (1) + 22 (8 (1)Ugg (1) (13)
_ch(r+l) ch(r)+/lf (eqc(r))ugqc (r)

where, the adaptive error active and reactive components for
three-phase load currents are given as

_epa(r) iLa(r)_ugpa(r)Wpa(r)
€pb (1) | =] iLo (1) = Ugpn (N Wy (1) (14)

_epc (r) iLc(r)_ugpc (r)Wpc(r)

fega(N) ] [lia(r) = Ugga (NWga (1)

€qn (1) | =] i () = Uggn (N Wy (1) (15)

| €qc (M) | [ Te (1) —Ugge (NWee (F)
Consideration of the average for weight components is

useful for maintaining balance among grid currents.

Wpavg = (Wpa +Wpp + W) /3 (16)

Wyavg = (an +Wyp + ch) /3 @an

The response of grid currents is improved during dynamic
variation of irradiance by involving the PV feedforward
component (Wi ) in the control scheme.

Wpvff = 2va| pv/ 3v*gt (18)

A proportional-integral (PI) controller action on dc-link
error voltage and PCC voltage error is employed to calculate
active and reactive loss components (wip(r+1), wig(r+1)) to
include in a control scheme.

Wlp (I’ +1) = Wlp (r) +K pdc (Vdce(r + 1) _Vdce(r)) + Kidcvdce(r +1))

(19)

Wig (1 +1) = Wig (1) + K pac Vgte (F +1) = Ve (1) + KjgVgre (r +1))
(20)

where, Vace(r) = Vae(r)-Vae(r) (21)
Vgee(r) = Vgi(r)-Vi(r) (22)

Kpde and Kige are de-link PI controller parameters, Kpac and
Kiac are PCC voltage PI controller parameters.

D. Calculation Grid Reference Sinusoidal Currents

The grid reference sinusoidal currents are calculated
using the above-calculated weight components and unit
templates as

Iga = WipUgpa T WigUgqa (23)
Igh = WipUgpp + WigUggn (24)
Ige = WipUgpe +WigUgqe (25)

where, wy and wy are the total weight active and reactive
components.

Wy, =W

p pavg + WIp - vaff (26)

W = Wig — W,

gavg (27)

q

The calculated grid reference currents and sensed grid
currents are passed through a hysteresis controller of width
0.01 to generate the driving pulses for VSC switches.

IVV. RESULTS AND DISCUSSION

The GTPVS is developed using MATLAB/Simulink. The
number of PV array modules chosen to obtain a power of
11kW. A nonlinear load of 5kW is realized using a diode
bridge rectifier and a series R-L load.

A. Performance of GTPVS During Steady-state Operating
Condition with Balanced Nonlinear Load

Fig.4 (a) and (b) depicts the performance of GTPVS during
steady-state operating condition with a balanced nonlinear
load where the grid currents are maintained sinusoidal at
unity power factor (UPF) with 6kW of PV power integrated
to gird after supplying to 5kW nonlinear load. The grid
currents are 180° out of phase with grid voltages and grid
reactive power (Qg) is zero indicating no reactive power
burden on grid. The dc-link voltage follows its reference
voltage.

B. Performance of GTPVS During Dynamic Operating
Conditions
The performance of GTPVS during dynamic condition is
presented for two cases with a change in irradiation in Fig.5
(a) and (b) and unbalanced load depicted in Fig.6 (a) and (b).
1) Change in Irradiation from 1000 W/m?to Zero: When
irradiation is decreased to zero from 1000 W/m? at 0.25 s, the
power injecting to grid is changed from -6kW to 5kW
indicating power is delivered to grid from PV after fulfilling
load till 0.25 s. After 0.25 s the load power is supplied by grid



alone as there is no PV power. Now the VSC continues its
functioning as a distribution static compensator
(DSTATCOM) to solve PQ problems (load -currents
harmonics mitigation and reactive power compensation). The
grid currents are in phase with the grid phase voltages here,
indicating that the grid is delivering power to the load at UPF.

2) Unbalanced Nonlinear Load: Unbalanced load is realized by
removing the phase ‘c’ of the load at 0.35 s. The grid currents
are balanced and sinusoidal, but their magnitude is increased
due to simultaneous reduction of load power and injection of
PV power. Magnitude of VSC currents(icanc) is changed to
unbalanced to make the grid currents balanced. The adaptive
error of phase ‘C’ is reached to zero and weight components
(Wpe, Wpavg, Wip, Wyp) Settle to new stable values immediately
after unbalance is created in the load.

C. Comparative Assessment of Proposed Control Scheme with
Existing Control Schemes

Fig. 7 depicts the average fundamental active weight
component (Wpayg) calculated by the proposed control
scheme, LMS, and LMF and Table | shows the comparative
assessment among these control schemes when phase ‘c’ of
the load is removed from 0.35 s to 0.45 s to create an
unbalance in the load. The proposed GMBZAF-based control
scheme exhibits smooth variations and almost zero
oscillations during steady state and less magnitude
oscillations during dynamic conditions compared to that of
LMS and LMF-based control schemes.

1 T T T

101

8 ]
g
= 6f 1
MV AN
MV
Al ]
— LMS
— LMF
—— GMBZAF
) 1
0 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

Time(s)
Fig. 7. Estimation of ‘Wpay’ for proposed GMBZAF, LMS, and LMF-based
control schemes

TABLE |I. COMPARATIVE ASSESSMENT OF PROPOSED CONTROL SCHEMES
WITH EXISTING CONTROL SCHEMES

Steady state . .
. Dynamic condition
gcor?:r';?; condition y
Oscillations | Accuracy | Oscillations | Tracking Deviation
LMS High Poor More Moderate High
LMF High Poor More Fast High
Proposed
GMBZAF less Better less Fast Less

D. Total Harmonic Distortion (THD) calculation

The THD of grid currents depicted in Fig. 8 (a) is 1.08%,
held below the limit of IEEE-519 standard [12] while the

nonlinear load current is having a THD of 25.51 % shown in
Fig. 8 (b).
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V. CONCLUSION

A robust GMBZAF-based control scheme is proposed for
GTPVS, which mitigates the harmonics, providing a reactive
power compensation, unbalanced load compensation, and
maintaining grid currents sinusoidal at UPF, thus enhancing
PQ while integrating PV power to grid. The performance of
proposed GMBZAF-based control scheme is observed when
GTPVS is operated in steady-state and dynamic operating
conditions (variable load and irradiance) and it is observed
that GMBZAF-based control scheme exhibits superior
performance in terms of accuracy, convergence, and
oscillations compared to LMS and LMF-based control
schemes.
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