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The present work is willing to enlarge the field of using the solar energy power generation in order to take better advantage
of the sun radiation. In this paper a particular attention has been paid to the dynamic behavior of the grid connected PV
system, against voltage sag and voltage swell caused respectively by adding a load and then removing the same load, the
analysis has been done on IEEE 14 bus system. As an alternative to these irregular working conditions, the voltage source
converter is a key component of the PV system with the purpose of providing voltage support by generating or absorbing
reactive power at the point of common coupling, which makes it act as a real STATCOM. This novel usage of PV solar farm
can keep the bus voltages at wanted level without requiring any extra voltage control devices that could increase the whole
transmission system cost.
On the other hand the efficiency of photovoltaic generator can be improved by forcing the panel to operate at its maximum
power point, this function is guaranteed by the maximum power point tracking (MPPT), in fact numerous techniques are
described in the literature where the perturb and observe seems to be the simplest and commonly used method, however it
has many disadvantages. In this paper adaptive neural fuzzy inference system (ANFIS) based MPPT method combines the
ability of fuzzy logic to handle imprecise data and the learning abilities of artificial neural networks. It is found that this
technique can precisely track the maximum power point under various irradiance and temperature conditions. Simulation
results using Matlab/Simpower systems toolbox show an excellent waveforms quality and high performance dynamic
behavior compared to the perturb and observe technique.

1. INTRODUCTION
Nowadays, the world pays growing attention to renewable
energy sources, clean and practically inexhaustible [1], in
particular solar energy hold a special place mainly because
its financial benefits, in fact the price of PV panels has
declined 99 % over the last four decades and has dropped
by three fourths, helping global PV installations grow 50 %
per year [2]. Some of the present day loads have a very
complex and unpredictable nature. This includes a big
component of industrial loads which are reactive in nature.
Therefore, it is essential to support at least the reactive
power demand through local generation [3], to avoid
disastrous situations that would deteriorate the quality of
electricity and cause considerable damage that may lead to
the blackout in the worst cases. Well defined standards are
already in place for governing voltage regulation and
reactive power compensation such as IEEE 1860-2014,
specify that actual service voltage must in no case exceed
the standard limits of ± 5 % in order to maintain the voltage
within tolerance under changing load conditions.
Reactive power is a major influencing parameter in ac
systems due to its impact on the line voltage profile [3].
Beforehand IEEE 1547 didn’t allow injecting the reactive
power by the distribution generators into the electrical
power system. But, due to the fast advancement in the
technology the earlier version IEEE 1547 was revised as
IEEE 1547.8, which is expected to permit the injection of
reactive power into the grid system [4]. A. Di-Fazio et al.
[5] have recommended the use of PV-grid inverters for
reactive power compensation. R. K.Varma et al. [6] have
reported that the PV-STATCOM improves the power

transmission limits which would have otherwise required
expensive additional equipment such as, series/shunt
capacitors, or separate flexible alternating current
transmission system (FACTS) controllers, substantially in
the night and also in the day. As a matter of fact one can
conclude that the role of the PV solar farm is not confined
to generate real power but also it has other functions when
it is associated with VSC inverter.
Furthermore, it is very important to operate PV energy
conversion systems near maximum power point (MPP) to
obtain the approximately maximum power of PV generator
[7], in fact there are several methods for obtaining the
maximum power of the photovoltaic generator [8], the most
commonly used methods are: perturb and observer (P & O)
[9], incremental conductance (INC) [10, 11], fuzzy logic
control (FLC) [12, 13], artificial neural network (ANN)
[14]. Other studies have investigated the amalgamation of
the (FLC) and (ANN), termed adaptive neuro fuzzy inference
system (ANFIS) control such as in [15, 16], the latter has
shown an impressive optimization and adaptation abilities.
This paper is an extension of a previous work originally
reported in [17]. In addition to enhance the power injected
into the utility grid by using the ANFIS-based MPPT, the
present work proposes a very effective means to ensure the
control of the voltage at PCC.
In light of the above research line the current work
investigates mainly the dynamic performance of a PV solar
farm associated to VSC operating as STATCOM under
rapidly changing environmental conditions. The considered
PV system is connected to IEEE-14 bus test system via
point of common coupling (PCC). Simulation results
obtained show that it is possible to develop a decoupled
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Fig. 1 – Schematic single line diagram of proposed PV-VSC integrated in IEEE-14 bus test system.

controller, which is able to compensate local loads reactive
power and keep the grid voltage profile within the strict
limits imposed by the standard, also output active power
stably and effectively.
2. SYSTEM DESCRIPTION
Simulation studies has been done on the well recognized
IEEE 14-bus system that contains 14 transmission lines, 5
generators, 11 static loads and 4 transformers. Base MVA is
taken as 100 and base system voltage is 13.8 kV [18].
Significant attention has been paid in recent times to find
out the best possible and the optimum location of the
FACTS devices, M. Rani et al. [18] have stressed the need
for connecting the STATCOM at bus 14 because it
represents the weakest bus and introducing reactive power
at bus 14 can improve voltage stability margin. Similarly in
our case we opted for connecting the PV solar farm at bus
14 as shown in Fig. 1. The considered solar photovoltaic
plants was designed to produce energy to be send to the
grid via a dc-dc converter, however its peak value can’t be
reached without the presence of what we called commonly
the MPPT [19]. In this paper solar irradiance and
temperature are taken as input for the ANFIS based MPPT
controller and the duty cycle of PWM as an output.
Furthermore, the voltage source converter (VSC) which
is connected to the secondary side of a coupling transformer
of 500 kVA and 260 V / 13.8 kV, can ensure two major
functions, the first one is converting the dc voltage of
500 V delivered by the boost converter to an ac voltage of
260 V, the second one is maintaining voltage profile at
PCC, to achieve this reactive power management is
essential.

Manufacturer specifications for the module « SPR-315EWHT-D » are listed in Table 1. The PV array block has two
inputs that allow you varying sun irradiance (input 1 in
W/m²) and temperature (input 2 in °C). The irradiance and
the temperature profile are defined by a signal builder block
which is connected to the PV array input [20]. The
characteristics I-V and P-V of one module SunPowerSPR315E-WHT-D type are represented in Fig. 2 [17].
Table 1
Specifications of SunPower SPR-315E-WHT-D PV module
Model name
SunPower SPR-315E-WHT-D
No. of cells per module
96
Open circuit voltage (VOC)
64.6 V
Short circuit current (ISC)
6.14 A
Maximum power voltage (Vmp)
54.7 V
Maximum power current (Imp)
5.76 A
Maximum power point (MPP)
315.072 W

Fig. 2 – I–V and P–V characteristics of single module at 25 °C
and varying irradiance.

The characteristics of PV array constituted of 5 series
modules and 64 parallel strings are shown in Fig. 3.

3. PV SYSTEM
The PV solar farm represented in this paper can generate
a maximum power of (6 × 5 × 100 kW = 3 MW) at standard
test conditions (STC). It consists of 6 plants of photovoltaic
arrays. Each plant comprises 5 arrays of 100 kW work in
parallel. Each array consists of 64 strings of 5 seriesconnected 315.072 W modules connected in parallel
(64 × 5 × 315.072 W = 100.8 kW).

Fig. 3 – Array type: Sun Power SPR-315E-WHT-D, 5 series modules,
64 parallel strings.
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4. ANFIS-BASED MPPT CONTROL STRATEGY
In the present work the neural network has been
combined with fuzzy logic, the main aim of concept of
hybridization is to overcome the weakness in one technique
called ANFIS, while applying it and bringing out the
strength of each of them [21, 22]. ANFIS uses neural
network to develop the fuzzy membership functions and
rule base through the training process [23]. Here the MPPT
detects the inputs G and T, and selects the duty cycle
corresponding to them and send it to the PWM controller;
five layers have been utilized where in each layer every
node executes the same function as shown in Fig. 4. Each
input has five membership functions so that there are
twenty five fuzzy rules derived. The initial membership
functions are chosen as trapezoidal type (see Fig. 5).
To perform the training process in ANFIS, the data is
collected using the P&O method for various climatic
conditions. Figure 6 shows the generated surface with the
three dimensional plot for the learned ANFIS network.

Fig. 4 – ANFIS-based MPPT controller structure.

Fig. 6 – Surface between two inputs and one output.

5. VOLTAGE SOURCE
CONVERTER CONTROL STRATEGY
The STATCOM considered in this chapter is a voltage
source converter that from a given input of dc voltage
produces a set of 3-phase ac-output voltages. The control
technique of the VSC based on the concept of vector
control can control the reactive power and the active power
independently (decoupling). It is composed of two
proportional-integral (PI) based voltage-regulation loops,
one loop regulates the PCC voltage, while the other
maintains the dc bus voltage across the voltage source
converter at a constant voltage level [24].
The active and reactive powers can be determined as
follows:
3
P = Vd I d .
(1)
2
3
Q = Vd I q ,
(2)
2
where Id and Iq are the d and q currents corresponding to Ia,
Ib, Ic, , and Vd, Vq represent d and q axis voltage
corresponding to Va, Vb, Vc.
The phase-locked loop (PLL) is used to provide the
basic synchronizing signal which is the reference angle to
the measurement system. Measured bus line voltage Vac is
compared with the reference voltage Vref, and the voltage
regulator provides the required reactive reference current
Iqref (see Fig. 7). Also the reactive current Iq of STATCOM
and reference current Iqref, are compared and the current
regulator provides the angle phase shift of the inverter
voltage with regard to the system voltage as its output [25].

a)

b)
Fig. 5 – Input membership functions of ANFIS: a) Irradiance; b)
Temperature.

Fig. 7 – Block of control strategy for VSC
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The dc measurement system in Fig. 7 provides the
measurement of the dc voltage Vdc. The ac voltage
measurement and current measurement systems in the same
figure measure the d and q components of ac positivesequence voltage and currents to be controlled, respectively.
A STATCOM with VSC using PWM inverters has been
used in this study. Figure 7 shows a single-line diagram of a
VSC and its control system block diagram [26].
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the real power (see Fig. 14).
Note: Sign convention:
– Id positive: the converter generates active power
(inverter mode) = active power P positive.
– Iq positive: the converter absorbs reactive power
(inductive mode) = reactive power Q negative.

6. SIMULATION RESULTS AND DISCUSSION
The considered grid connected PV system is assumed
working under fast and slow modifications of both the
environmental conditions irradiance, and the ambient
temperature as shown respectively in Fig. 8.
At t = 0 s, the voltage of the network is equal to 1 pu (see
Fig. 9) which is identical to the reference value,
consequently, the voltage source converter is initially
floating (STATCOM is inactive), it does not absorb nor
provide reactive power to the network, thus Iq =0 (see Fig.
11) and the total reactive power injected into the grid is
zero (see Fig. 12). From t = 0.5 s to t =1.5 s, the voltage is
decreased by 7.2 % > 5 % (lower limit specified by the
standard), hence the voltage is equal to 0.928 pu (see Fig.
9), due to connecting an inductive load which is
unacceptable, the VSC must generate reactive power to
enhance the voltage value (Iq changes from 0 to –1 pu) see
Fig. 11 and (Q changes from 0 to 2.6 Mvar) (see Fig. 12),
consequently the voltage is increased to 0.971 pu which is
acceptable (see Fig. 10). After 1.5 s, the inductive load has
been removed so that the voltage returns to its nominal
value 1 pu. At t = 2 s to 3 s, the voltage is increased by 7.2
% > 5 % (upper limit specified by the standard), hence the
voltage is equal to 1.072 pu (see Fig. 9) due to
disconnecting an inductive load which is unacceptable, the
VSC reacts this time by absorbing reactive power (Q = –2.7
Mvar, see Fig. 12) consequently the voltage is decreased to
1.029 pu which is acceptable (see Fig. 10). Note that when
the VSC change from capacitive to inductive operation, the
modulation index of the PWM inverter is decreased from
0.93 to 0.77 (see Fig. 13).
The total real power of PV farm which will be
transferred to the grid without MPPT controller, with P&O
MPPT, and ANFIS MPPT for the selected temperature and
irradiation levels is given in Fig. 14, it is clearly observed
that the gain in the real power is significantly high in case
of ANFIS MPPT compared to conventional P&O MPPT, in
fact the maximum power drawn at ambient temperature
25°C and standard irradiance 1000 W/m² is 2980 kW with
ANFIS MPPT, whereas in case of P&O MPPT it can hardly
reach 2900 kW. Also we can say that the ANFIS MPPT has
better dynamic performance compared to P&O MPPT as
shown at 2.5 s where the overshooting of the last one is
greater. Moreover, the duty cycle graph of Fig. 15 has
shown that more oscillations have occurred in case of P&O
MPPT compared to ANFIS MPPT; hence ANFIS is the best
in tracking MPP than conventional P&O. As a result the
change of the duty cycle value is very small as well as the
environmental parameters change, because it has a small
oscillations then the output dc voltage change of the
converter is also small (see Fig. 16), while Fig. 17
represents the active current which is simply the image of

Fig. 8 – The change of solar irradiation and temperature in simulation.

Fig. 9 – Output 3-phase a voltage at PCC without PV system
compensation.

Fig. 10 – Output 3-phase AC voltage at PCC with PV system
compensation.

Fig. 11 – Reactive current.
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Fig. 12 – Injected total reactive power.
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Fig. 16 – DC output voltage of boost converter.

Fig. 13 – Modulation Index of VSC.
Fig. 17 – Active current.

7. CONCLUSIONS
No MPPT
ANFIS
MPPT
P&O
MPPT

Fig. 14 – Injected total real power.

From the analysis presented above, the following
conclusions can be derived:
• Grid connected PV system can perform two
functions the first one is to supply the energy to the
grid as long as the sun radiation reaches the
photovoltaic cells, in addition it can operate as a
STATCOM and regulate the voltage to a desired level
whenever necessary.
• The PV solar farm can give a remarkable results
meeting the reactive power demand under different
loading conditions through the VSC.
• The ANFIS-based MPPT control scheme is very
efficient to track the maximum available power from
the PV module with regards to perturb and observe
technique; also it has much smaller changes in the real
power value injected into the grid under varying
weather conditions.
Received on May 28, 2017
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