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Abstract—this paper focused on modeling and simulation of
grid connected photovoltaic system. This work presents a
fuzzy logic control based maximum power point tracking
approach to enhance the efficiency and robustness of the
solar photovoltaic (PV) power generation and establishes a
dynamic model of grid-connected PV system by
Matlab/Simulink  environment  which  reflect  the
characteristics of the system accurately. Grid-connected PV
system includes a PV array, dc-dc converter, fuzzy logic
control based MPPT, inverter, LC filter, P-Q based inverter
control, a distribution network. Improved fuzzy logic control
based MPPT and P and Q based inverter control scheme
provides a closed loop active and reactive power control and
accurate synchronization to grid. In this paper, a micro
inverter with Pl and fuzzy based boost converter approach
is presented which enables the designer to make use of the
boost converters advantages, while improving the control
difficulties. This control method allows the selection of
passive components predominantly based on ripple and
reliability specifications while requiring only one state
reference signal. This method becomes smaller and more
reliable.

Keywords: Photovoltaic array, Modeling, Grid-connected
photovoltaic system, MPPT control, Power inverter.

I. INTRODUCTION

The much concerned with the fossil fuel exhaustion and
the environmental problems are caused by the
conventional power generation. Nowadays, renewable
energy sources, such as photovoltaic (PV) panels and
wind-generators, are now widely used. PV systems are the
most direct way to convert solar radiation into electricity
and are based on the PV effect, which was first observed
by Henri Becquerel in 1839.1t is quite generally defined
as the emergence of an electric voltage between two
electrodes attached to a solid or liquid system upon
shining light onto this system. Practically, all PV devices
incorporate a PN junction in a semiconductor across
which the photo voltage is developed [1-2]. These devices
are also known as solar cells. Light absorption occurs in a
semiconductor material. The

Semiconductor material has to be able to absorb a large
part of the solar spectrum [3].
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The PV generation is gaining increased importance as a
renewable source. It is used today in many applications
e.g. battery charging; water pumping, home power
supply, swimming-pool heating systems, satellite power
systems.... The PV systems have the advantage of being
maintenance and pollution-free but their installation cost
is high and, in most applications; they require a power
conditioner (DC/DC or DC/AC converter) for load
interface. Since PV modules still have relatively low
conversion efficiency. The overall system cost can be
reduced using high efficiency power conditioners which,
in addition, are designed to extract the maximum possible
power from the PV module [4-7].

The PV generators exhibit non-linear 1-V characteristics.
On the other hand, the optimum operating point changes
with the solar irradiation, and cell temperature
[8]. Therefore, online tracking of the maximum power
point of a PV array is an essential part of any successful
PV system. A variety of maximum power point tracking
(MPPT) methods is developed in literature. For example,
in [9] a MPPT is implemented with a boost converter the
Incremental Conductance algorithm, is based on the
principle that the slope of the PV array power curve is
zero at the maximum power point.

The increasing of the world energy demand, due to the
modern industrial society and population growth, is
motivating a lot of investments in alternative energy
solutions, in order to improve energy efficiency and
power quality issues. The use of photovoltaic energy is
considered to be a primary resource, because there are
several countries located in tropical and temperate
regions, where the direct solar density may reach up to
1000 W/m2. At present, photovoltaic (PV) generation is
assuming increased importance as a renewable energy
sources application because of distinctive advantages such
as simplicity of allocation, high dependability, absence of
fuel cost, low maintenance and lack of noise and wear due
to the absence of moving parts [10].

The cell conversion ranges vary from 12 percentage of
efficiency up to a maximum of 29 percentages for very
expensive units [11]. In spite of those facts, there has been
a trend in price decreasing for modern power electronics
systems and photovoltaic cells, indicating good promises
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for new installations. However, the disadvantage is that
photovoltaic generation is intermittent, depending upon
weather conditions. Thus, the MPPT makes the PV
system providing its maximum power and to help get
stable and reliable power from PV system for both loads
and utility grid, and thus improve both steady and
dynamic behaviors of the whole generation system [12].
In this paper I have studied a grid-connected photovoltaic
generation system which is composed of PV array, power
electronic converters, filter, controllers, local loads and
utility grid as shown in figure
Contorller

PVarya [ DODC e sy Grid

Converter

Pl and Fuzzy
Controller
Fig 1: Block diagram of grid connected PV system.

The block diagram representation of grid connected PV
system is given in figure.l. In this PV array is connected
to dc-dc converter. The switching pulses for dc-dc
converter is generated by fuzzy logic control based MPPT
and gate generator arrangement. By using feedback
voltage and power taken from the PV array, fuzzy logic
control based MPPT produces a reference for the
converter and using this reference, PWM generator
produces switching signal for the dc-dc converter. These
reference signals are given to sinusoidal PWM generator
which produces six switching pulses for the inverter. The
overall system uses a high efficiency fuzzy logic control
based MPPT and buck converter, produces PV array
voltage corresponding to the maximum power. The three
phase inverter with P-Q control and LC filter produces
sinusoidal ac voltage and current having less THD.

1. SIMULATIONMODELS
Modeling and simulating PV power systems are
investigated in this section. By default, all symbols that
are used in equations refer to the definition table shown in
the Nomenclature.

A. Modeling Photovoltaic Cells

The ideal single-diode model (ISDM) which is shown in
Fig.2 was proposed to represent PV outputs for
crystalline-based solar cells. The simplified model shows
computational efficiency but provides fewer tuning
parameters in comparison with the standard single-diode
model that was presented in [1]-[3]. The model
parameters should be properly identified, and the
modeling accuracy should be evaluated carefully before it
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is integrated into system simulation. The |-V
characteristic for an ISDM is expressed as

IPV = Iph — [ﬁ("-”f' ) _ 1]
M

The definition of variables and constants in (1) refers to
the nomenclature table. A is an unknown parameter that
needs to be identified. Since the prior work in did not give
a clear illustration for parameter extraction and simulation
construction,  the  parameterization and  model
implementation are shown in the following sections.
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Fig. 2. Equivalent circuit for the ideal single-diode PV-cell model.

B. Photovoltaic Model Parameterization

PV manufacturers provide the values of open-circuit
voltage (VOCS), short-circuit current (ISCS), and the
maximum power point (VMPP, IMPP) at STC. According
to the equivalent circuit of ISDM, the value of the photon
current iy, is equal to that of the short-circuit current ISCS
at STC. When the solar cell is open-circuited, the output
current of a PV cell is zero. Therefore, the I-V
characteristics at STC can be expressed as

Iscs
Vons |
':':(I.'.ilz'}'::-g.: } _ 1 (2)

At the MPP of STC, the -V characteristic equation can
be expressed as

TV pp
Ivapp = Iscs — Iss [r(+ti) - 1]

Isg =

®)
Therefore, the ideality factor A can be derived from (4),
shown below, by the substitution of (2) into (3):

iVupp

eFATcs _ ] _4 hypp
Twocs 0 Jana
eFiTcs — 1 jh('f‘\

(4)
The diode saturation current Iss can be found by applying
Aback to (2). Thus, the 1-V characteristics at STC can be
expressed as (5), shown below, where the photon current
and saturation current are constant:
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C. Photovoltaic Model Construction for Simulation

Both the photon current and saturation current change
with the solar radiation and cell temperature. For the
irradiance deviated from STC, the expression of iy, can be
written as

Ee .
j-]Jll{Et.,;ﬁT) = 5 1‘5('}{(1 T ﬂ]".ﬂl’ :I

Where the definitions of E. and Egc refer to the
nomenclature table. AT is the temperature difference
between the cell temperature T¢ and the STC temperature
Tes, and o is the current temperature coefficient that is
given by the product datasheet. The expression in (6)
shows that the photon current varies with both solar
irradiance and cell temperature. The open-circuit voltage
can be derived as

Voo(AE:, AT) = Vocs(1+ frAT)(144£AE,)

Where the definitions of pr and yg, and E, and Egrc refer
to the nomenclature. 4E, is the irradiance difference from
the STC, and g~ is given by the product datasheet. The
irradiance coefficient on voltage ye can be determined
from the evaluation of the I-V curves for various
insulation levels. For example, the open-circuit voltage is
given asVOC0.8, when the irradiance is 0.8 kw/m? and
the cell temperature is 25°C. The value of y¢ can be
estimated as

Vae ne
vp =28 1) /(1-08)
Vocs ®)

Therefore, the diode saturation current can be updated by
following the environmental variation, which is shown as

ipn(Ee, AT)

Vg laEe aT)
el FilTes+a11 1 1

is(AE,,AT) =

9)
The |-V characteristic equation can be written as (10),
shown below, corresponding to the variation of the solar
irradiance and cell temperature
i'p\' = *'Iph(bv- AI) - i'.(-_\f:al AI) [F(ﬁ{%-\_") — 1] (10)
D. Terminal Output Implementation
The single-cell model can be aggregated to any
size of a PV array, as shown in Fig.3. Ny and N, are the
numbers of cells that are connected in series and parallel,
respectively. When the mathematical representation is
combined with a controllable current resource, the model
gives terminal outputs regarding to voltage and current
Vy and I, which are compatible with the majority of off-
the-shelf circuit-based simulation tools, such as the
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SimPowerSystems  for  Simulink, PSIM, PSPICE,
PSCAD, etc. The equation, i.e., ipy =f (Vpy, Ee 47), is
updated every simulation step following (10) and
operating variation. A generalized simulation flowchart is
illustrated in Fig.4.
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Fig.3. Block diagram of the PV array aggregation and the
interconnection interface applicable for commercial simulation software.

Start it

| Read solar irradiance (#c) and cell temperature variation(AT) |

| Calculate the photon current. fonfife, A7) I

| Compute the saturation current, is(Afe, AT l

Laoop

| Read the PV voltage, v

| Calculate 'V current, igv — fivp, e, AT} I

| Cutput PV eurrent, ipv ]

—< Any change in irradiance or temperature? _>—

Fig.4. Flowchart of the PV model simulation.

Unlike the proposed PV model in [1]-[3], the simplified
model ignores the coupled terms between i,, and vg,. Ee
and AT are the environmental variables. The value of v,
is determined by the power equilibrium between the PV
generation and load, which is regulated by the
interconnected power interface. Therefore, a more
efficient simulation can be expected since no iterative
solver is needed.

E. Interfacing with Intermediate DC Link

For two-stage conversion topologies, as shown in Fig.1
(a), the non-isolated dc/dc boost topology is commonly
used as the PV front-end power converter (PVFEC)
because of the voltage step-up requirement and its
simplicity. The control of the PVFEC is the MPPT. One
study indicates that the boost topology is superior over the
buck in terms of cheaper implementation and better
dynamics. The circuit diagram can be depicted as Fig.5,
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where the PV-array model refers to the diagram in Fig. 2,
and the IDCL capacitor Cg is the joint connection to
dc/ac inverter.
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Fig.5. Circuit schematics showing the combination of the PV array and
the dc/dc power interface.

Averaged models show advantages of fast simulation if
the system switching harmonics are not concerned. This
feature is important to simulate a large power system with
multiple inverter-based generators. Assuming that the
dc/dc converter works in continuous conduction mode
(CCM), the averaged model can be derived as

dVpy .

C') r = _!) ;g —
PV PV — i

(Jr!-; -
LEE — Voy — (1 — d)Vae
g7 Pv — ( )Wa

AV,

Clh-(d—; = dgc — TNV

i 1 .
Vey = m_/ (Ipy —ip)dt

= ?';_ =

/['VP\' — (1 —d)Vy ] dt

Vie = (_,L /((1 —d)ir — iy ) dt

“de . (11)

Following the expression in (11), the averaged

model can be constructed as shown in Fig.6, where the

input variable is the injection current to the grid inverter

iy, the control variable is the duty cycle d, and the state

variables include Vg, Vpy, and i.. The environmental

inputs that comprise E., and AT affect the PV-array model

output. For the presented two-stage power conversion

with IDCL, the values of d and iyy are determined by the
MPPT function and V¢ regulation, respectively.

frv= Ny

fiVnlls, e AT)
A

I

Volume 03 Issue 13
September 2016

Fig.6. Implementation of the averaged model in CCM combining the PV
array and the boost converter power interface.

The output power of dc/ac grid inverters P,. can be
estimated as (12), shown below, where the conversion
efficiency 1 can be determined by (13), shown below,
applying the peak conversion Efficiency nmax and the self-
power consumption P

P = b, or P, =1V, 1,
ac I py ac I pv-py (12)
(‘”;li"«' - .!'-:'_.,.l-]fjl X Mmax

3
pv

n=

(13)
Pser is accumulated power loss that results from
microcontrollers, drive circuits, human machine
interfaces, other accessories, etc. Since the grid-side
voltage is known and steady, the RMS value of the ac
injection current can be calculated.

F. Interfacing with Grid without IDCL

String inverters show significant generation degradation
that results from PV module mismatch and partial
shading. The emerging solution is the MIC, which is also
called the micro inverter, to eliminate the power loss that
results from inconsistent impacts. A specific MIC, which
is shown in Fig.7 and adopting the interleaved fly back
topology, is considered in this study. The topology offers
the advantages of high efficiency, reliability, power
sharing, galvanic isolation, and reduced PV voltage
ripple. Therein, all the details about the converter
operation can be found.

nin;
.

<

Fig.7. Topology of the interleaved fly back MIC for solar grid-tied
systems.
The simulation model of the MIC is developed by the
averaging technique. The model diagram is shown in
Fig.8, where D represents the duty cycle, and D1 is
defined as 1-D. The fourth-order dynamic system includes
four state variables, vy, Vcy, i, and i, which result from
the input and output storage units and illustrated in the
shadowed boxes. In Fig.3.8, the boxes with broken lines
represent the system inputs, and the duty cycle D is the
control variable. The variables V,, and I, are associated

Available online: http://internationaljournalofresearch.org/

Page | 695



International Journal of Research

4

International Journal of Research
Available at https://edupediapublications.org/journals

p-ISSN: 2348-6848
e-ISSN: 2348-795X

e

E 3w

with the PV-panel model, which is presented in Section
.

S
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I
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Fig.8. Averaged simulation model of the fly back-based MIC with
current unfolding circuit.
G. Dynamic Model of Maximum Power Point Tracking
The voltage of the optimal operating point (VOOP) is the
index that represents the MPP. In this study, it is
estimated as

Voor (AE, AT) = Vypp (1 + frAT)(1 +7£AE,) (14)
Where the definitions of Py and vyg refer to the
nomenclature table. AE, is the irradiance difference from
the STC. The temperature coefficient can be directly
obtained from the product datasheet. The irradiance
coefficient on voltage can be determined the evaluation of
|-V curves that are based on various insolation levels.
One of the commonly used MPPT algorithms is the
perturbation and observation (P&O) method, which
applies two parameters, the perturbation time interval AT
MPPT and perturbation amplitude AT. Thus, the MPP
tracking dynamics are implemented by a slew-rate limiter,
as expressed in (15), shown below, which defines the
maximum rate of the set point change.

AV
SR= ——
ATyvppr 15

As a result, the MPPT operation can be simplified as the
diagram shown in Fig.9, where the optimal operating
point is calculated by (14), and the slew-rate limiter
mimics the MPP tracking dynamics.

MPPT Simulation

Vutequlaion

h-u;- ﬂﬂﬁ,ﬂ”

| / \M Sewhae o

Limir i

Fig.9. Proposed simulation implementation of MPPT dynamics using a
slew rate limiter.

1. FUZZY LOGIC CONTROL
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L. A. Zadeh presented the first paper on fuzzy set theory
in 1965. Since then, a new language was developed to
describe the fuzzy properties of reality, which are very
difficult and sometime even impossible to be described
using conventional methods. Fuzzy set theory has been
widely used in the control area with some application to
power system [5]. A simple fuzzy logic control is built up
by a group of rules based on the human knowledge of
system behavior. Matlab/Simulink simulation model is
built to study the dynamic behavior of converter.
Furthermore, design of fuzzy logic controller can provide
desirable both small signal and large signal dynamic
performance at same time, which is not possible with
linear control technique. Thus, fuzzy logic controller has
been potential ability to improve the robustness of
compensator.

The basic scheme of a fuzzy logic controller is shown in
Fig.10 and consists of four principal components such as:
a fuzzy fication interface, which converts input data into
suitable linguistic values; a knowledge base, which
consists of a data base with the necessary linguistic
definitions and the control rule set; a decision-making
logic which, simulating a human decision process, infer
the fuzzy control action from the knowledge of the
control rules and linguistic variable definitions; a de-
fuzzification interface which yields non fuzzy control
action from an inferred fuzzy control action [10].

FLC ENOWLEDGE BASE

1
1
Fulz Bass | Data Bas :
1
1

]
1
1
1 Fuzzy
}
]
}

il | =cie-d | +du k)
Criep value

Sefkpqt (k=11 Input (ks

Vdec_actual

Error Amplifier WVdec ref

Fig.10. Block diagram of the Fuzzy Logic Controller (FLC) for
Proposed Converter.
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Fig.11. Membership functions for Input, Change in input, Output.

Rule Base: the elements of this rule base table are
determined based on the theory that in the transient state,
large errors need coarse control, which requires coarse in-
put/output variables; in the steady state, small errors need
fine control, which requires fine input/output variables.
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Based on this the elements of the rule table are obtained
as shown in Table, with ‘Vdc’ and ‘Vdc-ref” as inputs

" “|NL |NM |Ns |EZ |[Ps |PM |PL
NL | ||| sm|Ns | Ez
NM | NL | NL | NL |[NM | Ns | Ez | oBs
Ns | NL | NL [wM [ ws | Ez [ ps | PMm
ez |~ |nMm|ns | Ez [ ps [ PMm | L
PS |NM | Ns |Ez | ps |em | PL | PL
PM | Ns |Ez | Ps |PM | PL | PL | BL
pL | ~L |nMm|Ns | Ez | Ps [ PM | BL

IV.MATLAB/SIMULATION RESULTS

Fig. 15. Temperature effect on the voltage of optimal operating point.

Fig. 12. Matlab/Simulink model of solar irradiance for Converter.

Fig.16.Matlab/Simulatin model of the combination of the PV array and
the dc/dc power interface.

Fig.12.solar irradiance of PV systems.
Fig. 12 shows that the proposed estimation follows the
same dynamic as the P&O operation, but neglects the
perturbation ripples and the sudden overshoot of PV
voltage that is caused by the step irradiance change from
20% to 100%.

(b)

Fig. 13. Solar irradiance impact on the voltage.

Available online: http://internationaljournalofresearch.org/ Page | 697




International Journal of Research D oon. soe ook

Available at https://edupediapublications.org/journals € ) A
Volume 03 Issue 13
September 2016

International Journal of Research
”/
AQ‘%
[

Fig.20.solar irradiance.

(©
Fig. 17. Simulated waveforms generated by the proposed MIC model an
Fig.21.solar temperature

switching-mode physical model including (a) PV current, (b) ac output
current and (c) PV power.

Fig.22.PV voltage.

Fig.23.PV Current.

Fig.24.PV Power.

(
Fig. 18. Simulated waveforms generated by the proposed physical model
including (a) PV current, (b) ac output current, and (c) PV power.

Bw]

Fig.25.grid side power.
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Fig.19.Matlab/Simulation model of the interleaved fly back MIC for
solar grid-tied systems.
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Selected signal: 40 cycles. FFT window (in red: 1 cycles
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Fig.26.Current THD with PI controller.
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Fig.27.Current THD with Fuzzy logic controller.

V.CONCLUSION
This paper presents a technique to design and control of
grid-connected PV generation system, identify its
components, and describe how it works. In order to
convert the solar energy efficiently, the MPPT algorithm
for photovoltaic systems based on P&O algorithm has
been presented. It should be tracked to ensure the PV
array to generate most power to utility grid, and describe
the following control algorithms used for the inverter DC-
AC for regulate active and reactive power sat connection
bus. This paper has presented a general approach to
modeling and simulating PV power systems with regard
to electrical engineering perspectives. A simplified PV
model is developed showing the  detailed
parameterization, which is based on the given information
of the manufacturer datasheet. Since the majority of PV
power system is grid-tied, the modeling process focuses
on two common power interfaces that include the two
stage power conversion with IDCL and single-stage
conversion without IDCL. The MIC that is called “micro
inverter” is also included for the simulation study.
Detailed model of grid-connected photovoltaic generation
system components, in MATLAB /Simulink software was
done. Fuzzy controlled MPPT strategy is used for PV
output voltage to achieve closed loop control which can
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smoothly and quickly track the maximum power point of
PV array.
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