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Power Quality Improvement for Grid-connected PV
System Based on Distribution Static Compensator

with Fuzzy Logic Controller and UVT/ADALINE-
based Least Mean Square Controller

Amit Kumar and Pradeep Kumar

Abstract—This paper presents a novel method of power quali-
ty enrichment in a grid-connected photovoltaic (PV) system us-
ing a distribution static compensator (DSTATCOM). The paper
consists of two-step control processes. In the primary step, a
fuzzy logic controller (FLC) is employed in the DC-DC convert-
er to extract the peak power point from the PV panel, where
the FLC produces a switching signal for the DC-DC converter.
In the secondary step, a unit vector template (UVT)/adaptive
linear neuron (ADALINE)-based least mean square (LMS) con-
troller is adopted in the DC-AC converter, i.e., voltage source
converter (VSC). The input to this VSC is the boosted DC volt-
age, which originates from the PV panel as a result of DC-DC
conversion. The VSC shunted with the power grid is known as
a DSTATCOM, which can maintain the power quality in the
distribution system. The UVT controller generates reference
source currents from the grid voltages and DC-link voltages.
The ADALINE-based LMS controller calculates the online
weight according to the previous weights by the sensed load cur-
rent. The UVI/ADALINE-based LMS controller of a DSTAT-
COM performs several tasks such as maintaining the sinusoidal
source current, achieving a unity power factor, and performing
reactive power compensation. The reference current extracted
from the UVI/ADALINE-based LMS controller is fed to the
hysteresis current controller to obtain the desired switching sig-
nal for the VSC. A 100 kW solar PV system integrated into a
three-phase four-wire distribution system through a four-leg
VSC is designed in MATLAB/Simulink. The performances of
the FLC and UVT/ADALINE-based LMS controllers are dem-
onstrated under various irradiances as well as constant temper-
ature and nonlinear loading conditions.

Index Terms—Adaptive linear neuron, least mean square
(LMS), fuzzy logic controller (FLC), maximum power point
tracking (MPPT), photovoltaic (PV), unit vector template.

[. INTRODUCTION

S limited resources exist for conventional energy, the
requirement for renewable energy resources is growing
exponentially. Demands for renewable power supplies are in-
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creasing because of their inherent advantageous characteris-
tics such as the ability to regenerate, constant availability,
pollution-free properties, and low maintenance cost after
commissioning [1]-[3]. In previous studies, solar photovolta-
ic (PV) systems are highlighted as the most popular and
clean renewable energy resources [1]-[5]. The PV system is
considered the most important renewable energy resource
globally, with applications in both generation and grid inte-
gration [4]. However, the main issues with PV systems are
their efficiency, grid integration, quality of uninterrupted
power, and grid stability [6], [7].

Many studies have attempted to improve the efficiencies
of PV systems and reduce installation costs [1]-[9]. To im-
prove the efficiency of conversion, maximum power point
tracking (MPPT) methods have been studied, including per-
turb and observe (P&O) [6], [10], [11], incremental conduc-
tance [10]-[15], fractional open circuit voltage [11], fuzzy-
logic-based [16], and artificial-intelligence-based [11], [14]
methods. Incremental conductance and P&O are the most
commonly used methods because of their simplicity and
ease of implementation. However, these methods have draw-
backs, including slow convergence, fixed perturbation steps,
low efficiency under dynamic conditions, and oscillation
around the final point [11]-[14]. The hill-climbing method
generates a duty cycle disturbance, resulting in increased os-
cillation toward the optimal or terminal point [12]. Soft-com-
puting-based algorithms such as particle swarm optimization
(PSO), Jaya optimization algorithm, and ant colony optimiza-
tion (ACO) have recently gained popularity, but their large-
population-sized data creates complexity [17]. Among the
methods with superior qualities, the fuzzy logic controller
(FLC) has exhibited great performance in nonlinear system
tuning. FLC is simpler in nature and adapts to changing en-
vironments. It does not require prior data and has a faster
convergence rate. Some studies have examined the means of
increasing the output power and improving PV systems for
supplying active power to the power grid, but few have ad-
dressed power quality issues such as harmonic elimination,
reactive power burden, phase imbalance, and deterioration of
power factor. Power converters are the primary means of
transferring power from solar PV systems to the power grid
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[5]-9]. A distribution static compensator (DSTATCOM) is
an interfacing device between solar PV systems and the grid
and helps mitigate power quality issues arising from nonlin-
ear loads such as computers, adjustable speed drives, and flu-
orescent lamps [8]. The interfacing of solar PV systems to
the grid through a DSTATCOM can critically address power
quality issues such as harmonics, reactive power burden, and
phase imbalance [8]-[13]. At the consumer side, if a load
changes continuously, then the reactive power demand also
changes, and the grid power quality in turn fluctuates. Devel-
oping a system that continuously monitors power quality and
synchronizes the signal with a solar PV system is a major
challenge. Several controllers have been employed to im-
prove the characteristics of DSTATCOM, including synchro-
nous reference frame (SRF) theory [8], instantaneous reac-
tive power theory (IRPT) [8], sliding mode controllers [8],
power balancing theory (PBT) [8], and second-order general-
ized integrator (SOGI)-based theory [17], [18]. Low-pass fil-
ters (LPFs) and phase-locked loops (PLLs) are major parts
of SRF IRPT, unit vector template (UVT) controllers and
other traditional controllers. The estimated signals are de-
layed because of these two blocks. PLLs must also be tuned
using the SRF method, but they have the following disadvan-
tages: more time are required to implement in digital cir-
cuits; longer computation time; less effective in correcting
distortion in voltage profiles; and voltage frequency changes.
The design of the sliding surface in a dynamic system repre-
sents a major flaw in the sliding-mode control method. If
the design of the surface is not adequate, then the perfor-
mance in dynamic situations deteriorates. Thus, in dynamic
situations, this control method is ineffective. The adaptive
linear neuron (ADALINE)based LMS controller is not sub-
ject to LPFs, PLLs, and the other limitations of traditional
controllers. In this paper, an ADALINE-based LMS or UVT
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control is used to control the DSTATCOM for obtaining the
superior power-quality features of the proposed control. The
ADALINE controller has the following advantages. It does
not use a PLL [19]; low computational burden [20]; more ef-
ficient under dynamic load changes; and high noise-rejection
capabilities [5].

The remainder of this paper is organized as follows. Sec-
tion II describes the grid-connected PV system. Section III
elaborates on the theory of DC-DC boost converter. Section IV
details the second-stage converter controller. Section V pres-
ents the discussion of results. Section VI concludes the paper.

II. GRID-CONNECTED PV SYSTEM

The circuit arrangement of a solar PV panel integrated
with a three-phase four-wire grid through DSTATCOM is
shown in Fig. 1. Two-stage controllers are utilized in this
system, i.e., a step-up DC-DC converter in the first stage
and a voltage source DC-AC boost converter in the second
stage. The circuit consists of a 100-kW rated PV panel, DC-
DC boost converter, voltage source converter (VSC), grid,
and various types of loads. The boost converter has one insu-
lated gate bipolar transistor (IGBT)-based switch SO, a filter
inductor L, a ripple-free absorbing filter C|, and a diode D,.
1,, and V,, are the output current and voltage of the PV pan-
el, respectively; and C,,and C,, are the DC link capacitors
that connect the boost converter and VSC for voltage trans-
fer. A four-leg VSC topology is formed by the eight IGBT/
diode switches S1-S8 of the DC-AC converter. The inter-
face inductor L, compensates for the current harmonics of
the DC-AC converter; V, is the voltage of DC-link capaci-
tor; R, and L, are the resistance and inductance of the grid,
respectively; i, i, and i, are the three-phase source cur-
rents; i, is the neutral current of the grid; and i., i.,, and i,
are the reference currents generated by the proposed controller.
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Fig. 1. Structure of a grid-integrated PV panel.
A. Design of PV System Kirchhoff’s current law:
The single-diode PV model in equivalent arrangement is L, =1, 1 —1, €))
shown in Fig. 2. This single-diode model is intensive for de- o
.. . . V +IR
termining the /-7 and P-V characteristics of different PVs I =T —1le @ —1|= s )
. . . v tph
based on different parameters associated with each PV. The prome R,

output current /,, of the PV cell is obtained by relating
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where 1,,,, is the current through the diode; R, is the shunt
resistance; [, is the current generated by the PV panel; /7, is
the current through the shunt resistance; a is the modified
ideality factor; and R, is the resistance of the load.
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Fig. 2. Single-diode PV model in equivalent arrangement.

Figure 3 shows the /-7 and P-V curves of the PV system
with various irradiances at a constant temperature of 25 °C.
The standard set of irradiance and constant temperature val-
ues can also be found in this figure. Each curve has a cer-
tain peak at a different magnitude. This means that as the ir-
radiance output power changes, the PV voltage also changes.
When the PV operates at an irradiance of 1 kW/m’, it gener-
ates a maximum output power of 300 W and decreases con-
tinuously with a decrease in irradiance. The point at which
the PV produces its peak power is called the peak power
point, which varies depending on the output voltage. Thus,
developing a mechanism that holds the maximum power
point of the PV at a standard level under dynamic environ-
mental conditions is essential. This mechanism is called the
MPPT.

7 -
6

~35F

<

T4t

5

£3

= ~

O,

0 10 20 30 40 50 60 70
Voltage (V)
(a)

350

300 |
250}
% 200 +
2150}
o
&~ 100t

50 +
0 10 20 30 40 50 60 70
Voltage (V)
(b)

— 0.25 kW/m% — 0.5 kW/m?; — 0.75 kW/m?, — 1 kW/m?

Fig. 3. I-V and P-V curves of PV system with different irradiances at a
constant temperature of 25 °C. (a) I-V curve. (a) P-V curve.

B. Design of PV Panel

The maximum output power under standard test condi-
tions (STCs) of 1000 W/m’ is obtained by:

P,,=WNV,,XN,1,,)

p *mp

€)
The number of series-connected module is N, = 66, the
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voltage at the maximum power under STCs is V,, = 54.7 V,
the number of parallel connected modules is N, = 5, and the
current at the maximum power under STCs is /,, = 5.58 A.
P, is (66 x 54.7 V) x (5 x 5.58 A) = 100724.58 W ~ 100

kW. The specifications of PV panel is shown in Table I.

TABLE I
SPECIFICATIONS OF PV PANEL

Parameter Value
Per-unit cells 96
Open-circuit voltage V 642V
Short-circuit current 5.56 A
Voltage at crest power level V| 547V
Current at crest power level L, 558 A
Number of modules in a series 66
Number of modules in a parallel 5
The maximum power under STC Pmp 100 kW

III. THEORY OF DC-DC BOOST CONVERTER

Figure 4 depicts the schematic of PV panel with an MPPT/
FLC controlled boost converter. The boost converter has one
switch, a filter inductor L,, a ripple-free absorbing filter C,,
and a diode D,. In Fig. 4, D is the duty cycle generated
from the MPPT and R, is the load resistance. The output
power of the PV array primarily depends on the array’s
modular structure and climatic factors such as irradiance and
temperature, which affect the generated output power of the
PV. The inconsistent power generated by the PV panel
makes it unsuitable for grid-connected systems. Therefore, to
better utilize output power of the PV, PV panels should oper-
ate consistently at their maximum power point voltage.

Ly D,

T —T\pPTFLC J

v, —

pv

Fig. 4.
verter.

Schematic of PV panel with an MPPT/FLC controlled boost con-

In this paper, a DC-DC converter with MPPT is used to
optimize the generated output power, allowing the PV panel
to be used more efficiently. The first step is to control the
duty cycle of the boost converter. The DC voltage of the PV
array should be first incrementally increased to a high DC
voltage as required by the load. This works on the principle
of storing energy in the inductor and transferring it to the
load whenever required. This entire process is performed by
the gate pulse input, i.e., duty cycle. Therefore, controlling
the duty cycle is critical. The next step is to obtain the high-
est power from the PV array regardless of the environmental
conditions and temperature. The two most important parame-
ters for obtaining the maximum power and voltage from a
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PV array are the irradiance and temperature. Thus, the high-
est power level, which is close to the maximum power of
the PV array, must be tracked. To construct a standard effi-
cient tracking system, the MPPT has been developed. In pre-
vious studies, many MPPT techniques are considered for
tracking the highest power. However, some disadvantages
have been identified in certain MPPT techniques such as
P&O [9], which employs step-size control and oscillates
around the steady state under dynamic changing environmen-
tal conditions. The incremental conductance [15] algorithm
exhibits a high response time in changing environments but
has a higher cost and greater complexity. Finally, the con-
stant voltage [10] technique has been found to be less effi-
cient than other MPPT techniques. Therefore, the fuzzy-log-
ic-based MPPT controller is chosen to overcome the step-
size problem under dynamic conditions, thereby enabling
greater efficiency. This controller has a less response time, is
more robust, and can perform tasks in imprecise range of input.

A. FLC

The FLC works on deciding the output based on the as-
sumption. Conventional logic systems are based on only
“true and false” values, whereas fuzzy logic uses changing
values. Figure 5 shows the flow of an FLC.

Rule base
I ! (0]
nput utput
— Fuzzification [—. Fuzzy —> Defuzzification
inference system
Fig. 5. Flow of an FLC.

B. FLC Execution in MPPT

MPPT in FLC is shown in Fig. 6 for obtaining the duty
cycle and tracking the maximum power point, where P(k) is
the power at the k" instant; P(k—1) is the power at the (k—1)"
instant; V(k) is the voltage at the k" instant; and V(k—1) is
the voltage at the (k—1)" instant.

Fig. 6. MPPT in FLC.

Step I: input modeling.

Two inputs are required to implement the MPPT. The first
is the derivative of the PV power dP, and PV voltage dV,,
which is the error E, and the second is the change in error,
1.e., 6F.

Input 1:

E(k)=dP,,/dV, = P(k)=P(k—1)/(V (k)= V (k=1)) (4)
Input 2:

OE (K)=E (k)—E(k—1) )
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Step 2: fuzzification.

After the input from the PV panel is received, the fuzzifi-
cation is performed using Mamdani’s method. This converts
input variables into linguistic variables [21], [22]. To achieve
this, creating different membership functions for the input
and output is necessary. In this paper, five triangular mem-
bership functions, i.e., negative big (NB), negative small
(NS), zero value (ZE), positive small (PS), and positive big
(PB), are in the range of different inputs and outputs. Inputs
1 and 2, and the output ranges of [-10, 10], [-20, 20], and
[-2, 2] are shown in Fig. 7.

NB NS ZE PS PB NB NS ZE PS PB

10-8 -4 0 4 810 -20-16 -8 0 8 1620
E OE
(a) (b)
NB NS ZE PS PB
-20-15 -08 0 08 1520
oD
(©)
Fig. 7. Fuzzy membership functions for input and output variables. (a) In-

put 1. (b) Input 2. (c) Output.

Step 3: fuzzy rule setup.

After the input and output membership functions are ob-
tained, a rule is designed and then is applied to the fuzzy in-
ference system. A rule is not designed as earlier logic “true”
or “false”. Here, “AND” logic gate rule has been implement-
ed for FLC rule setup.

Rule 1: if £ is PB “AND” JFE is PB, the output will be
PB.

Rule 2: if £ is PS “AND” JF is PB, the output will be
PB.

Rule 25: if E is NB “AND” 0F is NB, the output will be
NB.

Based on these assumptions, 25 rules are designed, and
the “AND” rule is applied to the FLC, as shown in Table II.

TABLE 1T
Fuzzy RULES DESIGNED BASED ON MEMBERSHIP FUNCTIONS

oE £

PB PS ZE NS NB
PB PB PB PB PS ZE
PS PB PB PS ZE NS
ZE PS PS ZE NS NS
NS ZE ZE NS NB NB
NB NS NS NB NB NB

Step 4: defuzzification.

In this process, the fuzzified set rule base is converted to
a “crisp output” real number. The output value, which is the
change in the duty cycle of the boost converter, is fed to the
workspace area of MATLAB in real time. The main advan-
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tage of the FLC is that it works very quickly in dynamic sys-
tems with changing environments and imprecise input.

IV. SECOND-STAGE CONVERTER CONTROLLER

A. UVT Controller

The structure of UVT controller is illustrated in Fig. 8.
This controller creates reference source currents i., i, and
i.. for HCC [18]. The HCC constructs switching signals for
the VSC-based DSTATCOM. The following steps are used

to generate the reference source currents.

L *

Us
I a X lS{J
V.o —| Three-|sin 0 Unit vector N
V., —! phase calculation of | U, ig, > Gate
V: N pPLL cos 6 three-phase _ X HCC [ pulse
‘ voltages U Lom —
Vdcref [ X
* ]:;n l;;
, + Pl I, s
de = controller
Fig. 8. Structure of UVT controller.
Step 1: three-phase grid voltages V., V,, and V  are

sensed and fed to the three-phase PLL. The PLL creates an
output as a unit vector component of sin 8 and cos 6.

Step 2: this unit vector component is employed to calcu-
late 120° shifted units U,, U,, and U..

U, =sin ot (6)
U, =sin(wt—120°) (7
U, =sin(wt+120°) (®)

Step 3: to obtain the peak values of the reference source
currents, the proportional-integral (PI) controller processes
the DC voltage error i, generated from the difference be-
tween the reference DC voltage V., and V,. At the source
side, the three-phase reference currents are calculated by
multiplying the shifted units and peak value.

i =U,s,

©
i:b = Ubi.:rl (10)

i =Uli,, (D
Step 4: the HCC employs the reference source currents i,

i,,, and i, to generate the desired gate pulse for the VSC-
based DSTATCOM.

B. ADALINE-based LMS Controller

After the DC-DC boost converter is controlled, the next
task is to control the DC-AC converter or DSTATCOM. An
ADALINE-based LMS controller is employed to control the
DSTATCOM. The ADALINE-based LMS controller operates
based on the training of the load current through a neural
network. This means that at every sample time, it gives a
new weight, and in the next sample, this weight is then as-
signed a new weight. This process continues until all sam-
ples have been trained. The step-by-step process for achiev-
ing the reference source currents is given as follows.
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Step I: the calculation of Z, (k), which is a part of the d-

axis component.
Figure 9(a) shows the calculation of Z, (k), where V. (k)

is the DC voltage error.
Vdce (k): Va’cref(k)_ Vdc (k) (12)
Z,(k)=Z, (k= 1)+ kg (Vo (0) = Vi (k= D))+ eV (K) - (13)

where k,, and k;, are the proportional and integral gains of
the DC voltage controller, respectively.

Verer () v (k)
+ PI controller of ﬂk) * PI controller of iv»(k)
X V,..(k)| DC bus voltage _x V,(k) | AC bus voltage
Vadk) Virer ()
(@) (b)

Fig. 9. Calculation of Z, (k) and Z,, (k). (a) Z, (k). (b) Z,, (k).

Step 2: the calculation of Z,,(k), which is the part of the

g-axis component.
Figure 9(b) shows the calculation of Z_(k), where V,(k)

is the terminal voltage and V,,(k) is the terminal reference

voltage.
AC voltage error V, (k) at the k" time is written as:

Vie(k)=V, (k)= V,,.(k) (14)

Z,,(0)=Z,, (k= 1)+k,, (V. ()= V, (k=) +k,V, (k) (15)

where k,, and k,, are the proportional and integral constants
of the AC voltage controller, respectively.

Step 3: the calculation of weight of the d-axis part of the
three-phase load currents.

Figure 10(a) shows the calculation of Z, The weight of
the fundamental d-axis component /, utilizes the LMS con-
trol strategy, where the ADALINE neural network is em-
ployed for training purposes.

z, (=2, (k-1)+cl,,(k)-2,(k-1)U,) U, (k) (16)
Z,, (k)= Z,, (k= 1)+, ()~ Z,, (k= 1)U, ) U, (k) (17)

z,(k)=[2,(k=D)+e(1, (k)-Z,(k-1)U,) |U,, (k) (18)

where Z,,(k), Z,,(k), and Z, (k) are the weights of the active
power constituent of the fundamental d-axis currents of the
three phases, respectively; € (=0.01) is the convergence fac-
tor; 1,,(k), I;,(k), and I, (k) are the three-phase load cur-
rents; and U, (k), U,,(k), and U, (k) are the unit sets of the
d-axis component of the three-phase voltages. Thus, the aver-
age weight of the fundamental d-axis component Z, (k) is:

z,(0)=(2,,()+Z,,()+ 2, ()+ Z,(K)) /3 (19
The fundamental reference supply currents /., I, and
I, are given by:
Isszszup
[:;p :Zppr (20)

l.,=2,U,
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Fig. 10. Calculation of Z, and Z,. (a) Z,. (b) Z,.

Step 4: the calculation of the weight of g-axis part of the
three-phase load currents.

Figure 10(b) shows the calculation of Z,. The reactive
power constituents of the load current and reference supply
current are calculated using the following weights.

Z,,(0)=]2,, (k= 1)+ e, (K)-Z,, (k-1 U, |U,, (k) (1)
Z,, ()= 2, (k= 1)+ (1, ()~ Z,, (k= 1)U, ) U, (k) (22)

Z,,(b)=]2,(k=D)+c(1,.(k)-Z,(k-1)U,) U, (k)

where Z,, Z,, and Z  are the weights of the reactive power
constituent of the fundamental g-axis current of the three
phases. Thus, the average weight of the reference reactive

power constituent of the supply current Z, is:
2,00=| 2,0~ (2,,(0)+ 2,0+ Z,.(0) | /3 29)

where Z_, (k) is the output of the AC voltage controller.

(23)

The fundamental reference g-axis supply currents Imq, Isbq,
and I, are given by:
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[Zq :Zqan
[;q =Zquq (25)
];q :ZqU('q

Step 5: the generation of signals with pulse width modula-
tion (PWM).

The three-phase reference supply currents from Fig. 11
are given as follows. The calculated reference supply cur-

rents (/,1,,1.) are compared with the sensed supply cur-
rents (/,,.1,,/,.) to obtain the current error. The current error
provides gating pulses for DSTATCOM switches.
I,=1,,+1, (206)
be Isbp +[sbq (27)
]sc :[scp +Iscq (28)
I* Isa I.Vb Ivc
HP o 4
I;;q + sa R
I Hysteresis |»
I .
4 15, controlled |» pPWM
e . PWM | signals
]A'll troller
e e contro >
[.:;q + sc¢ Ly

Fig. 11.  Generation of PWM signals.

V. DISCUSSION OF RESULTS

The performance of each controller in the grid-connected
PV system is described in detail as follows.

A. Grid-connected PV System Performance Using UVT Con-
troller

The grid voltage and current waveforms for various solar
irradiances are shown in Fig. 12. At every instance of irradi-
ance, both voltage and current are in phase, indicating that
the power factor is improving in the presence of an unbal-
anced nonlinear load. The voltage and current are in phase
under a dynamic environment such as when the irradiance
changes in periods of 0.7, 1.2, and 1.5 s. This demonstrates
the power factor enhancement capabilities of the FLC and
UVT controllers in the context of unbalanced nonlinear loads.

Irradiance at

250 W/m?
Irradiance at \

W

ITrradiance at

ITrradiance at 5 )
1000 W/m? 25‘0 W/m 1000 W/m
\

L WWWWMWW A ——

0.2 0.4 0.6 0.8 1.0 1.2 1,4 1.6 1.8 2.0
Time (s)
— Voltage; — Current

[y}

1000 W/m?-250 W/m?

Voltage (V)
Current (A)
o O 5 [== ]

Or=———g—

Fig. 12. Grid voltage and current waveforms for various solar irradiances.

Figure 13 demonstrates the DC voltage regulation wave-
form at time of 0-3 s. The figure shows that after the tran-
sient period of 0.21 s, the waveform is stabilized. It is clear
from the waveform that the DC bus voltage approaches 500
V and is nearly stabilized at 496 V. The DC bus voltage also
changes slightly when the irradiance changes. Figure 14
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shows the performances of PV parameters at different solar
irradiances. The figure reveals that V,, which is also the
open-circuit voltage of the PV panel V , remains nearly con-
stant throughout the simulation. /, changes continuously
when the irradiance changes. At 0-0.7 s, 0.7-1.2 s, 1.2-1.5 s,
and 1.5-2.0 s, the irradiances are 1000 W/m?, 1000 W/m’-
250 W/m?, and 250 W/m?* and increase from 250 W/m® to
1000 W/m’, respectively. The performances of DSTATCOM
at different solar irradiances are shown in Fig. 15.
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Fig. 14. Performances of PV parameters at different solar irradiances.
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Fig. 15. Performances of DSTATCOM at different solar irradiances. (a) d-

axis current. (b) g-axis current.

The d-axis current changes continuously under the envi-
ronmental condition, i.e., irradiance, as shown in Fig. 15(a).
However, the g-axis current does not change under environ-
mental conditions. Its magnitude remains zero throughout
the period and is unaffected by the irradiance. This shows
how the DSTATCOM compensates for the reactive power
under dynamic situations. Figure 16 shows the performances
of DSTATCOM. The waveform of V,,,, is sinusoidal through-
out the period, and the grid current is sinusoidal but with
notches at regular intervals. Figure 17 depicts the total har-
monic distortion (THD) of the grid current of the DSTAT-
COM is in both the off and on modes. The THD should be
less than 5% according to the THD specification of the
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IEEE 519-bus system. The off and on modes result in
34.84% and 3.01% THD of the grid current, respectively.
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(a) DSTATCOM is in off mode. (b) DSTATCOM is in on mode.

B.  Performance of Grid-connected PV System with
ADALINE-based LMS Controller

The grid voltage and current waveforms at different solar-
irradiances are shown in Fig. 18. The voltage and current
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waveforms are in the same phase for 0-0.7 s at an irradiance
of 1000 W/m?, indicating that the power factor is unity. At
0.7-1.2 s with an irradiance of 1000 W/m>-250 W/m’, the
magnitude of the current decreases but is in phase with the
voltage. This shows that the performance of DSTATCOM
with the ADALINE-based LMS controller works properly
under dynamic environmental conditions. Again, at time 1.5-
2 s, when the irradiance increases from 250 W/m® to 1000
W/m’, the voltage and current waveforms remain in the
same phase. These results thus validate the dynamic perfor-
mance of the FLC and the ADALINE-based LMS controller
of DSTATCOM.

Irradiance at

250 W/m?
Irradiance at Irradiance at \ Irradiance at

1000 W/m2 1000 W/m?- 250 W/m?\250 W/m?- 1000 W/m?

AT, ey

0.2 0.4 0.6 0.8 1.0 12 14
Time (s)
— Voltage; — Current

Voltage (V)
Current (A)

Fig. 18. Grid voltage and current waveforms at different solar irradiances.

Figure 19 shows the performance of the PV parameters
Vo Ip‘, 10> and I _at different irradiances. The figure shows
that V/,, is nearly constant throughout the simulation period.
I,, changes continuously when the irradiance changes. In the
aforementioned simulation, the irradiance is 1000 W/m® at 0-
0.7 s, 1000 W/m*-250 W/m’ at 0.7-1.2 s, and 250 W/m* at
1.2-2 s. At 1.5-2 s, the value of the irradiance increases to
1000 W/m’. Figure 20(a) shows the waveform of the g-axis
current of the grid. At the transient time, the figure shows a
“0” value, which means no reactive power is drawn from
the source. Figure 20(b) shows the d-axis current waveform
of the grid. Here, the d-axis grid current provides active
power. This demonstrates that when the irradiance varies,
the direct-axis current changes. The primary reason for this
is that the grid provides only active but not reactive power.
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Fig. 19. and /, at different

solar irradiances.

Performances of PV parameters V,,, 1., L.

Figure 21 shows the performances of V,,, and /,,, of the
DSTATCOM. The voltage and current are sinusoidal through-
out the dynamic scenario. In addition, the effect of the non-
linear load is negligible due to the efficacy of the ADALINE
controller.

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 9, NO. 6, November 2021

10
< 05
> 0
-0.5 - - - - - :
0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)
(a)
4
< 2
= 0ppn
0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)
(b)
Fig. 20. Performances of DSTATCOM at different solar irradiances with

DC and AC voltage regulators. (a) d-axis current (DC voltage regulator). (b)
g-axis current (AC voltage regulator).
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The DC voltage regulation capabilities of ADALINE con-
trolled DSTATCOM are shown in Fig. 22. The voltage is
regulated at 500 V after the transient phase.
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Fig. 22. DC voltage regulation capabilities of ADALINE controlled
DSTATCOM.

C. Performance Comparison of UVT and ADALINE-based
LMS Controllers

The reactive power compensations with UVT controller and
ADALINE-based LMS controller are illustrated in Fig. 23.
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Fig. 23. Reactive power compensation with UVT controller and ADA-
LINE-based LMS controller. (a) UVT controller. (b) ADALINE-based LMS
controller.



KUMAR et al.: POWER QUALITY IMPROVEMENT FOR GRID-CONNECTED PV SYSTEM BASED ON DISTRIBUTION STATIC COMPENSATOR...

The reactive power compensation with the UVT controller
tends toward but is not exactly zero, which shows that the
power factor is leading but does not achieve the unity. By
contrast, the reactive power compensation with the ADA-
LINE-based LMS controller is zero after the transient time
and remains as shown in the figure. Figure 24 shows that
the ADALINE-based LMS controller achieves adequate DC
voltage regulation. With the ADALINE-based LMS control-
ler, the grid current waveform is fully sinusoidal and has
fewer harmonics, whereas with the UVT controller, the grid
current has notches and more harmonics, as shown in Fig. 25.
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Fig. 24. DC voltage regulation with different controllers. (a) UVT control-
ler. (b) ADALINE-based LMS controller.
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Fig. 25. Grid current with different controllers. (a) UVT controller. (b)
ADALINE-based LMS controller.

The estimated frequencies of UVT and ADALINE-based
LMS controllers are shown in Fig. 26, which are 0.25 s and
0.18 s, respectively. In addition, Fig. 27 shows that, com-
pared with the UVT controller, the ADALINE-based LMS
controller has a lower THD of grid current of 1.94%.
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Fig. 26. Estimated frequencies of UVT and ADALINE-based LMS control-
lers.
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Fig. 27.  THD of grid current with different controllers. (a) UVT controller.
(b) ADALINE-based LMS controller.

D. Performance Comparison of FLC-based and Conven-
tional MPPTs

Figure 28 presents the comparison of FLC-based and con-
ventional MPPTs in terms of output PV power. The conven-
tional MPPTs include the incremental conductance and the
conventional and modified P&O methods.
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Fig. 28. Comparison of FLC-based and conventional MPPTs in terms of
output PV power.
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The maximum PV power generated by the PV in the FLC
is 96.57 kW, which is approximately identical to the maxi-
mum power generated by the PV at an irradiance of 1000 W/
m’ and the constant temperature of 25 °C. By contrast, the
conventional MPPTs produce PV power of less than 96.57
kW under the same conditions.

A comparison of the theoretical performances of the UVT
and ADALINE-based LMS controllers is provided in Table

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 9, NO. 6, November 2021

1. Figure 29 shows that the ADALINE-based LMS control-
ler performs better than the UVT controller in terms of DC
voltage regulation, THD, power factor, and transient time.
The values of DC voltage regulation with the UVT and
ADALINE-based LMS controllers are 4.95 V and 5 V, re-
spectively. The DC voltage regulations of 495 V and 500 V
are taken as 4.95 V and 5 V, respectively, on a 10-point
scale.

TABLE III
COMPARISON OF UVT AND ADALINE-BASED LMS CONTROLLERS

Controller PLL Comp gtatlonal Reference c_urrent Noise ree ?tlon Operation method Real-time execution
time extraction capability
UVT Required Medium Slow in dyngmlc load Poor No training is required. Only Less performance
changing sense the voltages
ADALINE- Not Fast Fast in dynamic load Good Online training is required for More performance than
based LMS required as changing system 00 extraction of weight conventional type controller
6r 6
5
5| 4.95 sl
) 4 [ ) 4 [
< 3.01 <
[ . [
@ 3t £ 3t
§ E 1.94
2t 21 :
1+ 0.85 i 0.95
0.32 021
‘ ‘ M ‘ ‘ .
DC voltage Grid current ~ Power Transient DC voltage Grid current ~ Power Transient
regulation THD factor time regulation THD factor time
Unit vector template Unit vector template

(2)

(b)

Fig. 29. Performance comparison between UVT and ADALINE-based LMS controllers. (a) UVT controller. (b) ADALINE-based LMS controller.

VI. CONCLUSION

This work proposes a three-phase four-wire grid-integrat-
ed PV system that uses a DSTATCOM to address the power
quality challenges posed by nonlinear loads. A FLC-based
MPPT controller has been executed to track the peak power
point. The results show that the FLC-based MPPT controller
is more dynamic in varied environments and is less reliant
on the input. To extract the maximum power from a PV sys-
tem, the FLC-based MPPT controller is shown to work well.
In addition, an ADALINE-based LMS controller is proposed
for the DSTATCOM system. Compared with the UVT con-
troller, the ADALINE-based LMS controller shows im-
proved functionality in mitigating power quality problems
caused by nonlinear loads.
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