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1. INTRODUCTION

The PV array power and current characteristics are highly nonlinear under partially shaded
condition [1]. There are multiple peaks in V-P characteristic curve under partially shaded condition. The
conventional MPPT algorithms such as hill climbing perturb and observation (P&O) and incremental
conductance (INC) algorithm fails to track the global MPP in partially shaded condition as explained [2]. The
effects of partial shading on PV array characteristics [3]. The use of conventional MPPT algorithm in partial
shading condition on PV array causes significant losses in PV output power [4]. However, intelligence
algorithms like, artificial neural net work (ANN) [5], fuzzy-GA Based Controller [6] is efficient in tracking
the MPP under partial shaded condition as explained. The output power of PV array varies with surrounding
conditions such as change in irradiation and temperature [7]. The P&O and INC algorithms have irregular
behavior in case of rapidly changing irradiation. Both P&O and INC cannot distinguish a local maximum
from a global maximum [8].

In case of shaded conditions, these local maxima do occur in the V-P characteristic of a solar panel
and operating at a local maximum could mean reduced power output, as is shown [9]. The DC/DC converter
is required to transfer power from PV array to load with high efficiency [10]. The total harmonic distortion
(THD) minimization on output voltage of the multilevel inverters offers high quality output waveform to
interface with PV system as discussed [11]. The duty cycle to the inverter is generated by selective harmonic
elimination pulse with modulation (SHE-PWM) technique implemented in cascaded H-bridge multilevel
inverter as explained [12]. In this work, the ISSBC is followed by a, single phase CHI driven by the
individual DC outputs of the ISSBC, with SHE scheme to eliminate typically the higher order harmonics
[13]. One approach to deal with the complex real world problems is to combine the use of two or more
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techniques in order to combine their different strengths and overcome each other weakness to generate hybrid
solutions as discussed [14]. In this work the attention will be focused on matlab simulation ANFIS MPPT
techniques, considering different weather and partially shaded conditions [15]. The values of the above
algorithm have been evaluated.This work proposed hybrid techniques ANFIS to identify the
reconfiguration and MPPT issues of PV under partial shaded conditions in distributed stand-alone PV
system. The attention will be focused on simulation.

2. PV ARRAY MODELING

A 150 W rated PV panel consisting of 72 multi-crystalline silicon solar cells in series is used in this
work. In this model, a PV cell is represented by a current basis in parallel with a diode and a series
resistance.The current equation is given by (1):

=7 - A
I—Ipv IO {expakT ]} ey

Where IPV = current generated by the incident light, T = Temperature of the PN junction, a = diode ideality
constant 10, = leakage current of the diode, q = electron charge 1.6021x10-19 C, k = Boltzmann constant
(1.38x10-23 J/K).

3. DC-DC CONVERSION

The output power from PV array is subjected to environment conditions such as irradiance,
temperature etc. Hence, in order to overcome these difficulties, it is necessary to have some control strategies
or energy storage systems. The converters and inverters are used to integrate the PV array, energy storage
and different types of loads. In this research work boost converter and CHI are used.

The main part of MPPT hardware is a DC-DC converter the block diagram shown in Figure 1. It
tracks the MPP and guarantees the DC link voltage under low irradiance condition. The boost converter
increases the output power of PV array with high efficiency.

DC bus

Figure 1. Block diagram of PV system with DC/DC and DC/AC conversion system

4. SINGLE PHASE CHI INVERTER

In this work, the boost converter is followed by CHBMLI. Multilevel inverter is used for
applications require high quality of AC waveform. The selective harmonic elimination pulse with modulation
technique is implemented to generate the switching duty cycle for CHI. Equation (2) shows the contents of
the output voltage at infinite frequencies, module voltage V-V, and respective switching angles a;- a..

= 4
V. (a) = Z [E.(val cos(n.a, )+ Voo cos(n.a, )} )

n=1,5,7,11...

Where,
Vi, V- module voltage
o, a; —switching angles which must satisfy the condition,

O<a<a, < %

n —Odd harmonic order

The switching angles (a;, a,) lie between zero and 7/2. The collected set of data is trained in ANN
simulink tool and exported to the system. The ANN is trained to output the set of angles for each input voltage.
The simulink diagram of single phase 5 levels CHBMLI is shown in Figure 2.

Analysis of ANFIS MPPT Controllers for Partially Shaded Stand alone Photovoltaic System ... (T.Ramesh)



142 a ISSN: 2089-4856

BOOST CONVERTER

CE oot LoAD« e
o1
SUPPLY -

e a|suppLy. LOAD- e

out1 |

150Watts 1 w2
" Outd

Outd

@32

Fulse 1

BOOST CONVEETER

o LOAD+ [a—]
o2
SUPPLY »

o a|suPPLY. LOAD-|e—

B | [ F 8
5
i

150Watts 2
Out?
Our2

! Out3

GO—»e

Y

Outd

Pulse 2

Figure 2. Simulink diagram of CHBMLI

5. MPPT CONTROL ALGORITHMS
The objective of MPPT algorithm is to draw maximum power from PV modules for changing
solar irradiance (G) and temperature (T) conditions. With that aim, PV modules are matched to the load

and maximum power generation is ensured. The boost converter serves the purpose of transferring
maximum power from the solar PV module to the load.

5.1. P&O Algorithm

In this work, P&O algorithm is employed to continuously track the MPP by perturbs the duty cycle
in order to drive the boost converter output power to its maximum shown in Figure 3. The algorithm uses
voltage and current measurements to calculate change in power (4P). If AP>0 after perturbation of duty
cycle, then perturb the duty cycle in the same direction. If 4P<0, then the perturbation of duty cycle is made
in opposite direction. The ISSB converter consists of switching devices which operates depending on the
applied gate signal. The gate signal for the switching device can be obtained by changing the duty cycle by
this P&O MPPT algorithm. This method is simple and easy to implement. However, the operating point of
PV array oscillates around the MPP and this method fails to track the MPP under rapidly changing insolation.
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Figure 3. P&O algorithm
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This system is commonly used because of its simplicity and ease of implementation Furthermore,
P&O (with a small step size) in nominal conditions can have MPPT efficiencies mostly the same like other
complex techniques, and still easier implementation. However, the drawback of this technique is that the
operating point of the PV array oscillates around the MPP.

5.2. ANFIS MPPT Algorithm

Combining fuzzy logic and neural networks is a powerful tool in control, forecast and modeling
of composite systems such as photovoltaic systems. Neural networks are based on statistics training,
while fuzzy logics are based on skilled knowledge. ANFIS constructs an input output mapping based
both on human being information and on generated input output data pairs by using hybrid algorithm that
is the arrangement of the least-squares and back propagation gradient method.

In this process pair of input-output data sets under different weather conditions is collected using
P&O MPPT algorithm and trained by ANFIS controller. The training data set for ANFIS is obtained by
varying the working temperature in stair of 5°C from 10°C to 55°C and the solar irradiance level in a
stair of 25 W/m? from 200 W/m? to 1050 W/m?”. There is 2000 training data set and 500 epochs are used
to train the ANFIS reference model. The training error condensed to approximately 0.009%. Flow chart
for execution of ANFIS based maximum power point is shown in Figure 4. The deliberate ANFIS
organizer has also two inputs voltage V' (Z), current /(Z), and one output duty cycle (D). The two input V'
(Z) and 1(Z) variables produce a control signal D(Z), which is execution to the ISSB converter to adjust
the duty cycle. The proposed ANFIS controller is conscious to take advantage of P&O simplicity and
eliminate the drawback of P&O MPPT such as slow convergence, oscillation around the MPP, and
shifting of operating point from optimal point during cloudy days.
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Figure 4. Flow chart of ANFIS based MPPT algorithm

6. SIMULATION RESULTS

The simulink software validates the performance of the MPPT intelligence techniques under
different operating conditions. The parameters considered in the standard test condition are irradiance of
1000W/m’ and cell temperature of 25°C. The simulink diagram of the proposed system is shown in Figure 5.
The Figure 6 and 7 shows the I-V and V-P curves of PV modules in which the PV panel 1 is always kept at
insolation of G;=1000 W/m’ and the PV panel 2 is changed from 1000 W/m? to G,=800 W/m?, 600 W/m’
and 400 W/m*. In order to achieve the maximum power point of PV modules, P&0O and ANFIS MPPT
controller has been developed using Matlab Simulink model. The simulation results are presented for the
following different configurations as shown in Table 1.
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Table 1. Simulation configurations
SNo Configuration Algorithms
) Simulation Converter/Inverter
L Slowly changing f)rra(.ilatlon variation with Boost converter with resistive P&O and ANFIS.
4% ripple load
Partially shaded and non-shaded solar Boost converter and CHI
2 irradiation connected with inverter connected and with RL load P&O and ANFIS

6.1. Slowly Changing Irradiation with (4%) Ripple

In view of a real condition, the solar irradiance varies from a certain minimum value to the
maximum value and then goes down to a dissimilar minimum value. To simulate a real time circumstances,
the irradiation is slowly varied with (4%) ripple consequently as shown in Figure 8 (a). The simulated output
voltage and current is shown in Figure 8 (b). The simulated DC output power for P&O and ANFIS is shown
in Figure 8 (c¢) and efficiency is shown in Figure 8 (d). The PV module is connected with resistive load of
16.75 ohms and interfaced through boost converter. The solar irradiance varied from 200W/m’ to a peak
value of 1080W/m’ and then decreases again to 200W/m’ with 4% ripple, and cell temperature of 25°C and
simulation time of 400s. The range of the DC voltage, duty cycle, response time, efficiency and DC output
power for different algorithms are tabulated in Table 2. As shown in Table 2, the simulated output power for
P&O MPPT is 107.30 W and 120 W for ANFIS MPPT. It is evident from Table 2, ANFIS extract the MPP
voltage of 44.70 V and the DC output power of 138.50W with efficiency of 98.50% and also the response
time to track MPP is 10 s which is comparatively less than other algorithms.
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Figure 8. Simulation of slowly changing irradiance (a) insolation (b) voltage and current (c) Power
(d) Efficiency

Table 2. Simulation results for slowly variation in irradiation

Response time

. Voltage Power Efficiency Duty cycle
MPPT algorithm ) Cu:ent W) (%) (MI) range
() (s)
P&O 41.95 2.52 107.30 96.50 0.23 14
ANFIS 44.70 2.67 120.00 97.00 0.23 12

6.2. PARTIAL SHADED CONDITION
6.2.1. Dynamic variation of insolation

In practice, the deviation in the irradiation is observed, due to shadowing effects of tree leaves, dust
etc. It is very difficult to test all the non-uniform irradiance conditions, hence only one circumstance is
selected to illustrate the tracking ability of the MPPT algorithms. The shading patterns SD1 and SD2 are
shown in Table 3. For SD1, the irradiance on the two PV panels is uniform with insolation of 400W/m>, as a
result, only one peak exists in the V-P characteristics curve of the PV array. For SD2, there are two peaks in
the V-P characteristics since the irradiance on the two panels is non-uniform with insolation of G;=400 W/m?
and G,=800 W/m?. The cell temperature is maintained constant at T=25°C for both SD1 and SD2 conditions.
The detailed simulation results are shown in Figure 9. From Figure 9, it is observed that when the shading
pattern changes from uniform condition to partial shading condition at 200s (middle of the x-axis), the
proposed MPPT algorithms can find the global MPP for the new shading pattern. When the case change from
SD1 to SD2, the power changes from 44.65 W to 114.8 W for P&O MPPT algorithm and the power changes
from 53.9 W to 127.8 W for ANFIS algorithm, negligible oscillations when compared to P&O and ANFIS
algorithms. Thecredible efficiency, response time, output voltage, power and duty cycle rate of each
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technique under the rapidly changing conditions of irradiance are presented in Table 4. The MPPT efficiency
is calculated for all the MPPT algorithms. Figure 9 (c) shows the MPPT efficiency against time. From this, it
is observed that the proposed ANFIS algorithm is more efficient than P&O MPPT algorithms.
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Figure 9. Dynamic behavior partial shaded power outputs of the MPPTs (a) Insolation (b) Power
(c) efficiency

Table 3. Dynamic response of shaded insolation pattern

Pattern Time configuration Insolation Insolation Cell Temperature
(s) G (W/m?) Gy(W/m?) T(°C)
SD1 from t=0s to t=200s 400 400 25
SD2 from t=200s to t=400s 400 800 25

Table 4. Dynamic response of simulation

MPPT Pattern Power MI Response Time (s) Efficiency

(Pa) (%)
SD1 44.65 0.21 10 96.10
P&O SD2 114.8 0.19 10 96.70
SD1 53.90 0.22 15 97.10
ANFIS SD2 127.80 0.21 15 97.50

6.2.2. Partially shaded and non-shaded solar irradiation connected with inverter

To analyze the performances of the P&O, and ANFIS algorithms under non-shaded and shaded
conditions, the two PV modules, boost converter and CHI are used. The RL load (R=16.75 ohms and L=20
mH) is connected to CHI. Under non- shaded (balanced) condition the solar irradiance of both PV arrays are
constant (G; = G, = 800 W/m?). Under the partial shaded (unbalanced) condition the solar irradiance of two
PV modules are G; =800 W/m” and G,=400 W/m” respectively. The simulated AC output voltage and its
harmonic spectrum under non-shaded and shaded condition are shown in Figure 10 and Figure 11 for P&O
and ANFIS controllers. The SHE-PWM technique is used in CHBMLI and the seventh harmonics is
eliminated. From Figure 10 and Figure 11, it is observed the THD is 59.16% for P&O, 47.54% for ANFIS
and 29.13% can be seen the seventh harmonics is eliminated. The simulation results of the converter output
DC voltage, inverter AC stepped output voltage and THD parameters are shown in Table 5. From the Table
5, it is reveal that, the ANFIS algorithm extracted the maximum power of 63.48 W in PV1 and 62.39 W in
PV2 and the inverter RMS voltage is 51.87 V with G;=G,=800 W/m? and 61.97 W for PV1 and 29.99 W for
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PV2 and the inverter RMS voltage is 40.29 Vwith G;=800 W/m? and G,=400 W/m?. The ANFIS algorithm
outperforms all other algorithms in terms of power, THD and inverter voltage.
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Figure 10. Simulation results for P&O under non-shaded and partial shaded output voltage and corresponding
harmonic spectrum
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Figure 11. Simulation results for ANFIS under non-shaded and partial shaded output voltage corresponding
harmonic spectrum

Table 5. Simulation result of partially shaded and non-shaded condition

. Boost convrter CHI
Insolation
MPPT (G/G») PV, PV, Stepped Vims THD (%)
W/m’at T=25°C W) W) Voltage (V) W) (Non-shaded)

800/800 61.57 60.6 74.47 39.25

P&O 800/400 60.13 28.60 55.65 44.68 39.16
800/800 62.03 61.95 74.7 51.50

ANFIS 800/400 61.03 2932 56.39 39.78 47.54

7. CONCLUSION

This work analyzes the performance of P&O and ANFIS MPPT algorithms in stand-alone PV
system. The configuration for the proposed system is designed and simulated using MATLAB/Simulink. The
acceptable results are summarized as follows. The proposed system shows a good dynamic performance to
track the MPP of the PV units even under the rapid change of the irradiation and cell temperature. It has been
observed that the boost converter can be more efficient than the conventional and maximum efficiency at all
load conditions. In this study boost converter is selected to achieve low cost, simple control structure and

Analysis of ANFIS MPPT Controllers for Partially Shaded Stand alone Photovoltaic System ... (T.Ramesh)
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high efficiency. The ANFIS can provide the overall efficiency higher than P&O algorithms. The CHI
integrates with SHE ANN modulation technique improves the output voltage quality and reduction in THD
percentage even in unbalanced insolation of PV modules with the ANFIS based MPPT algorithm.
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