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The paper presents power quality enhancement on low voltage of three phase
grid caused by PV generator integration under variabel solar irradiance level
on constant temperature and load. MPPT Fuzzy helps to generate duty cycle
to control DC/DC boost converter of PV generators. This model was
expected to improve power quality due to unbalance voltage and current, low
voltage and current harmonics, and low input power factor. There were eigth
scenarios PV generator connected to three phase grid using MPPT Fuzzy and
compared with MPPT P and O. The research results that application of two
methods on different irradiance and PV generator integration level produces
unbalanced voltage value stable at 0%. At the same conditions, the use of
MPPT Fuzzy results unbalanced current was greater than MPPT P and O. On
solar irradiance level fixed, the greater number of PV generator connected to
three-phase grid, then value of average voltage and current harmonics (THD)
will increases. At the level of solar radiation increases, average grid voltage
and current THD also have increased. The average grid voltage and current
THD was reduced after using MPPT Fuzzy. The application of MPPT Fuzzy
was able to enhance profile of grid voltage and current THD due to
integration of a number of PV generator to three phase grid corresponding
with IEEE Standard 519-1992. MPPT Fuzzy was capable to improve input
power factor better than MPPT P and O.
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1. INTRODUCTION

The output power of photovoltaic (PV) array is mainly affected by solar irradiance and temperature.
The output power of PV array is a function of terminal voltage and there is only one terminal voltage value
where PV panels are used efficiently. The searching procedure of voltage is called maximum power point
tracking (MPPT). Several algorithms have been developed to achieve MPPT technique. Theses are
algorithms perturb and observe (P and O), incremental conductance, open circuit voltage, short circuit
current, neural network and fuzzy logic controller. PV generator required a converter for generating DC into
AC power and achieve MPPT. MPPT can be achieved in one or two stages. First stage, PV array is connected
to grid through a DC/AC converter and its used to obtain MPPT and generated DC voltage once. Second
stages, PV array connected to grid through DC/DC and DC/AC converters. In these condition, MPPT is
obtained through a DC/DC converter control PV input voltage. While PV inverter change voltage from
DC/AC and keep DC/DC converter output voltage remain constant. The research of MPPT on PV
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development using artificial intelligence control algorithm which are neural network and fuzzy logic
controller have already done [1]. The advantage of using both methods is to increase limit of stability and
efficiency. Neural network controller takes time for learning process, resulting in a slower system response.
Fuzzy logic control method is more popular than the neural network because it have more accurate, high
performance, and maximum efficiency. Many studies in the field related to PV panel operation errors,
especially at low solar irradiance and high temperature degree [2].

The problem of PV generator connected to grid, beside to functioning to supply power to low
voltage distribution network, is also reducing electric power quality for example unbalance current and
voltage, current and voltage harmonics, as well as input power factor. It caused by tracking of MPPT which
is influenced by non-linear characteristic panel depends upon varying environmental condition such as
temperature and solar irradiance. Another cause is presence of converter as a medium to transform DC into
AC voltage for (one stage converter) as well as DC into DC and DC into AC voltage (two stage converter).
The using of multilevel inverter based shunt active power filter (SAPF) to improve power quality due to PV
generator system connected to grid have been implemented [3]. The proposed method can efficiently be used
for reactive power compensation and reducing source current total harmonic distortion (THD) up to 0.57%.
The system is also capable of delivering active power with unity power factor to grid. The weakness of it
were not discussing improvement harmonic voltage and PV generator connected to grid only one. Analysis of
impact of PV generator connected to grid considering power quality (harmonic current) on the distribution
already performed [4]. The results showed that injection of current harmonics generated by the customer side
of the grid connected PV generation to still meet standart requirement. However the research did not
discussed influence of PV integration on harmonics, fluctuations, and voltage flicker, as key parameter in
power quality. Research on application of fuzzy logic as MPPT for controlling PV output voltage to achieve
closed cycle control as smooth and fast in order to achieve maximum value power point of PV array have
been already done [5]. PV systems both stand-alone and connected to grid has been modeled and simulated.
The results showed that P-Q control scheme was able to provide closed control rapidly and PV system was
able to generate a sinusoidal voltage with very small THD as 2.08%. The weakness of research is not
disscussing current THD improvement due to integration of PV to grid and number of used PV only a single.

Analysis of power quality due to integration of multi-unit of PV generator connected to three phase
grid under variable solar irradiation level have been implemented [6]. Research shows that grid voltage and
current on point common coupling (PCC) bus before use double tuned passive filter on condition only
connect one plant is still unstable. However, if PV generator connected to three-phase grid, amounted to
more than one generator, then grid voltage and current becomes unstable. At level of solar irradiation
remains, the greater number of PV generator connected to three-phase grid, then average THD of grid voltage
and current increases. At level of solar irradiation increases, average THD of grid voltage and current also
have increased. Avarage THD of grid voltage and current reduced after double tuned passive filter installed.
Nevertheless, MPPT control of PV generator still use P and O algorithm and did not use intelligent control.
Power quality improvement of PV generator connected to three phase grid using Fuzzy Logic controller
under changes in atmospheric conditions and solar radiation has been done [7]. In order to keep the system
stable fuzzy logic controller is used to achieve it still has a unity power factor under all conditions. Fuzzy
logic controller can improve overall system stability on a three-phase grid connected PV systems in some
variation of parameters. Fuzzy logic control method is capable to reduce current THD compared to
proportional integral (P1) and robust control. The value of current harmonics using PI, robust, and fuzzy logic
control successively reduced from 4.05%, 2.08%, up to 1.05% in order to achieve maximum power.
However, number of PV generator connected to the grid is only single.

The research of improvement power quality on grid supplied by PV array using unified power
quality conditioner (UPQC) has been done [8]. PV array is connected to the DC link of UPQC using Pl
compared with Fuzzy Logic controller. Power quality enhancement includes voltage sag and harmonic of
voltage source. The simulation showed that fuzzy controller on UPQC and PV array is able to improve the
quality of source voltage better than PI controller. The grid voltage using Pl and Fuzzy controller results
THD voltage as 7.06 and 1.36% respectively. The research does not address improvement of load current
quality due to a combination UPQC and the PV array. The method of Parallel Active Power Filter (PAPF)
using PV cells energy to feed linear or nonlinear loads with current perturbations compensation and the
excess of the energy have been proposed [9]. As a result of using instantaneous p-q theory as a control
scheme, the multi function operation such as harmonic elimination, reactive power control and
uninterruptible power supply will be achieved. The system consists of PV cells, connected to a diode rectifier
feeding a parallel active power filter. The simulation results prove the efficiency of using the proposed
method for PV cells energy injection and power quality improvement in the grid power system.

The purposes of research is to enhance power quality on low voltage of three phase grid caused by
PV generator integration under variabel solar irradiance level on constant temperature and load using fuzzy
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logic controller. Model of PV generator system in singular to three-phase output voltage and connected three
phase grid. DC/DC converter consists of a boost converter that functions to raise DC output voltage of PV
generator. The DC output voltage of boost converter circuit is then converted by the DC/AC inverter based
pulse width modulation (PWM) algorithm into a three-phase AC voltage to three-phase grid. Then single PV
generator is modeled and used to create multi PV generator connected to grid through a three-phase
distribution transformer. Analysis of research includes effect of solar irradiance and integration of a number
of PV generator to power quality on constant temperature and load. There are two scenarios PV generator
connected to three-phase grid. They are using MPPT algorithm P and O and MPPT with Fuzzy Logic
controller (MPPT Fuzzy). Each MPPT controller has four scenarios, then for a total has eight scenarios of PV
generator integration level. Futhermore is to determine unbalance voltage and current, voltage and current
THD, and power factor input on PCC bus of low-voltage three-phase grid. The final process is to validate the
results of research refers ANSI/IEEE 241-1990 Standard (voltage and current unbalanced), IEEE 519-1992
Standard (voltage and current harmonics grid), and PLN Standard (input power factor).

The rest of this paper is organized as follow. Section 2 shows proposed model of single and three
PV generator system connected to three-phase grid, MPPT P and O method, MPPT Fuzzy method, unbalance
voltage and currect, power quality and harmonics, as well as power factor correction. Section 3 describes
influence of solar irradiance and integration of PV generator to voltage and current unbalance, voltage and
current THD of three phase grid, as well as input power factor on constant temperature and load using MPPT
P and O and MPPT Fuzzy method. In this section, example cases studied are presented and the results are
verified with those of Matlab/Simulink. Finally, the paper in concluded in Section 4.

2. RESEARCH METHOD
2.1. Research Procedure

Figure 1 shows model PV generator connected to three phase grid using MPPT with Fuzzy Logic
Controller (MPPT Fuzzy). Model of PV generator system in singular to three-phase output voltage and
connected three-phase grid. DC/DC converter consists of a boost converter that functions to raise DC output
voltage of PV generator. DC output voltage of boost converter circuit is then converted by the DC/AC
inverter into a three-phase AC voltage to three-phase grid. Then single PV generator is modeled and used to
create multi PV generator connected to grid through a three-phase distribution transformer (Figure 2). The
study used three groups of PV generator model with an active power of 100 kW each. Beside that, PV
generator is also connected on three groups of three phase load with active power 20 kW respectively.

Figure 1. Single PV Generator Connected Three Phase Grid Using MPPT Fuzzy

The paper presents power quality enhancement on low voltage of three phase grid caused by PV
generator integration under variabel solar irradiance level on constant temperature and load. Fuzzy logic
controller helps to generate duty cycle (D) with a variable step to control DC/DC boost converter and
subsequently result in rapid convergence calculations and more stable to determine MPPT of PV generator.
DC/DC converter generate a DC voltage that will be as input to DC/AC converter using PWM. This model is
expected to reduce losses due to unbalance voltage and current, low voltage and current harmonics, and low
input power factor. There are two scenarios PV generator connected to three-phase grid. They are using
MPPT algorithm P and O and MPPT with Fuzzy Logic Controller (MPPT Fuzzy). Each MPPT control has
four scenarios, then for a total has eight scenarios of PV generator integration level. Power quality aspects
studied are unbalance voltage and current, voltage and current THD, and power factor input on PCC bus on
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eight scenarios using (a) MPPT P and O (b) MPPT Fuzzy as follow four conditions respectively (i) irradiance
400 W/m2, (ii) irradiance 600 W/m2, (iii) irradiance 800 W/m2, and (iv) irradiance 1000 W/m2 on condition
1, 2, and 3 of model PV generator connected to three phase grid. Futhermore is to determine unbalance
voltage and current, voltage and current THD, and power factor input on each scenarios. The final process is
to validate the results of research refers ANSI/IEEE 241-1990 Standard (voltage and current unbalanced),
IEEE 519-1992 Standard (voltage and current harmonics grid), and PLN Standard (input power factor).

PV System 1 PV System 2 PV System 3

Bus 2 Bus 1 Bus PCC Bus 20 kV
(380 V) (380 V) (380 V)

y — y — —— U

— ‘ — B:Qk

o—{—
Line 3 Line 2 Line 1 Transformer Grid 100 MVA
100 kVA 20kV
20kV/380V

Load 1 | Load 3 |

Load 2

Figure 2. Proposed Model of Three PV Generator System Connected Three Phase Grid

Table 1 shows simulation parameters of three models PV generators connected to three phase grid.

Table 1. Simulation Parameters

Equipment Parameters Design Value
PV generator Power 100 kW
1,2,and 3 Temperature 40°C
Irradiance 400, 600, 800, 1000 W/m?
Three phase grid MVA short circuit 100 MVA
Voltage (line) 380 volt
Frequency 50 Hz
Three phase distribution Rated Power 100 kVA
transformer Frequency 50 Hz
Rated voltage 380 Volt/20 kv
Load 1,2,3 Type Two winding
Active power 20 kw
Voltage (line) 380 Volt
Frequency 50 Hz
Low voltage lines 1,2, 3 Resistance R =0,1273 Ohm/km
Inductance L = 93,37 mH/km
Capacitance C=1,274 pF/km
Low voltage distribution line Line 1 1km
Line 2 1km
Line 3 1km
DC link capacitor Capacitance 2000 pF
PWM generator for DC/AC Frequency 4 kHz
Inverter Sampling time 5 x 10° second
Fuzzy inference system Method Mamdani
Fuzzy model Composition Max-Min
Input membership function Delta voltage gbellmf, trimf
Delta power gbellmf, trimf
Output membership function Delta duty cycle trimf

2.2. Photovoltaic Model
Figure 3 shows the equivalent circuit of a solar panel. A solar panel is composed of several PV cells
that have series or parallel or series-parallel external connections [10].
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Figure 3. Equivalent Circuit of Solar Panel

The V-I characteristic of a solar panel is showed in Equation 1 [10] :

=1, —Io{exp(v ;55'}1}—\/?5' )
t P

where lpy is the photovoltaic current, 1, is saturated reverse current, ‘a’ is the ideal diode constant,
Vi=NsKTq™! is the thermal voltage, Ns is the number of series cells, q is the electron charge, K is the
Boltzmann constant, T is the temperature of p—n junction, Rs and Rp are series and parallel equivalent
resistance of the solar panels. Ipy has a linear relation with light intensity and also varies with temperature
variations. I, is dependent on temperature variations. The values of I, and I, are calculated as following
Equation 2 and 3:

IPV = (I pvn t KlAT)GE | )

n

lsc, + K AT

= 3)
expVoc, + K, AT)/aV, -1

In which Ipyy, lscn and Voc, are photovoltaic current, short circuit current and open circuit voltage in
standard conditions (T,=25 C and G,=1000 Wm) respectively. K, is the coefficient of short circuit current to
temperature, AT=T-T,, is the temperature deviation from standard temperature, G is the light intensity and Ky
is the ratio coefficient of open circuit voltage to temperature. Open circuit voltage, short circuit current and
voltage—current corresponding to the maximum power are three important points of I-V characteristic of
solar panel. These points are changed by variations of atmospheric conditions. By using Equation 4 and 5
which are derived from PV model equations, short circuit current and open circuit voltage can be calculated
in different atmospheric conditions.

Isc = (I sc T KlAT)GE (4)

Voo =V + K, AT )

2.3. MPPT P and O and MPPT Fuzzy

The initial research is to determine value of duty cycle (D) with a variable step to control DC/DC
boost converter circuit with MPPT P and O algorithm. For PV converter, maximum power available is
determined by PV cell characteristics, but this value often mismatches with the maximum power point (MPP)
of the load. By implementing MPPT in PV systems, MPP in PV cells can be maintained so that the number
and size of PV panels can be reduced or energy yield can be optimized [11].

Due to moving of sun, which leads to change in irradiance, PV panels angle and variation of
irradiance reaching the panels, energy generated from PV panels are absorbed does not constant over time.
When this condition occurs, the VI characteristics changes and MPP will move. If the system was previously
operating at MPP, there will most probably a power loss with the same operating point and new condition. To
overcome these problems, MPPT has been developed. The system includes no moving parts (where the
modules are moved to track the sun). MPPT search for the maximum power independent based on
environmental conditions (following changes in solar radiation and temperature) and maintain the PV
terminal voltage remains constant at maximum value. The most used method of MPPT is Perturb and
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Observe (P and O) that algorithm is shown in Figure 4 [12]. Figure 5 shows Matlab/Simulink model for
control MPPT using P and O algorithm.

Sense V(K), 1(k)

Calculate
Power dP =P(k)-P(k-1)

No

dP>0

Yes @ No No @ Yes

—0
= = = = - ('] b =
[D=D-dD] [D=D+dd] [D=D-dD] [D=D+dD] = | ﬂfﬂ
]
Figure 4. P and O Algorithm Figure 5. Matlab/Simulink Model for MPPT Using P and O

Algorithm

The next process is to perform same procedure for determining it using MPPT Fuzzy method
showed in Figure 1. Fuzzy logic controller have been widely used in industrial process in the resent years due
to their heuristic nature associated with simplicity, effectiveness and its multi-rule-based variable’s
consideration for both linear and non-linear parameter variation of the system. Fuzzy system is composed of
knowledge based rules system; the main part of Fuzzy Logic controller is knowledge of base consisting of
the If-Then rules. Fuzzy Logic is implemented to obtain the MPP operation voltage point faster with less
overshoot and also it can minimize the voltage fluctuation after MPP has been recognized. It also is capable
to enhance power quality problem for example unbalance current and voltage, current and voltage harmonics,
as well as input power factor. The control objective is to track maximum power will lead consequently to
effective operation of the PV panel. To design the FLC, variables which represent the dynamic performance
of the system should be chosen as the input to the controller. The basic block diagram implemented in Fuzzy
Logic Controller is shown in Figure 6 [12].

Due account MPPT Fuzzy method is in terms of intelligence and speed. Fuzzy MPPT method is
done by determining input variables, namely fuzzy control output power (AP) and output voltage (AV) PV
generator, seven linguistic variables fuzzy sets, fuzzy operating system block (fuzzyfication, fuzzy rule base,
and defuzzyfication), Function AP and AV during fuzzyfication, a table fuzzy rule base, crisp values to
determine duty cycle (D) in defuzzyfication phase with variable step to control DC/DC boost converter
circuit. Figure 7 shows Matlab/Simulink model for control MPPT using Fuzzy Logic Controller.

Fuzzy Logic Controller

I
! I
| [Ruete] |
| I
I
I

Pre- Fr— ! — Post-
! progesing -+ Fuzzification | —-»{ Databse ‘—“-ﬁDefumﬂcatlon}—r Processing [~

Reason
Mechanism

—

B i 5

Figure 6. Blok Diagram of Fuzzy Logic Controller Figure 7. Matlab/Simulink Model for MPPT using
Fuzzy Logic Controller
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At fuzzyfication phase shown in Figure 6, a number of input variables is calculated and converted
into a linguistic variable based on the subset called membership function (MF). To translate value of voltage
change and power change in, input fuzzy "change of voltage"” and "change of power" is designed to use seven
fuzzy variable called PB (Positive Big), PM (Positive Medium), NS (Negative Small), PS (Positive Small)
ZE (Zero), NM (Negative Medium), and Negative Big (NB). Voltage change (AV) and power changes (AP)
is a proposed system input variables and output variable fuzzy logic control is duty cycle change value (AD).
Membership function voltage changes, power changes, and duty cycle change, each shown in
Figure 8 up to 10. Limit of input and output membership functions, determined by prior knowledge of
parameter variations.

input variable "defta-votage"

Figure 8. Input Variable Voltage Change (Delta Voltage)

plct points:
181

nput variable “delta-power

Figure 9. Input Variable Power Change (Delta Power)

Membership function plots et

output variable "defia DC"

Figure 10. Output Variable Duty Cycle Change (Delta D)

The fuzzy rule algorithm collects a number of fuzzy control rules in a specific order. This rule is
used to control system to meet desired performance requirements, and they are designed from a knowledge of
intelligent control systems. The fuzzy inference of fuzzy logic controller using a method that relates to a
composition Mamdani Max-Min. Fuzzy inference system in fuzzy logic controller consists of three parts,
namely rule base, database, and reasoning mechanism (Figure 6). Rule base consists of a number of If-Then
rule for proper operation of controller. The If side of rule is called antecedent and Then side is called
consequence. These rules may be regarded as similar response made by human thought processes and
controllers using linguistic input variables, obtained after fuzzyfication for the operation of these rules. The
database consists of all user-defined membership function to be used in a number of these rules. Reasoning
mechanism basically given processing rules based on specific rules and given conditions provides us the
required result.

After determine AV and AP value, that value is then converted into linguistic variables and use them
as input functions for fuzzy logic controller. The output value is AD is generated using block inference and
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fuzzy logic controller rules as shown in Table 2. Finally defuzzyfication block operates to change value of
AD is raised from linguistic variables into numeric variables back. Numeric variables that become inputs
signal for the IGBT switch of DC/DC boost converter to be able to determine MPPT value for each
generation PV accurately at the same time also improve power quality as a result of integration of three PV
generator to low voltage three phase grid.

Table 2. Fuzzy Rules
AV AP NB NM NS ZE PS PM_PB

2.4. Harmonic

Power quality means quality of voltage and current. Quality is determined based on the voltage and
current value or the tolerance limit of equipment used. In general, current and voltage wave form of pure
sinusoidal waves. One problem that occurs is non sinusoida or distorted current and voltage waves generated
by harmonics in the power system [15]. Harmonic is distorted periodic steady state wave caused by the
interaction between the shape of a sine wave at the fundamental frequency system with another wave
component which is an integer multiples frequency of fundamental frequency. The most common harmonic
index, which relates to the voltage waveform, is the total harmonic distortion (THD), which is defined as the
root mean square (rms) of the harmonics expressed as a percentage of the fundamental component as showed
in Equation 6. For most applications, it is sufficient to consider the harmonic range from the 2nd to 25th, but
most standards specify up to the 50th [13]. Second harmonic index is current THD means the ratio of rms
harmonic current value to rms fundamental current which expressed in Equation 7 [14].

N

V,

n

THD, =%x100% (6)

1

Mz

K
THD, =5 x100% (7)

1

M=

where V, and I, (the rms voltage and current at harmonic n), V; and I; (the fundamental rms voltage and
current), N (the maximum harmonic order to be considered). The allowable maximum THD value for each
country is different depending on the standard used. THD standards most often used in electric power system
is IEEE Standard 519-1992. There are two criteria used in the analysis of harmonic distortion that voltage
distortion limit and current distortion limit [15].

2.5. Voltage and Current Unbalance

There are several standards that can be used to determine level of voltage unbalance in three-phase
systems, e.g. IEC, NEMA, and IEEE. In this study, value of unbalance voltage use Equation 8 is based
ANSI/IEEE 241-1990 Standard [16] as follows:

V(O/ _ Navarage _Va,b,cminormax‘ 100% 8
0)= v x100% ®)

avarage

By using Equation 8, value of unbalance voltage expressed in percent (%) and is defined as follows; V ayarage
is the average value of maximum voltage on phase a, b, ¢, (volt), V¢ min IS minimum voltage on phase a, b,
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¢, (volt), Vapemax IS maximum voltage on phase a, b, ¢ (volt). By using the same equation, then percentage of
unbalance current can be calculated by replacing voltage magnitude into current magnitude.

2.6. Power Factor Correction

Power factor correction (PFC) can be obtained based on value input harmonic distortion (THD)
source current. Equation 9 shows input power factor as a function of source current THD [17]. Power factor
is input power factor and THD, is current harmonics expressed in percent.

1 ©)
1+(THD, (%)j2

PF =

100

3. RESULTS AND ANALYSIS

Analysis of results starts from determination maximum and minimum voltage grid on each phase,
unbalance voltage using Equation 8, as well as voltage THD in three phase grid on PCC bus respectively,
using MPPT P and O and MPPT Fuzzy. By using the same procedure subsequently obtained unbalance
current value, current THD, and input power factor using Equation 9, based on grid current THD obtained
previously. Table 3 show voltage unbalance and average voltage harmonic (THDy) grid in three model
integration of PV generator and four different levels of radiation connected to three phase grid using MPPT P
and O and MMPT Fuzzy. Table 4 shows unbalance current, average current harmonic (THD)), and input
power factor on PCC bus at the same condition.

Table 3. Unbalance Voltage and Average Voltage Harmonic (THDy) grid

No Irradiance Penetration Maximum Voltage (V) Unbalance THDy (%) Avarage
) Level (W/m?) A B C Voltage (%) A B C THDy (%)
MPPT P and O Method
1 400 PV. 308 308 308 0 054 051 049 0.52
PV.+ PV, 308 308 308 0 090 0.87 097 0.92
PVi+ PV, +PV; 310 310 310 0 268 258 263 2.63
2 600 PV. 308 308 308 0 0.78 0.73 065 0.72
PV.+ PV, 308 308 308 0 113 122 139 1.25
PVi+ PV, +PV; 310 310 310 0 371 362 354 3.63
3 800 PV. 308 308 308 0 094 086 084 0.88
PV.+ PV, 308 308 308 0 160 150 154 1.55
PVi+ PV, + PV; 310 310 310 0 411 417 4.05 411
4 1000 PV. 308 308 308 0 086 0.83 079 0.83
PV.+ PV, 308 308 308 0 145 149 159 151
PV + PV, + PV; 310 310 310 0 3.95 3.92 3.84 391
MPPT Fuzzy Method
1 400 PV 308 308 308 0 025 023 021 0.23
PVi+ PV, 308 308 308 0 038 042 043 0.41
PVi+ PV, + PV; 308 308 308 0 1.80 1.56 1.74 1.70
2 600 PV 308 308 308 0 035 030 028 0.31
PVi+ PV, 308 308 308 0 053 051 0.60 0.55
PVi+ PV, + PV, 308 308 308 0 211 190 2.06 2.03
3 800 PV 308 308 308 0 038 034 032 0.35
PVi+ PV, 308 308 308 0 061 0.60 0.70 0.64
PVi+ PV, + PV, 308 308 308 0 249 209 239 2.33
4 1000 PV 308 308 308 0 052 048 044 0.48
PVi+ PV, 308 308 308 0 085 080 093 0.86
PVi+ PV, + PV, 308 308 308 0 279 280 2.68 2.76
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Table 4. Unbalance Current, Average Current Harmonic (THD)), and Input Power Factor

Irradiance Maximum Current (A) Unbalance THD, (%) Avarage Avarage
No. Leve! Penetration A B c Current (%) A B c THD, (%) PF (%)
(Wim°)
MPPT P and O Method
1 400 PV, 9.69 9.69 9.69 0 0.07 0.08 0.06 0.07 99.999
PV, + PV, 9.60 9.50 9.80 1.7300 0.24 0.24 0.34 0.28 99.999
PVi+ PV, + PV; 125 10.0 10.0 15.385 201 127 1.69 1.66 99.986
2 600 PV, 9.70 9.70 9.70 0 0.10 0.11 0.10 0.11 99.999
PV, + PV, 9.60 9.50 9.80 1.7300 0.35 0.24 0.39 0.33 99.999
PVi+ PV, + PV; 125 10.0 10.0 15.385 224 148 1.83 1.85 99.983
3 800 PV, 9.70 9.70 9.70 0 0.13 0.14 0.13 0.13 99.999
PV, + PV, 9.60 9.50 9.80 1.7300 0.44 0.31 0.40 0.38 99.999
PVi+ PV, + PV; 125 10.0 10.0 15.385 228 156 1.93 1.94 99.982
4 1000 PV, 9.70 9.70 9.70 0 0.12 0.14 0.13 0.13 99.999
PV, + PV, 9.60 9.50 9.80 1.7300 039 032 041 0.38 99.999
PV + PV, + PV; 125 10.0 10.0 15.385 231 161 1.85 1.93 99.982
MPPT-Fuzzy Method
1 400 PV, 9.68 9.69 9.70 0.1032 0.06 0.05 0.02 0.04 99.999
PVi+ PV, 9.50 9.40 9.70 1.3940 012 032 0.34 0.26 99.999
PVi+ PV,+ PV; 125 9.50 9.50 19.048 1.79 1.19 1.57 1.52 99.988
2 600 PV, 9.68 9.69 9.70 0.1032 0.06 0.06 0.03 0.05 99.999
PVi+ PV, 9.60 9.40 9.70 1.3940 0.15 0.30 0.34 0.26 99.999
PV + PV, + PV; 125 9.50 9.50 19.048 187 118 1.60 1.55 99.988
3 800 PV, 9.68 9.69 9.70 0.1032 0.06 0.06 0.03 0.05 99.999
PVi+ PV, 9.68 9.40 9.70 1.3940 0.16 0.29 0.35 0.26 99.999
PV + PV, + PV; 125 9.50 9.50 19.048 165 0.86 1.69 1.40 99.990
4 1000 PV, 9.68 9.69 9.70 0.1032 0.06 0.08 0.05 0.06 99.999
PVi+ PV, 9.60 9.40 9.70 1.3940 021 023 0.32 0.26 99.999
PV + PV, + PV, 125 9.50 9.50 19.048 206 126 1.70 1.68 99.986

grid under solar irradiance 1000 W/m2 on PCC bus using MPPT P and O, and MPPT Fuzzy method.
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Figure 11 shows grid voltage on two models of PV generator integration connected to three phase

Simulation Results of Grid Voltage on Two Models of PV Generator Integration Connected to
Three Phase Grid Under Solar Irradiance 1000 W/m2 on PCC Bus
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Figure 12 shows harmonics spectrum of grid voltage on two models of PV generator integration
connected to three phase grid under solar irradiance 1000 W/m2 on PCC bus using MPPT P and O, and

MPPT Fuzzy method.

Figure 13 shows curves of average voltage harmonics (THDy) on three models of PV generator
integration and four levels of solar irradiance level connected three-phase grid on PCC bus using MPPT P

and O, and MPPT Fuzzy method.
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Figure 12. Harmonics Spectrum of Grid Voltage on Two Models of PV Generator Integration Connected to
Three Phase Grid Under Solar Irradiance 1000 W/m2 on PCC Bus
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Figure 13. Average Voltage Harmonics (THD,,) on Three Models of PV Generator Integration under Solar
Irradiance Level from 400 to 1000 W/m?

Table 3 shows that nominal grid voltage before using MPPT P and O method on the condition only
connected to single generator (PV1) and two generators (PV1 + PV2) is still stable each as 308 volt.
However, if PV generator connected to three phase grid equal as three (PV1 + PV2 + PV3), then grid voltage
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on bus PCC bus rises to 310 volt or 0.65%. MPPT P and O method results a nominal voltage unbalanced for
all levels of radiation (400%, 600%, 800%, 1000%) and integration (PV1, PV2 + PV1 and PV2+PV1+PV3)
as 0%. The application of MPPT Fuzzy method shows that grid voltage on each phase for all levels of
radiation and integration generator level still stable at 308 volts and results voltage unbalance 0%. These
results indicate that using both methods has not significant impact on changing of nominal unbalance voltage.
If using MPPT P and O method, then the largest of average voltage harmonics (THDy) is generated on the
condition of three PV generators connected to three phase grid (PV1+PV2+PV3) and radiation levels of
800 W/m2 as 4.11%. The smallest grid average voltage harmonics is generated on the condition of single PV
generator connected to three-phase grid (PV1) and irradiance levels of 400W/m2 at 0.52%. If using MPPT
Fuzzy method, the largest average grid voltage harmonics is resulted on the condition of three PV generators
connected to three-phase grid (PV1+PV2+PV3) and irradiance level of 1000 W/m2 at 2.76%. The smallest
of average grid voltage harmonics is resulted on the condition of single PV generator connected to three-
phase grid (PV1) and irradiance levels of 400 W/m2 at 0.23%. Figure 11 and 12 shows that at the level of
solar irradiance remains, the greater number of PV generator connected to three-phase grid, then average
voltage harmonic will increases. Figure 13 also shows at solar radiation level is more increasing both using
MPPT P and O and MPPT Fuzzy, then average grid voltage harmonics also will increase. The average grid
voltage harmonics is reduced after using MPPT Fuzzy Method. Therefore, the application of MPPT Fuzzy is
able to improve grid voltage harmonics (THD,/) profile as a result of integration of PV generator to three
phase grid.

Table 4 shows the use of MPPT P and O method results nominal of unbalance current for all
irradiance (400%, 600%, 800%, 1000%) and integration (PV1+PV2+PV3) level from 0%, 1.73%,
and 15.385 %. At the same condition if using MPPT Fuzzy method produces an increase of current
unbalance began to 0.1032%, 1.3940%, and 19.048%. These results indicate that the application of MPPT
Fuzzy method produces unbalanced current value greater than MPPT Method P and O. If using MPPT P and
O method, then the largest average grid current harmonics (THD,) generated on condition of three PV
generator connected to three-phase grid (PV1+PV2+PV3) and irradiance levels of 800 W/m2 at 1.94%. At
the same condition, the smallest average grid current harmonics is generated on condition of single PV
generator connected to three-phase grid (PV1) and irradiance level of 400 W/m2 at 0.07%. If using MPPT
Fuzzy method, the largest average grid current harmonics (THD,) resulted on the condition of three PV
generators connected to three-phase grid (PV1+PV2+PV3) and irradiance level of 1000 W/m2 at 1.68%. The
smallest value of THD, is generated on the condition of PV generator connected to three-phase grid (PV1)
and irradiance levels of 400 W/m2 at 0.04%. Fuzzy MPPT method is able of improving value of input power
factor better than MPPT P and O method. Table 4 shows at the level of solar iradiance remains, the greater
number of PV generator connected to three-phase grid, then value of THD, will increases. At the level of
solar irradiance is more increasing both using MPPT P and O and MPPT Fuzzy method, then value of THD,
grid also increased. The average grid THD, is reduced after using MPPT Fuzzy method. Finally the
application of MPPT Fuzzy is capable to enhance grid current harmonics profile due to integration of a
number of PV generator to grid.

4. CONCLUSION

The method of MPPT P and O and MPPT Fuzzy on different irradiance and integration PV
generator level produces unbalanced voltage value stable at 0%. At the same conditions of use MPPT Fuzzy
method results unbalanced current is greater than MPPT P and O method. On solar irradiance level fixed, the
greater number of PV generator connected to three-phase grid, then values of average voltage and current
harmonics (THD) will increases. At the level of solar radiation increases, average grid voltage and current
THD also have increased. The average grid voltage and current THD is reduced after using MPPT Fuzzy
method. Therefore the application of Fuzzy Logic Controller method for MPPT is able to improve the profile
of grid voltage and current THD due to integration of a number of PV generator to three-phase grid
corresponding IEEE Standard 519-1992. Fuzzy MPPT method is capable of improving input power factor
better than MPPT P and O method.
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