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Abstract

This paper presents 60 MW grid connected three phase hybrid systems. The proposed model contains two stages of conditioning
energy conversion power unit, while a Nickel–Cadmium battery is used for DC power saving generated from the (PV) array. The
9 bus IEEE grid is used in this article as an example. The basic contribution of this article is the best utilization of batteries as an
additional source to increase the generated power based on demand. Two (ANFIS) controllers are desired for this purpose. one is
used for organizing the battery charging process and the other is used for on/off battery switching to grid in case of incensement of
load. The system is designed and studied using MATLAB/Simulink.
c⃝ 2018 International Association for Mathematics and Computers in Simulation (IMACS). Published by Elsevier B.V. All rights

reserved.
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1. Introduction

The demand of electricity in the world is increasing rapidly. The great challenge is to meet this demand with no
effect on the climate and the environment. The main source of power production today is the petroleum fuels.

One of the promising techniques in electric power generation is the solar power energy, which is one of the most
available resources worldwide; however, it is still among the expensive sources due to high investment costs. Although
the prices have steadily decreased in some countries, grid connected solar panels are currently economically feasible.

In places with adequate of solar radiation and a weak existing power grid, specifically for off-grid locations and
standalone systems, hybrid system integrated model and the strategy for power management in solar power is because
some cost-effective solutions [3,18,21,22,25,34,38]. Renewable systems have a high chance as a new means of power
generation to reduce gas emission from the conventional electric power generation [11,19].

Among all the various DG technologies, solar systems are rapidly growing in electricity markets because of the
declining cost of PV modules [14,36], improving its efficiency, manufacturing-technology enhancements. However,
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Fig. 1. PV array system with charging batteries grid connected.

Fig. 2. Modified 9 bus IEEE grid with additional loads connected.

increasing the levels of penetration of solar energy systems into the grid has given rise to relevant problems of potential
relating to power quality and PV performance [8,24,37].

Standalone solar system is greatly required in urban areas where there is no access to national grid [5]. The
solar system performance is affected based on the amount of sun radiation [23]. Many techniques of the VSI are
implemented on the PV grid connected systems [13,17,33].

The successful use of PV energy systems depends on their performance, efficiency, power quality, stability and
reliability. Furthermore, from investment point of view, the Return of Investment estimation and the profitability of
grid connected solar systems need information about its performance. In that way, several studies have been carried
out for improvement and optimizing of solar systems applications.

Fuzzy logic is among the important techniques used for PV grid connected system [1,2,7,12,28,30,35]. Some other
AI techniques are implemented for improving the performance of PV integrated systems [29]. In the past, ANFIS
technique was implemented on the solar system for MPPT improvement [4,15,16,31,32] or for enhancing the behavior
of VSI [9,26]. A new scheme of control is introduced for controlling the power sharing between batteries and super
capacitors [20].



106 M.M. Ismail and A.F. Bendary / Mathematics and Computers in Simulation 167 (2020) 104–118

Fig. 3. The new proposed PV array system with ANFIS.

Fig. 4. Battery characteristics.

Recently, new researchers use fractional order PI to achieve enhancement in the behavior of the on-grid solar
system [27]. Some improvement has been reached using PV battery charger [6], and from the literature review, it is
found that the smart controllers designed in this article are not introduced before. In this article, two ANFIS techniques
are implemented: one for controlling the process of charging and the other for switching the batteries as another power
source to grid based on load change. The simulation is implemented on 60 MW grid integrated solar system based
on MPPT technique. It is found that the online AI techniques such as fuzzy logic (FL), neural network (ANN) and
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Fig. 5a. ANFIS controller 1 structure.

Fig. 5b. ANFIS controller 2 structure.

ANFIS controllers are the most suitable techniques to be adopted as smart controller than the offline methods. The
fuzzy system is more difficult to be used in complex systems as that used in this article than ANFIS controller. ANFIS
controller is a combination of fuzzy logic (FL) and (ANN) neural network, and it is more effective to be used as
smart controller. The system is tested at different conditions using MATLAB/Simulink to demonstrate the behavior
and efficiency of the new technique.

2. The proposed system

In this article, the assembly of PV model connected to 9 bus IEEE standard grid while a modification is done by
increasing the loads on the grid is indicated in Figs. 1 and 2.
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Fig. 5c. ANFIS architecture for a two-input system.

Fig. 5d. Basic diagram of ANFIS computation.
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Fig. 6. Effects of sudden increase of load on voltage.

Fig. 7. Effects of sudden increase of load on current.

Two ANFIS controllers are desired as indicated in Fig. 3: one for smart battery charging and the other for automatic
battery switching to grid as an additional source.

3. Battery State of Charge (SOC)

One of the important parameters that should be considered in battery technology is its SOC. The main problems
for the batteries are over charging or draining the batteries. Knowledge of SOC require control over the charging and
discharging processes to increase the battery life time. SOC is defined as the ratio of the available battery capacity to
the rated capacity of the battery. The current integration starts at SOC(t) = 100% at t = 0.

The mathematical definition of SOC can be defined as follows [10]:

SOC(t) =
Ahnom −

∫ t
0 I (t)dt

Ahnom
(1)

where I (t) is the current of the battery, and Ahnom is the nominal capacity of the battery.
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Fig. 8. Voltage effect of switching on the battery to the grid.

Fig. 9. Current effects of switching on the battery to the grid.

The losses in battery capacity are the reason that creates complexity in computing an accurate SOC. The capacity of
any battery is the free charge amount generated by active material at negative electrode and consumed by the positive
electrode at 100% state of charge. It is expressed in Ampere-hour (A h). The characteristics of the selected type of the
battery used in the simulation model is indicated in Fig. 4.

The battery voltage at different charging conditions is indicated; the battery voltage is varied based on the
percentage of SOC. Therefore, the measurement of the battery voltage is an effective factor to identify the percentage
of battery charge during the operation.

4. ANFIS controller

In this article, the application of Adaptive Neuro-Fuzzy Interference System (ANFIS) is presented.
The ANFIS controller that can be generated by using fuzzy logic toolbox in MATLAB allows Sugeno fuzzy

inference system generation. Two ANFIS techniques are used in simulation modeling: the first ANFIS technique is
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Fig. 10. Effects of gradually load switching on the voltages.

Fig. 11. Effects of gradually load switching on the currents.

used as a smart battery charger for organizing the battery charging; whereas, the second ANFIS controller controls
the switching methodology of the batteries with the power grid, as an extra power source based on demand is to be
supplied according to the philosophy in Tables 1 and 2.

L is low radiation (less than 200 W/m2), and H is high radiation (greater than or equal 200 W/m2). E is empty
battery (SOC is less than 50%), and F is full battery (SOC is greater than or equal 50%). Normal is the value of
voltage and current at normal loading condition. The value of normal value of voltage is 1700 kV, and the normal
value of current is 170 A. The change in voltage and current indicates increase or decrease in the normal value.
Increase or decrease in grid voltage or current definition is that the value is higher or lower than the normal value.

The structure of the ANFIS controllers is indicated in Fig. 5. The first controller operates with an inputs describe
both the sun irradiation changes synchronizing with the battery charging status, the controller output permit or prevent
battery charging based on SOC, also the second controller operates with four inputs describes sun irradiation changes,
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Fig. 12. Gradually load increment.

Table 1
Training rules for the first ANFIS controller.

Input 1 Radiation
(W/m2)

Input 2 SOC % Input 3
Average voltage (V)

Input 4
Average current (I)

ANFIS2 output

L F Normal Normal 1
L E Normal Normal 0
H F Normal Normal 0
H E Normal Normal 0
H F Change Normal 0
L F Change Normal 0
H F Decrease Increase 1
H E Decrease Increase 0
L F Decrease Increase 1
L E Decrease Increase 0

Table 2
Training rules for the second ANFIS controller.

Input 1 Radiation
(W/m2)

Input 2 SOC % ANFIS1 output

>200 <10% 1
>200 >10% 0
<200 <10% 0
<200 >10% 0

battery charging status, average value of voltage and current of the grid, the second controller output permit or prevent
battery switching to power grid. The concept of the rules for the first and second controller is illustrated in Tables 1
and 2, respectively.

Fig. 5c shows the ANFIS network that is composed of five layers. Each node in the first layer is a square (adaptive)
node with a node function. The basic diagram computation in ANFIS is shown in Fig. 5d. The structure of the
network is composed of a set of units (and connections) arranged into five connected network layers, via. l1–l5 as
shown in Fig. 4.

The ANFIS structure is tuned automatically by least-square estimation as well as the back-propagation algorithm.
The algorithm shown above is used in the next section to develop the ANFIS technique to control the various
parameters of the induction motor. The average value of the voltage or current is the average of the three-phase
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Fig. 13. State of battery charging.

Fig. 14. Second controller output.

value. The average value is used with the ANFIS controller to ensure accurate detection of signal variation based on
the three-phase value of voltage or current. The fuzzy logic membership functions for the input and output are turned
using neural network method which is well known in MATLAB program as ANFIS structure. The parameters of the
controllers are selected such that, optimization method is hybrid, the no of epochs are 1000, the membership function
output is linear, the membership function is gbellmf, error tolerance was chosen to be 0. 01, MF type is gbellmf,
grid partitions, the inputs of the grid partitions are the number MFS are 3, the outputs is MF type defined to be
constant.

5. Simulation results

The simulation is done at different conditions by varying the load gradually and suddenly and with different SOCs
for battery. First 60 MW and 50 MVAR load is sudden switched on and off to the grid after 6 s and 15 s, respectively,
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Fig. 15. First controller output.

Fig. 16. Grid voltage behavior when using the smart controllers during load variation.

as indicated in Figs. 6 and 7. It is found that the grid voltage decreased and the current increased than the normal value
during the duration between 6 and 15 s and then returned to their normal value after 15 s. From the simulations, it is
found that the measurement of voltage and current gives a direct indication about any change in the loads of the grid
as the value of voltage and current is changed immediately with respect to the load increasing as well as returning to
their nominal values when the extra load is switched off. Another test is done by switching on the batteries to the grid
after 9 s as an extra source without load change and switched off after 13 s. Figs. 8 and 9 show the results. It is found
that both voltage and current increased than the normal value during the duration between 9 and 13 s. The results can
be useful to the controller to indicate that there is no need of batteries in this case as an extra source such that the loads
are not increased.
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Fig. 17. Grid current behavior when using the smart controllers during load variation.

Fig. 18. Load variation during simulation.

Figs. 10 and 11 present the voltages and current effect of gradually increasing of load in steps after 6, 8 and 10 s
and decreased gradually again at 15, 16 and 18 and at 20 s the extra load is completely removed. The measurement of
current and voltage gives a direct and sensitive indication about any small changes in the loads.

Finally, the presented results in the pre-described figures show the robustness of the presented model.
The test is repeated when the two ANFIS controllers are added and the load is gradually increased and decreased in

steps indicated in Fig. 12. The percentage of SOC is 7% (L). It is found that the second controller prevents the batteries
to be switched to the grid although the load is increased due to low SOC to increase the life time of the battery while
the first controller is switching the battery to the charging process. The results presented in Figs. 13–15are considered
as detailed application for the training rules for the first and second ANFIS controllers described in Tables 1 and 2.

Another validation of the smart controllers modeling is done by repeating the simulation through sudden switching
of extra 60 MW load at bus 1 after 3 s and at bus 2 after 6 s when the SOC of batteries was 80%. The controller
responds to the load variation by switching the battery to the grid after 7 s as extra source. The transformer T1 is
switched off from the grid due to up normal conditions after 9 s that lead to increasing and decreasing in grid current
and voltage, respectively; then the extra load is completely switched off after 16 s; the measured average voltage is
higher than the normal value, and the controller takes action by switching off the batteries after 17 s while there was
no output from the first controller because the batteries were not in need of charging as indicated in Figs. 16–20. The
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Fig. 19. First ANFIS controller output during simulation.

Fig. 20. Second ANFIS controller output during simulation.

SOC in the simulations assumed to be forced as constant value as indicated in Fig. 13 due to long deterioration time
in MATLAB.

From the above simulations, it is found that the smart controllers are effective for controlling the battery charging
and for optimal usage of batteries as an extra source on demand.

6. Conclusion

This article presents 60 MW grid connected three phase photovoltaic systems. A Nickel–Cadmium battery is used
as a DC power saving connected to the PV array. The 9 bus IEEE grid is used in this article. Two ANFIS controllers
are implemented: one for organizing the battery charging and the other for switching on or off the batteries as an extra
source to grid in case of incensement of load.

This paper solves the problem of load increment than the generation capacity of the utility by switching the battery
on to the grid in case of high SOC level and by preventing the battery from switching to the grid in case of low SOC
level to increase its life time, and the sequence of battery charging is more reliable by considering the percentage of
SOC and the percentage of sun irradiation. It is found that this article succeeds to design an efficient smart controller
for optimum usage of batteries and for saving the battery life time (see Table 3).
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Table 3
List of symbols.

Parameter Description

PV Photovoltaics
VSI Voltage Source Inverter
FL Fuzzy Logic
ANN Artificial Neural Network
SOC State of Charge
ANFIS Artificial Neural Fuzzy Interface System
Ahnom is the nominal capacity of battery
L low radiation (less than 200 W/m2)
H high radiation (greater than or equal 200 W/m2)
E empty battery (SOC is less than 50%)
F full battery (SOC is greater than or equal 50%).
Normal the value of voltage and current at normal loading condition
MW Mega Watt
MF membership function
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