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ABSTRACT Recently, the regulation of photovoltaic inverters, effectively under imbalanced voltages on
the grid, has been crucial for the operation of grid-connected solar systems. In this regard, determining
the output current reference is an integral aspect of managing a solar inverter with an unbalanced voltage.
Based on evaluations of Instantaneous Active-reactive Control (IARC), Positive Negative Sequence Control
(PNSC), Balanced Positive Sequence Control (BPSC), and Average Active-reactive Control (AARC), this
paper proposes a novel variable-current-t-reference calculation method for minimizing power fluctuations
and current harmonics. The controller is employed to regulate both constructive and destructive sequences
inside a static framework, therefore enhancing dynamic performance and facilitating the selection of suitable
controls in the presence of significant network defects. This study also suggests comparing the four MPPT
methodologies examined (fuzzy logic, current only, Incremental Conductance, and Perturb & Observe) to
maximize energy output. The simulation results efficiently validate the suggested computation approach that
is presented in the current reference.

INDEX TERMS Grid-connected PV system, output current reference, dual controller, current harmonics,
MPPT techniques, and DC-DC converter.

I. INTRODUCTION were developed in [3], and [4]. However, none of them

Power ripple and current harmonics at the photovoltaic (PV)
inverter’s output are amplified in the presence of negative
sequence voltage due to the grid’s instabilities. Among the
most difficult parts of controlling PV inverters are the com-
putations of the current reference and current control struc-
ture [1], [2]. PV inverter current reference may be calculated
using several different methods, each of which is optimized
for a specific goal, such as instantaneous real and reactive
power regulation.

To minimize active, reactive, and negative sequence cur-
rent, three types of output current reference algorithms
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can eliminate reactive, active power fluctuations, and nega-
tive sequence currents simultaneously. Instantaneous active-
reactive control (IARC), average active-reactive control
(AARC), and balanced positive control (BPC) all describe
different types of reactive controls. In [5], and [6], a method
called flexible management of the negative and posi-
tive sequences (FPNSC) was created. FPNSC uses two
parameters to manage oppositely charged sequence currents
with greater flexibility; however, the method is complex
and results in power fluctuations. Although PNSC-based
advancements were made in [7], this approach can still not
simultaneously eliminate active and reactive power fluctua-
tions.
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Using a SIC-based three-phase inverter prototype, the sug-
gested control is evaluated experimentally under a variety
of network imbalance scenarios [8]. In addition, a rein-
forcement learning-based method for efficient transmission
of PV transformers in unbalanced distribution networks the
results [9] show that the proposed method converges with
the optimal solution or with solutions with a surplus of PV
energy reduction of less than 2.5 percent over many imple-
mentations while maintaining strict control of the amount of
voltage. This research presents a time-domain symmetrical
component extraction technique to separate the three-phase
system into positive, negative, and zero sequences. As a
result, a PI controller regulates the currents of the symmet-
ric components. Also, a current auto-disturbance-rejection
controller is developed, which, under unbalanced situations,
decreases the grid-side current’s harmonic content and speeds
up the system’s tracking reaction time. To obtain the quality
of the grid-side current waveform, we added a notch filter
to the modulation link, and the phase-locked loop structure
is altered to reduce the impact of the third low-frequency
harmonic component [10], [11].

A novel commonly grounded flying inductor-based con-
verter has been presented in [12] as more than just a power
electronic devices interface that can implement towards both
single-phase ac and dc grids while utilizing the same con-
nections. The proposed methodology uses this architecture
to permit a direct connection between both the converter’s
output’s negative polarity and the negative terminal of its
input dc source. The study of [13] introduces a brand-new
grid inverter without a transformer which includes six power
electronic switches and two power diodes that may create
a seven-level output voltage waveform using the suggested
configuration. The proposed design can also reduce photo-
voltaic systems’ leakage current amplitudes, which is a key
issue for grid-connected PV applications.

In this work, a three-phase CSI continuous control setting
controller design control (CCS-MPC) for an imbalanced net-
work is offered. The proposed technique uses grid voltage and
a power reference as inputs to establish the current reference.
The capacitor voltage plus and inductor current were both fac-
tored into the cost function to dampen the filter’s oscillation.
The required current vector can be obtained via SVPWM by
locating the minimum of the cost function. The suggested
technique permits fast CSI response with no oscillation in
both balanced and unbalanced grids [14]. In [15], a mod-
ule power balance control system is described to maintain
uniform transmission power across all modules. In [16], and
[17] seamless integration with PVPP may be established by
optimizing design, operation, and control methods to produce
higher PQ and green energy.

The harmonic distortions may be reduced to 2.77 percent,
the reactive power is properly compensated with a power
factor that is nearly unity, and dynamic performances are
enhanced with a quick transient response [18]. Direct power
control is used to improve the quality of the energy provided
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by the solar field [19], [20], [21]. A second-order voltage
ripple reduction method is proposed for applications using
unbalanced ac voltage [22], [23]. To mitigate power fluctua-
tions and current harmonics, [24], [25] developed a flexible
approach to computing the reference current by leveraging
a variable. The proportional-resonant controller regulates the
oppositely charged sequence in the fixed frame concurrently
to improve the dynamic performance. A performance evalu-
ation of the various reference current generation techniques
helps choose the optimum control for reducing the harmonics
of power oscillation [26], [27].

Power converters are used in distributed generation sys-
tems to interface with distribution lines, but unbalanced grid
faults can affect them. To control active and reactive power
during these faults, a new flexible power control strategy
based on a reference current generator is proposed. The
strategy includes current limitation control and maximizes
active power transfer while minimizing reactive power trans-
fer. The proposed strategy is investigated through simulations
and uses a fractional order proportional integral controller
to minimize steady-state error. The performance of the pro-
posed controller has been compared to a multiple complex-
coefficients filter-based controller and is found to be effec-
tive. The study’s contribution is the use of a dual average
filter-based phase-locked loop to separate PNS voltage and
current components [28]. The proposed strategy aims to max-
imize the power delivery capability of the grid-connected
inverter and fulfill requirements under unbalanced grid
faults. The strategy achieves power flow and power shar-
ing among distributed generation units, the utility grid, and
load demand through a power management system. The
strategy minimizes active-reactive power oscillations with
flexible control parameters and includes an improved posi-
tive and negative sequence extractor for separating sequence
components [29].

Many of the studies focus on explaining and analyzing
how voltage imbalance on the network affects and controls
voltages and currents, as well as any filters that may be
present. But most of the studies also focused on compensating
the voltage on the network during transient times through
different technologies. The paper aims to reach an optimized
solution for the power oscillation problem. To do so, four
optimization methods are used for calculating current refer-
ences and applied to them. Controlling the active and reactive
power in a photovoltaic (PV) grid-connected system under
unbalanced voltage conditions is essential for maintaining
system stability and ensuring efficient power transfer. Several
methods can be employed to achieve control of the active
and reactive power in a PV system under unbalanced volt-
age, including the use of advanced control algorithms and
devices such as flexible management of the negative and
positive sequences (FPNSC), Instantaneous active-reactive
control (IARC), average active-reactive control (AARC), and
positive-negative sequence control (PNSC), but in this study,
we used balanced positive control (BPC) with compared by

42205



IEEE Access

N. F. Ibrahim et al.: Comparative Analysis of Three-Phase PV Grid Connected Inverter Current Control Schemes

other methods where this method more activation and good
control by comparing the other method.

Advanced control algorithms, such as the vector control
algorithm, can be used to regulate the active and reactive
power flow in the system, considering the unbalanced voltage
conditions. The vector control algorithm adjusts the output
of the PV system based on the measured voltage and current
values to ensure that the active and reactive power flows are
balanced and that the system remains stable. Power factor
correction can also be used to control the active and reactive
power in a PV system under unbalanced voltage conditions.
By adjusting the phase angle between the voltage and current
in the system, power factor correction can ensure that the
active power flows are balanced and that the reactive power
flows are minimized, leading to a more efficient transfer of
power.

Reactive power compensation is another method that can
be used to control the reactive power in a PV system under
unbalanced voltage conditions. Reactive power compensa-
tion involves adjusting the reactive power output of the sys-
tem to match the reactive power demand of the electrical grid.
This can be achieved using capacitors or inductors that are
connected in parallel or series with the PV system. In addition
to these methods, devices such as voltage regulators and reac-
tive power compensators can be used to control the active and
reactive power flow in a PV system under unbalanced voltage
conditions. Voltage regulators adjust the voltage output of
the PV system to match the demand from the electrical grid,
while reactive power compensators adjust the reactive power
output to match the reactive power demand of the electrical
grid.

In conclusion, controlling the active and reactive power in
a PV grid-connected system under unbalanced voltage condi-
tions is critical to maintaining system stability and ensuring
efficient power transfer. Advanced control algorithms, power
factor correction, reactive power compensation, voltage reg-
ulators, and reactive power compensators are some of the
methods and devices that can be used to achieve this control.
The selection of the appropriate control method depends on
the specific characteristics of the PV system and the electrical
grid.

The design approach in this paper aims to evaluate and
compare four techniques (IARC, AARC, BPSC, and PNSC),
for selecting the proposed method to minimize the power
fluctuations and output current harmonics. This paper is orga-
nized as follows: Section II presents the PV inverter topology
and mathematical models. Referencing current calculation
methods is given in Section III which also introduces math-
ematically different methods for power control under fault
duration and its bi-objective function. In addition, the control
structure of the PV inverter. Active and reactive power con-
trollers are explained in Section IV-A. Moreover, a dc voltage
controller is proposed in Section IV-B. Further, Section V-
C discusses the outer controller of the system. Section V
discusses various types of MPPT techniques, such as fuzzy
logic control (FLC), current-only control (COC), Incremental
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Conductance (INC), and Perturb & Observe (P&QO) methods.
Simulation and comparative results are discussed to illustrate
the proposed method’s effectiveness in Section VI, and con-
clusions are presented in Section VII.

The contributions of this paper are summarized in the
following points:

o For grid-connected PV systems to autonomously man-
age the active and reactive electricity supplied to the
network under imbalanced operating situations, this
study has given and analyzed four ways for producing
current references. Simulation is employed to validate
the theories and approximations used in the theoreti-
cal analysis of the techniques. Although the develop-
ment of high-quality currents entails substantial power
oscillations, the reduction of power fluctuations results
in warped currents. It demonstrates how this kind of
methodology is contingent mostly on the requirements
of the power grid.

o This paper indicates comparing the INC-MPPT algo-
rithm with a fuzzy logic controller, current only, and
P&O for regulating the MPPT control of grid-connected
PV systems. This fuzzy logic algorithm will allow the
control signal and, consequently, the DC-DC converter’s
duty cycle to update to track the MPP with changes
in the environmental conditions. The proposed FLC
algorithm in this paper is compared to the other three
control methods: P&O, INC, and current only with fuzzy
controller algorithms. The FLC algorithm proved high
performance and faster dynamic response for MPPT
rather than other algorithms in some control indices,
including overshoot, rise time, and settling time.

o This study adds to the current research on the impact of
unbalanced grid conditions on PV system performance,
which has received less attention compared to balanced
grid conditions. The study identifies negative impacts
such as reduced power output and increased voltage
fluctuations and highlights the need for more investiga-
tion into renewable energy systems’ performance under
varying grid conditions. The findings can inform more
efficient and reliable design and operation of PV systems
in unbalanced grid regions.

« Additionally, the study examines the effects of unbal-
anced grid conditions on the DC-link and overcurrent
resulting from the voltage imbalance.

Il. PHOTOVOLTAIC INVERTER TOPOLOGY AND
MATHEMATICAL DESIGN

Some of the features of the inverter and PV system shown
in Figure 1 are the regulation of the DC voltage and the
almost sinusoidal shape of the output current. A PV inverter’s
mathematical model looked like this [30], [31]:

Vabe = Rlape + L

dl gpe
d“t‘ + Uabe (1)

where V5. means the PV inverter’s output voltage, ;5. rep-
resents the PV inverter’s output current, and U, indicates
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FIGURE 1. PV inverter structure.

the grid voltage. As a result, using the «f reference frame,
the following mathematical model describes the operation of
a PV inverter:

dl,
Vo =Rla+L—5+ Uy

7, @
Vg =Rlg +L?+Uﬁ

where Vo, V8 denotes the output voltage components, lo, I8
denotes the output current components, and Ue, US denotes
the grid voltage components. On a DQ reference frame,
the mathematical model of a PV inverter may be stated as
follows:
Vi =®R+sL)I] —oLlf +Uf
Vi = R+sL)If —wllf +Uf
Vi =R+sL)l; —oLl; +U,;
Vo =R+sL)1; —olly +U;

3

where Vd +, Vq +, Vd—, and Vq— are the output voltage’s
DQ components symbolically. Id+, Iq+, Id—, and Iq— are
outputs current’s DQ components symbolically. U;, Uq“' ,

U; 'U , are grid voltage’s DQ components. The PV inverter’s

output p and q are computed using the instantaneous power

theory [32].
P=V=xI, Q=V| %I 4)

at which V is the PV inverter’s output voltage, I is a vector
representing output current, and VL is a 90° led V. The
equations of V and V_L are written as:

V = (Va, Vb, Vo)
V't cos (wr4+¢T)+ V™ cos (wr+¢7)

2 _ 2
V*cos | wt—— 49T | +V~cos [ wt—+¢
3n 3n
2 _ 2
V*tcos (wt=—+¢t )+V ™ cos | ot——+¢
3r 3n
(%)
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I

_

Vi=—1|-1 0 1 |xV (©6)
Vil

where V+, V—, and ¢+, ¢— represent the amplitude and

phase of the negative and positive sequence voltages, respec-
tively.

A. PV MATHEMATICAL MODEL [33]

I=1,—1Ip
B ; e(VHIRS)]
=i TSP | T ke
V +IRS
- D (7
RSH
I=1,—1Ip
ev
= —1 — | =1 8
oh — lo [exp [KTC} } (®)
Pmax = Imax * Vmax (9)
Pax = Ise ¥ Voo % FF (10)

P V,
FF:ﬂ*Vuc': max*ILax*Voc (11)

sc sc

eVoc) Ise
expl —— ) —-1=— (12)
P (KTC 1,

Which is solved for Voc:
KTC 1 1
Voe=——In(—=+ 1=V, In{ = +1 (13)
e I ) 1 o
where another specified value for Vt thermal voltage (V) is

KTC
V[ =

(14)
€
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The PV cell’s generating power is determined by:
P=1IxV (15)

Suppose that V= I*R and that the power output is conditional
upon this load resistance, R, and you get:

P=1I*%R (16)
Expression Eq. (7). into Eq. (16) provides:

ev
P = [ISC -1, |:exp (K_TC) — 1]] \% (17

Concerning V, equation (17) can be divided keeping the
derivative’s coefficient at 0.

ex €Vmax 1+ €Vmax
P\ kTc KTC
ISC

=14+-2 (18)
L

Imax

Vmax
1+ TR
(19)
that also outcomes:
€Vmax
=——= (I I 20
max KTC+eVmax ( SC + 0) ( )
By using Eq. (5),
eVzmax
Ppox = — (I I 21
max = P ey (Ise +Lo) (2D
Pmax Imameax
= = 22
Tmax P, AG, (22)

Ill. DIFFERENT POWER CONTROL TECHNIQUES

A. ACTIVE REACTIVE CONTROL THAT IS IMMEDIATE (IARC)
States (3) that active power will just be provided through
every current vector matched with both the voltage vector
u, whereas reactive power would be created by any current
vector connected with VL. The subsequent formulations,
particularly form the cornerstone of the IARC methodology
to detect the reference currents [32], [34], may be employed
to describe this idea:

p . Q

,=—7V, i,=—7—=V_ 23)
e P (

where |V |? seems to be the grid voltage vector’s standard and

has the following indicators:

W2 = [VH 4 [V 42|V [V cos Qut+¢t —¢7)
(24)

The final reference current of IARC strategy may be said to

be:
PV 40V,

[V+H? +2v+sv- + |V-|

(25)

I=ip+ig=
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Consequently, it is possible to compute the power output of a
PV inverter using IARC as

P 0
=Vxi=V|—xV+—x%V, |=P 26
b (WF V2 L) (20)

. p Q
q= Vi Vl(|V|2*V+|V|2*Vl) Q @
The reference power may be produced precisely by a PV
inverter using the IARC technique, nevertheless, the refer-
ence current is not sinusoidal due to ripples in |V|?* at 120
Hz.

i; =gx%xvV (28)
in=bxvl (29)
ok 2 p
hyxv=gry=P=>glv| :Pg:W (30)
v
iZ*vJ_:va_.vJ_zQ:>b|v|2:>b=% (3D
v
P
= —v (32)
vl
. 0
= —vl (33)
q |V|2
=0 (34)

|v|2=v§—|—vi+v§=v§+v%=v(21+v£21=m2 (35)

B. AVERAGE ACTIVE REACTIVE CONTROL (AARC)

The AARC technology utilizes VX2 to compute the ref-
erence current rather than |V|*2 to eliminate the harmonics
in the reference current acquired using the IARC strategy.
VA2 is determined as

2 _2
Vi = [V + V7| (36)
The reference current can thus be represented as
L PV +QV
iy g = TV (37)
VAP v

The PV inverter’s output power may be computed as

2 v+ Iv-] .
p=P 1+mcos(2wt+¢ —¢7)| (3%

o v |v-| .
g=0 1+Wcos(2wt+¢ —¢7)| 39

According to (36) and (37), the reference current is generally
sinusoidal, nevertheless, there are 120-Hz fluctuations in the
power output.

" ) P

h=Gv G=y (40)
>

. ) 0

12 =Byv; B= V_% 41
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T
sz\/;/ UPdi =|U+) + U (42)
0

o Jul? _ .
p_zp.u_Fp—p+p 43)
z
2 v v
p=p |:1 + | +||‘; —||—|]V—|‘2 cos (20t + ¢t — (p_):| (44)
v v
" vi?
q=i,vl= FQZ 0 (45)
b5
2 |vH| |v-
q=0Q [1 + ‘ +|‘V2 J|r|‘v |‘2 cos (2wt + ¢ — (p_):| (46)
v v

C. COMPENSATION FOR POSITIVE AND NEGATIVE
SEQUENCES (PNSC)

Unbalanced currents are produced by the PNSC by com-
puting a collection of references with positive and nega-
tive sequence components. It was suggested that during the
voltage sag, just one of the power set-points be delivered.
Through the following restrictions, this technique seeks to
end power oscillations [8], [9], [35]:

* _ it o+ - - ot -+
Pr=U"iy+U i, =0=U"i, +U iy =i3=0
(47)
Q" =UJ.if +Uliy =0=U].i; +UL.if =i,=0
(48)
According to (47) and (48), the interactions between volt-
ages and currents with different sequences must be removed
because they cause the mean value of the instantaneous pow-
ers to arise from the products of voltages and currents with

the same sequence. Therefore, the vectors of the active and
reactive currents are as described in the following:

P*
if=———— (Ut -U") =g (U" -U"
IP |U+|2—|U7|2( ) g ( )
(49)
" Q* - _
g = W (Ul -U7) =b" (U] —U7)
(50)

in which g= and b=, correspondingly, represent the PNSC’s
momentary positive/negative conductivity and verification
and validation model. The goal of the PNSC is really to min-
imize the cosine parts of fluctuations in reactive and active
powers. The sine terms are indeed still there, and the power
vibrations are not zero for any of the two-power set-points
that are not zero [36]. The unique point in |U +| = |U —|,
or the point at which the negative and the positive sequence
voltages are identical, is shown by calculations (49) and (50).
This suggests that with very imbalanced voltages, it is theo-
retically not possible to cancel the power fluctuations [11].

i =1 i (51)
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Urist +U i~ =P (52)
Ut + U i57 =0 (53)
+oak— — ekt 412 ax—

U .1;‘) =-U .1; - |U | .1;
= —v+.i;+.U7
Uttt
— i = U~ (54)
Ut
2
u-
P=U"i; | 1- ol |2 (55)
U]
+[2 b et
= |U | Ay =1,
P
= ————U" (56)
jUt|" = |u-|
Ul igh+ ULy = (57)
Uriy +ULigt =0 (58)
=00
=g (Ur —U7) +b™ (U] - UY)
(59)
"=, +i, (60)
iT =i, i (61)
P=U"-iy +U i, +U"-if +U™ i
P 0
+UT i+ Ui
—_—
0
+ Ut 'iq_ 4+ U™ ~i3_ (62)
—_——
14

Q=U-if+UL -iy+U] iy + UL iy

Q 0

+UT i + UL -if

0
+Uf i +UT it (63)

q

D. BALANCED POSITIVE SEQUENCE CONTROL (BPSC)

A series of completely balanced positive sequence currents
with sinusoidal waveforms are produced by the BPSC. The
reference currents were indeed determined with this utilizing
only the positive sequence voltage vector [14], [37].

P*
iy = 5 ut=Gtu™* (64)
U]
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Q*

it=—=Ul=B"UT (65)
q ‘U+’2
P=w§=W<g+f-§ (66)
— =
P P
g=ulil=ul i +ul il (67)
—— S——
0 ]

The currents are generally approximately equal to the posi-
tive sequence voltage and the positive sequence conductivity
G+ and computational neuroscience B+ are fixed. Conse-
quently, sinusoidal currents are created by the BPSC through
a positive sequence. Excluding when Px = Q % = 0, this
methodology is unable to eliminate the power fluctuation.

IV. THE PHOTOVOLTAIC INVERTER CONTROL DESIGN

To introduce such currents into the power network, once the
reference currents were precisely calculated during imbal-
anced voltage conditions, it also has been important to estab-
lish an appropriate current status quo. Another PI control
technique on a synchronous reference frame coupled with a
double synchronous reference frame has been employed in
the majority of studies to date [16], [38]. Figure 2 shows a
control structure with a PI controller on a stationary reference
frame. The main function of MPPT is to enhance the amount
of power that can be obtained from the photovoltaic system
by setting the system operating voltage at the highest optimal
point.

A. CONTROLLING FOR REACTIVE AND ACTIVE POWER
The following is the numerical description of both the sys-
tem’s reactive and active power as indirect and quadrature
evolution [34], [39]:

P=vdxid (68)
q=—vqx*iq (69)

Utilizing PI controllers and a feedback process, one may
manage reactive and active power more precisely. Figure 3
illustrates reactive and active power feedback control.

B. SEQUENCE EXTRACTION METHOD

] [

[ cos (—2wt — 0~ —«)
T |: sin (—Zwt -0 — a) j| (70)

xd~ B cos(@‘—a)
|:xq:|:x |:—sin(9_—a):|

. [cos (2wt + 67 — )
T sin (2wt—i—9Jr —Ol) 71
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where xd+, xq+, xd- and xg- are voltages or currents in pos-
itive and negative dg-frames, x+ and x-denote amplitudes of
positive and negative sequences, respectively, 6+ and 6- are
phase shifts of positive and negative sequence components, o
is the phase shift of Park transformation.

C. DC VOLTAGE CONTROLLER

The linear equation between the specified current parameter
and the dc-link voltage establishes the specifications of the
dc-link voltage control system. according to the photovoltaic
systems system’s power balance.

Py + Pgc + Pcap =0 (72)
2

gvdid + Vdc * Idc + Vdc*icap =0 (73)
Y (s) 1 (74)

§) = ——

1+ Tas

where Ta= T-Switch/2 Thus for the converter block,

1

V/Conv (s) .—(l ¥ sTa) = VConv (8) (75)

for which Idc and ic,p stand again for bus voltage current
and capacitor current, appropriately, as well as the Park’s
transformation-derived 3/2 factor appears. The current flow-
ing via the capacitor is (72).

) 3vgi
Icap = — ( a + Idc) (76)

Additionally, the capacitor’s voltage throughout the capacitor
is determined according to a given current.

: dvdc
lcap= CT 77
The mathematical expression again for dc voltage results

from equations (76) and (77).

dVdc 3vdid .. 2Vdc *Idc
= — it
dt 2c¢ * Vdc 3vd
(78)
Ki 1+ Tis
R (s) = Kp+—=Kp. ‘ -
S Ti.s
(79)
Ki
{Itet (s) =1 (s)} (KP+?) = VCony (8) (30)

Calculation (78) indicates that such active current id influ-
ences dc link voltage. In the dc voltage controller, feed-
forward substitutes for something like the Idc component
from formula (78). Figure 4 elsewhere here shows the
schematic for dc voltage control.

D. THE OUTSIDE CONTROLLER

Real power via the converter, reactive power on either side,
and dc-link voltage were also shared goals again for the outer
loop. Active power flow or dc voltage range is managed
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FIGURE 2. Photovoltaic inverter control system for imbalanced voltage.
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FIGURE 3. Reactive and active power monitoring schematic diagram.

Q* /P* +

imax
Va* 4 PI + ia*
Controller /
) ’ -imax
Va 2V4c/3Va

FIGURE 4. Block schematic of a dc voltage controller.

by active current (id). Related to here, reactive current (iq)
is employed to regulate the flow of reactive electricity into
inflexible power systems. Figure 5 represents the circuit dia-
gram again for the outside controller [35].
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Inner current loop

Tac
+ * Vac
1/(1+Teqs) |——| 3Va/2Vac 1/(Cs)

FIGURE 5. Architecture of a dc - link voltage controller's closed loop
control.

Vac* 4 PI
% Controller

Ve

V. VARIOUS TYPES OF MPPT METHODOLOGIES

We are aware that MPPT tracks the solar array since it is
dependent on the temperature and solar irradiation when a PV
system generates power. This section explains the four basic
types of approaches that are used.

A. METHODOLOGY FOR INCREMENTAL CONDUCTANCE

A conventional photovoltaic system converts 30-40 percent
of the overall ultraviolet irradiance toward electricity gen-
erated. MPP boosts the efficiency of the solar system. The
power output is determined by the maximal power delivery,
and it is at its highest when the impedances of the circuit
and the load are matched [38]. Just using IC methodology,
as illustrated in Figure 6, the operating point for the informa-
tion voltage and current source is calculated. Another basis
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I Increase Vref I I Decrease Vref I I Decrease Vref I I IncreaseVrefI

m

FIGURE 6. The incremental conductance algorithm’s flow diagram.

for this methodology is the slope of the solar power curve
concerning the voltage curve at 0 MPP. The instantaneous
conductance and incremental conductance have the strongest
association when [40]:

AL Lo ampp (81)
- —_ = a

AV "V

Al 1

— + — >0 LEFT OF MPP (82)
AV "V

Al 1

— 4+ — <0 RIGHT OF MPP (83)
AV "V

With the aid of €, the MPP’s amplitude is controlled. The
MPP is decreasing as this rise. The measurement failure will
happen as a result of system noise, and the aforementioned
equation will be true. The system oscillated close to the
MPP in a steady state. The $ value is deliberately selected
to enhance the performance of the MPP.

B. PERTURB AND OBSERVE TECHNIQUE

The MPP is tracked using P&O. Due to the fluctuation in PV
module power, this method tracks the MPP of a PV system
on a mirror scale. The output power may be compared to the
prior output power while measuring it, and it is periodically
monitored. The same procedure is sometimes repeated when
power levels rise to prevent the P&O from going backward.
The power of a PV module depends on the voltage and cur-
rent; as they rise or fall, so does the power [35]. To obtain the
highest power outcome and to increase and minimize the PV
outcome, the P&O algorithm is compelled to use the MPP as
shown in Figure 7. The PV voltage increases and reduction
concepts determine the direction shift of the P&O technique.
During the voltage is raised, the P&O moves in the same
direction, and when the voltage is dropped, the P&O moves
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| Vref= Vref+AV | | Vref= Vref-AV |

FIGURE 7. Flow chart of P & O algorithm.

| Vref=Vref-AV | |Vrcf= VreHAVl

oppositely. Additionally, this method produces the result reg-
ularly. Considering the relationship below, it is possible to
determine the “D’* perturbation at the time (t+ 1) [40]:

dt+1)=d @)+ (2sign—1)D (84)
where the sign is given by:

sign = ([p (1) —=p (r = 1] > 0) (85)

By lowering the perturbation scaling factor D, it is feasible to
decrease the fluctuation from around MPP.

C. CURRENT MEASUREMENT TECHNIQUE

To measure the MPP using this approach, both voltage and
current are needed. Only the PV module’s current value was
required for this procedure. For this technique, we connect a
boost converter between the battery and, the PV panel which
may store energy. The most labour-intensive aspect of this
MPP is that it can get the highest possible output value from
either the battery or the PV module. The principle of energy
conversion makes this procedure possible [38].

Py = Vpyx*lpy (86)

whereas Pin symbolizes a PV array’s power generated.
-(1-=4
( )I

Towt = 5 PV 87
-(1-9
Vpv-Ipy = —VbatTIPV (88)
1-6
P* = ( 3 )IPV (39)

It often seems that the P&O method is employed when the
Px is at its maximum since it monitors the maximum power
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production from the PV system under various climatic con-
ditions.

D. FUZZY LOGIC CONTROLLER TECHNIQUE

Based on the implementation of microprocessor circuits,
everything just considers MPPT. methods because of their
improved results. It relies on fuzzy logic and offers a com-
puter for calculating power determination. When we applied
the input to the MPP, a variety of errors and charges of errors
appeared [37].

_P)—Pk—1)
E) = Vk)—Vk—1) ©0)
CE)=E(k) —E(k—-1) 91)

where P(k) and V(k) stand for the output power and voltage
of a PV panel, respectively, gd D stands for defuzzification,
and dD stands for the result of this. Three functional build-
ing blocks, including a fuzzy rule, an inference engine, and
ultimately defuzzification, make up the fuzzy controller.

1) FUZZIFICATIONS

The previous that has been implemented according to this
approach will need to use normal logic. Every other com-
ponent, as well as the positive big, positive small, zero cor-
responding, negative medium-sized, and negative big bits,
involves FLC’s activity. Each technique called fuzzing has
been executed twice. Initial evidence: When I define the
IC methodology, E is positive whereas the MPP is flowing
toward the left. The allegation of mistake is then proven. The
MPP is effective when CE is negative and in the opposite
mode. Second phrase: When E is negative, the MPP is on
the right side; in this situation, CE will be positive and will
operate on the MPP’s opposite side; if E is negative, it will
work on the MPP’s opposite side.

2) DEFUZZIFICATION
The FLC’s crisp output was estimated throughout this opera-
tion. It describes the fuzzy logic statement space.
Corresponding to the MPP at different temperatures and
irradiance. As the irradiance increases at a constant temper-
ature, the voltage, and current increase and, consequently,
the PV-generated power as shown in Figures 8(a) and 8(b).
While if the temperature increases at constant irradiance, the
PV voltage is almost constant, and the current decreases.
Consequently, the PV-generated power decreases, as depicted
in the PV-generated power is affected mainly by the values
of the irradiances and temperatures. In addition, the DC
output voltage of the DC-DC converter significantly affects
the power extracted from the PV system hence controlling
this DC voltage to the value at which MPP is used to achieve
MPPT.

VI. SIMULATION RESULTS
This study aims to propose a photovoltaic system model
by using SIMULINK / MATLAB tools to examine if the
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FIGURE 8. PV system characteristics at irradiation change (a) I-V
characteristics, (b) P-V characteristics.

TABLE 1. Designed to simulate PV Inverter Implementation of
sustainable.

Parameters Value
Real Power normal / kW 100
DC Voltage / V 500
DC Capacitor / F 0.0006
Grid Inductance / H 0.0017
Sampling Frequency / HZ 8000
= T T T T
<
100}
z
o
-
Q)
2
S S0f
=
W
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=
g o0
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< i ] ] H
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FIGURE 9. The system’s both active and reactive power.

proposed method of control seems to be adequate. Figure 3
demonstrates the Photovoltaic inverter, which also uses the
dual current modulation technique and the structure dia-
grams. Table 1 is a summary of the PV system input parame-
ters.

Initially, we based our calculations on a standard 3-phase
system with a 0.5-s phase voltage drip and assumed the
fault type is permanent and not transient. Power drops from
100 kW to 80 kW without regulation are depicted on the
response curve of reactive and active power in Figure 9.
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FIGURE 10. The system’s dc link voltage.
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FIGURE 11. The VSC's modulation index.
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FIGURE 12. The grid’s phase voltage and current.

In Figure 10, we see how large variations in the response
curve of DC link voltage occur in response to voltage dips
where the voltage has risen to 700 V and dropped to 400 V
through the time duration voltage dip. The curve of the VSC
modulation index is presented in Figure 11 the modulation
index drops from 0.85 to 0.15 as the voltage drops After the
specified failure period, the fault is removed and the system
returns to its first position, and this indicates the effectiveness
of the control system. The voltage and current of a grid phase
during a fault are shown in Figure 12.

The network current’s behaviours toward the IARC
approach are displayed in Figure 13(a). One of the flaws
in this control method is demonstrated by the figure, which
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FIGURE 13. Employing the IARC approach, grid currents, and real and
reactive power. (a) Grid currents using IARC method, (b) IARC-based
reactive and active powers.

demonstrates how network currents are out of balance dur-
ing fault time. Figure 13(b), but at the other hand, displays
the response of both active and reactive power using the
same methodology, but in this case, the stability of the
active and reactive power remains constant, regardless of
the event of failure, which is a benefit of this methodology.
Figure 14(a) illustrates the DC voltage, which exhibits a
significant amount of variation. Also, Figure 14(b) displays
the network voltage when the IARC approach is being used,
demonstrating how the voltage dip emerges all across the
fault’s specified period.

Figure 17 demonstrates the network currents as well as
their active and reactive powers when using the BPSC
method. Figure 17 (a) displays how the BPSC approach is
applied to represent the grid current. The figure suggests that
the currents remain in a condition of equilibrium throughout
the voltage drop, which lasts between 0.5 and 1 second. and
here it is assumed that the type of fault is permanent until the
effect of control appears on the system.

Figure 17(b), on the other hand, depicts the temporal
response of each active and reactive power when employing
the same technology. This figure has huge, fixed harmonic,
and disturbances placed on it, which would be detrimental to
the system’s overall stability. The reaction to both the network
voltage and the DC link voltage is also seen in Fig. 18.
Figure 18(a) shows the network voltage measured with the
BPSC method during the voltage dip that occurred between
0.5 and 1. On the other hand, Figure 18(b) indicates the
temporal response to the DC link voltage when employing the
same approach, demonstrating the positive effects of active
control and a stable system. The application of the PNSC
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FIGURE 14. Grid voltage, and dc link voltage using IARC control. (a) dc
link voltage using IARC method, (b) Grid voltage using IARC method.
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FIGURE 15. PNSC control of grid currents, active power, and reactive
power. (a) Grid currents using PNSC method, (b) PNSC technique for both
reactive and active powers.

control strategy reveals that the active power oscillates in the
case of a failure regardless of the constant reactive power
as shown in Figure 15(b) and that the currents sent into the
grid are balanced and low-harmonic polluted, as shown in
Figure 15(a). For the AARC methodology, the active power,
reference is maintained at a constant at its reference Pxg,
although the reactive power reference is kept at zero. The
injected currents are predicted to be sinusoidal and out of
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FIGURE 16. Grid voltage, and dc link voltage using PNSC control (a) dc
link voltage using PNSC method, (b) Grid voltage using PNSC method.
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FIGURE 17. BPSC regulation of grid currents, active power, and reactive
power. (a) Grid currents using BPSC method, (b) BPSC technique for both
active and reactive powers.

balance in amplitude when an imbalance develops, as shown
by Figures 19(a), 19(b), 20(a), and 20(b). The voltages at the
point of common connection are followed by these currents.
On the other hand, the active power exhibits oscillations at
double the fundamental frequency. Further, Table 2 refer-
ences current calculation methodologies that can eliminate
oscillations in reactive power for those who have used this
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FIGURE 18. Grid voltage, and dc link voltage using BPSC control (a) Grid
voltage using BPSC method, (b) dc link voltage using BPSC method.

methodology. Figure 23 illustrates the performance parame-
ters of the monitored power produced from the four MPPT
controllers under standard settings. The FLC is believed to
attain MPP more quickly compared to the other controllers.
The FLC method will produce a better-constructed perfor-
mance for the PV system (Figure 23) compared with the
other MPPT techniques. Consequently, there has been a huge
reduction in power consumption.

The effectiveness of the PV system that utilizes the four
MPPT ways can be seen in Figure 22 during conditions
of constant irradiation and temperature, whereas FLC, Cur-
rent Only, and INC approaches seemed to have constant dc
link voltage although the P&O method indicates excessive
fluctuation. Figures 22 and 23 depict the four controllers’
effectiveness within conditions of constant temperature and
irradiance. The simulation findings indicate that the four
controllers’ performances are relatively comparable under
varying meteorological circumstances. The values of power
and dc-link voltage for 4 distinct MPPT techniques are shown
in Table 3 at constant temperature and irradiation. Figure 21,
on the other hand, depicts the system under the study of each
positive and negative sequence component when employing
the different techniques to control active and reactive power
in a grid-connected PV system.

In a power system, the balance between power generation
and consumption is critical for ensuring the stability and
reliability of the grid. However, under certain circumstances,
such as the integration of large amounts of renewable energy
sources, the power system may become unbalanced, leading
to arange of technical challenges. This is particularly relevant
for photovoltaic (PV) systems, which are increasingly being
deployed in the electricity grid. During voltage imbalance,
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FIGURE 19. AARC management of grid currents, reactive power, and
active power. (a) Grid currents using AARC method, (b) AARC
methodology for both reactive and active powers.
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FIGURE 20. Grid voltage, and dc link voltage using AARC control (a) Grid
voltage using AARC method, (b) dc link voltage using AARC method.

the current increases while the voltage decreases, resulting
in an increase in the duty cycle value from 0.45 to 0.78.
Additionally, the DC link voltage fluctuates between 400 and
750 volts, causing an increase in power. Based on these
observations, the value of the reference current and voltage
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FIGURE 21. The control power system under study.

TABLE 2. Features of the reference current calculation strategies.
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TABLE 3. Comparison of output power for different techniques at constant temperature and irradiation.
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FIGURE 22. DC link voltage with different methods for MPPT.

is calculated and found to be approximately 1.2 p-u as shown
in Fig. 24.

In particular, unbalanced grid conditions can result in the
following impacts on the PV system: Reduced energy yield:
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FIGURE 23. Time response of PV source power with different methods for
MPPT.

When the grid voltage deviates from its nominal value, the
power output of the PV system is affected. If the voltage
is too high, the PV system may reduce its output to avoid
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FIGURE 24. Impact of the unbalanced grid conditions on the PV system (a) PV-Current, (b) PV-Voltage, (c) Duty cycle, (d) dc link voltage,
(e) active and reactive power, (f) current reference, and (g) voltage reference.

overvoltage conditions, whereas if the voltage is too low,
the PV system may not be able to inject power into the
grid. This can result in a reduced energy yield from the PV
system. Increased stress on the inverter: The inverter is a
critical component of the PV system that converts DC power
from the PV panels into AC power that can be injected into
the grid. Under unbalanced grid conditions, the inverter may
need to operate outside its normal operating range, which
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can increase stress on the inverter and reduce its lifespan.
Unstable operation: Unbalanced grid conditions can cause
instability in the PV system, which can result in voltage and
frequency fluctuations that can damage the PV system and
other components in the grid.

Safety risks: Under unbalanced grid conditions, the PV
system may not be able to disconnect from the grid in a
timely and safe manner, which can pose a safety risk to both
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FIGURE 25. Impact of the unbalanced grid conditions on the overcurrent.

the system and the personnel working on it. To mitigate the
impact of unbalanced grid conditions on PV systems, various
measures can be implemented, including voltage regulation,
active power control, and reactive power control. These mea-
sures can help to maintain the stability and reliability of
the grid and ensure that the PV system operates safely and
efficiently.

Figure 25 represents the current waveform during unbal-
anced grid conditions at 0.5 s to 1 s. It is found that the
current increased from 500 A to approximately 1000 A,
this is the illiterate impact of unbalanced grid conditions on
overcurrent.

VII. CONCLUSION
In this study, four methodological approaches are proposed
and evaluated for controlling unbalanced photovoltaic sys-
tems that are connected to the network. The primary areas
of concentration are creating different balanced positive AC
currents or forming the current references responsible for
controlling the offered reactive and active power fluctuations.
The results indicate that selecting the most effective method
for managing a particular reactive power sometimes requires
accepting a few additional sacrifices. However, it is important
to evaluate the predetermined criteria to understand how the
scheme is reliant on the demands of the utility network.

After presenting four different approaches for controlling
photovoltaic systems connected to the network under unbal-
anced conditions, it was found that the BPSC method is the
most effective with a success rate of 90%. This is because
it ensures balanced currents and minimal fluctuations in
active and reactive power, which do not exceed 0.1 of the
total power. Additionally, the DC voltage value is fixed at
500 volts, which is comparable to other methods. However,
the only downside of the BPSC method is its complex con-
struction when compared to other methods. The study com-
pares four control methods that can greatly minimize output
harmonics and fluctuations in both reactive and active power.
The FLC approach is quicker than other MPPT approaches
(P&O and IC) since it provides a better outcome for getting
statistics.

The FL method was implemented to improve the effec-
tive power output of the system, resulting in an increase to
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100 kW. The maximum overshoot % is 0.5612, while the rise
time is 0.0325 s, and the setting time is equal to 3.6752 s.
Furthermore, the FLL. method was utilized to enhance the dc
link voltage of the system, which was found to be equal
to 500 V. The maximum overshoot % for the voltage is
0.42, while the rise time is 0.0038 s, and the setting time is
0.0391 s. Although the rising current generation entails large
power fluctuations, minimizing power system oscillations
yields deformed currents. Thus, it is evidenced that MPPT
is necessary for enhancing the quality of such a PV panel
arrangement. In future work, the experimental application of
the proposed method will be studied in a grid-connected PV
system.
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