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In photovoltaic (PV) power generating systems DC-DC converters acts as an interface between
the PV source and the load. This paper deals with the use of a high voltage gain three-phase
interleaved DC-DC boost converter (IBC) for the standalone PV system applications.
Interleaving technique provides high power capability and reduces the voltage stress on the
power semiconductor devices. In PV system maximum power point tracking (MPPT) technique
is used to track the maximum power from the PV panel. To extract the maximum power from
the PV panel at different irradiation levels radial basis function network (RBFN) based MPPT
algorithm is developed. The output power of the high voltage gain three-phase IBC with RBFN
based MPPT controller is compared with traditional P&O and fuzzy logic based MPPT

P&O algorithm controllers at different irradiation levels. The performance analysis of P&O, fuzzy logic and
Fuzzy Logic Controller RBFN MPPT algorithms with high voltage gain three-phase IBC is done by using
EFBLEB} MATLAB/SIMULINK.

High voltage gain IBC

Nomenclature:

Vi PV panel output voltage (V)

Ipv: PV panel output current (A)

I: PV Cell phase current (A)

Ip: Diode saturation current of PV panel (A)

q: Electron charge (1.698*10™%° C)

k: Boltzman constant (1.38 *10% J/K)
Ns:Number of cells connected in series
Rs: Series resistances of the cell

Rgp: Parallel resistances of the cell

T: Absolute temperature

V,c: Open circuit voltage of PV panel (V)
Isc. Short circuit Current PV panel (A)

V, : output voltage

G: Solar irradiation of PV panel

K : Duty cycle

M : voltage gain of converter

fs: Switching frequency of the converter
I, - output current

1. INTRODUCTION

Due to the exhaustion of oil resources and fossil fuels, renewable energy resources gained a very high
demand. In recent years, among the entire available renewable sources solar energy is becoming more
popular due to its low maintenance, pollution-free operation and absence of fuel cost [1,2]. But the major
drawback of the solar PV system is the overall energy conversion efficiency of the PV array is very low.
The maximum power point (MPP) of the system changes with irradiation level and temperature due to
non-linear characteristics of the PV module. In order to achieve maximum efficiency, it is necessary to
use MPPT algorithms to track the maximum available power from the PV module at different irradiation
levels.

There are different MPPT techniques available like perturb and observe (P&O), parctical swarm
optimization (PSO), incremental conductance (INC), fuzzy logic controller (FLC), neural network (NN),

*Corresponding author, e-mail: nsudhakar@vit.ac.in
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adaptive neuro-fuzzy inference system (ANFIS), genetic algorithm, artificial BEE Colony to track MPP
[3,4]. Among all the available MPPT algorithms, P&O is simple, popular and easy to implement. This
algorithm is based on observation of PV module output power and its perturbation by changing the
current or voltage of the PV module. Incremental conductance method is based on the slope of power vs.
current (voltage) curve. At the maximum power point the slope of power vs. current (voltage) curve is
zero. Incremental conductance algorithm will give fast and accurate tracking of MPP. P&O and
incremental conductance methods will produce oscillations at steady state which will reduce the
efficiency of the PV system [5]. To overcome this problem fuzzy logic controller and neural network
algorithms are introduced to track the MPP with increased efficiency and accuracy. In this paper, radial
basis function network (RBFN) which is one of the neural network methods is used to track the MPP.
RBFN effectively controls the time varying and non-linear conditions [6,7].

The output voltage of PV module is very low. So, DC-DC boost converter is used to boost the PV module
output voltage. Boost converter, buck-boost converter, Cuk converter, SEPIC converter, flyback
converter, interleaved boost converter and push-pull converter are widely used different DC-DC converter
topologies for PV systems [8,9]. In this paper, a high voltage gain three-phase IBC is designed to reduce
the input current ripples. Interleaving technique increases the reliability of PV module and provides high
power capability. The block diagram MPPT controlled PV system is as shown in the Fig. 1. The sensed
voltage and current outputs from the PV panel are given as inputs to the MPPT controller to track the
MPP and it generates a duty cycle to the DC-DC converter.

p— DC-DC Vo
Converter

or»Oor

Vpy —9 K
MPPT Techniques
Iy — > (P&O, FLC, RBFN)

44

Sawtooth carrier wave

Figure 1. PV system with MPPT controller

This paper is ordered as follows. In section 2, modeling of PV module is discussed. Section 3 discusses
the analysis of high voltage gain three-phase IBC. Section 4 discusses techniques and finally the
simulation results are discussed in section 5.

2. MODELING OF PV ARRAY

PV cell is an electrical device, which converts radiation of solar energy into electrical energy directly.
The PV cells are made up of with semiconductor materials like silicon. Different models are available for
PV cells such as single diode model, double diode model, first empirical model and second empirical
model. Among all these different models single-diode model is simple and commonly used PV cell. The
PV cells are connected in parallel or series to obtain the high output current or voltage respectively. The
equivalent circuit of the single-diode model of PV cell is as shown in Fig.2 [10]. The circuit consists of
current source (1) in parallel with a diode, series and shunt resistances.

The mathematical modeling of PV cell is done by using the V-1 relationship of the PV system.
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Figure 2. PV cell equivalent circuit

Table 1. Solar PV module parameters

Description Rating
Maximum Power (Pax) 950 W
Maximum Voltage ( Viax) 243V
Maximum Current (Iyax) 7.829 A

Open circuit Voltage (Voc) 30.6 V

Short circuit Current (lsc) 851 A
Irradiation (G) 800-1000 W/m?
Temperature (T) 25°C

No. of PV cells connected in parallel 5

The V-1 and P-V characteristics of PV module at a constant temperature of 25°C and at different
irradiation levels of 1000 W/m?, 750 W/m? and 500 W/m? are shown in Fig. 3. The output power of the
solar cell depends on the irradiation value. If the irradiation is high then PV module will give maximum
power otherwise vice versa [11]. A DC-DC converter is connected to the output of the PV module to
maintain a constant voltage across the DC link.

Array type: BP Solar SX3190; 1 series modules; 5 parallel strings
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Figure 3. PV cell characteristics at different irradiation conditions
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3. HIGH VOLTAGE GAIN THREE-PHASE IBC

The circuit topology of high voltage gain three-phase IBC is as shown in Fig. 4. The circuit consists of
three switches (Sy, S; & S3) and three diodes (D;, D, & Ds). Ly, L, and Ls are the filtering inductors of
phase-1, phase-2 and phase-3 respectively. Vpy is the input voltage, Vo is output voltage and R is the
load resistor.

Iy Ly

+ V- S; El D,
I, L, Cin
% s
L2 Vein + D,

Vpy ' = Va +
} Vo § Ro
Ss E| C| ¥ _

=—Ve2

+ Viz - <_|3 D3
) ~
Ls

Figure 4. Circuit diagram of high voltage gain three-phase IBC

The switches S;, S, and S; are switched ON by using two gate pulses which are 180° phase shifted. One
gate pulse is given to the switch S, and another gate pulse with 180° phase shift is given to the switches S;
and S; [12]. The operating modes of the converter are as shown in Fig. 5 and the steady-state
characteristics are as shown in the Fig. 6.
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Figure 5. Modes of operation of high voltage gain three-phase IBC
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Figure 6. Steady-state waveforms of high voltage gain three-Phase IBC

Mode-1 (t,< t < t;): During this mode, all the three switches S;, S, & S; are conducting and all the three
diodes D,, D, & Djare in reverse biased as shown in Fig. 5(a). The input voltage source Vpy charges the
inductors Ly, L, & Ls. The current through these inductors Iy, 1, & I3 increases linearly with a slope of
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Vi /L. The input capacitor Cj, is disconnected from the load as well as from the supply. The output
capacitors C;&C, supplies the energy to the load resistor and the output capacitor voltages V¢ and Ve,
decreases with a slope of -V /RoC.

Mode-2 (t; < t < ty): In this mode, the switch S, is conducting and the switches S; and S; are switched
OFF. The diodes D, and Ds are forward biased and the diode D, is reverse biased as shown in Fig. 5(b).
The currents through the inductors L; and L; are decreases with slopes of (Vpy -Vein)/L and (Vpy -Veo)/L

respectively. The current through the inductor L, increases with a slope of V.. /L. The capacitor C,
supplies the energy to the load and the capacitors C, and C;, are gets charged by the input voltage Vpy,.

Mode-3 (t; < t < t4): This mode is similar to mode-1. All the three switches S;, S, & S; are conducting
and all the three diodes D,, D, & Dsare in reverse bias condition.

Mode-4 (t,< t < ts): In this mode, the switch S, is switched OFF and the switches S; and S; are switched
ON. The diodes D, and Dj are reverse biased and the diode D, is conducting as shown in Fig. 5(c). The
input voltage source Vpy charges the inductors L; and Lz and the current through these inductors increases
with a slope of Vpy//L. The current through the inductor L, decreases with a slope of (Vpy+ Vcin-Vei)/L.
The capacitors C, and C;, supplies the energy to the load and the capacitor C, gets charged by the input
voltage Vpy.

3.1. Analysis of the Converter

To simplify the analysis of the converter, inductors, capacitors and power semiconductor devices are
assumed to be ideal and the converter operating in CCM.

The static voltage gain (M) of the DC-DC converter is obtained by applying volt-second balance on
inductors Ly, L,and Ls. Now by applying volt-second balance to the inductor L;, we get

Via =Vpy (tr —to )+ Vpy —Vein Mtz —t1)+Vpy (ts —t2)+Vpy (ts —t5)=0 )

From Eq. (2) the input capacitor voltage Vi, is given as

Vey

Ve =PV 3
Cin (l— K) ( )

Where K is duty cycle.Now by applying volt-second balance to the inductor L,, we get

Vip =Vpy [t —to)+Vpy (t —t1)+Vpy (ts —t2 )+ (Vpy +Vein —Ver Nta —t3) =0 (4)

Solving Eq. (4) yields
— Ve (5)

From Eq. (3) and Eq. (5) we get

Ver =% (6)

By applying volt-second balance to the inductor L3, we get
Viz =Vpy (ti —to )+ Vpy —Veo Ntp —t1)+Vpy (ts —tp)+Vpy (ty —t3)=0 (7

From Eq. (7), capacitor C, voltage is obtained as
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Ve = o) ®

The output voltage of the converter is given as
Vo =Ve1 +Ve2 —Vpy €)
By substituting, Egs. (6) and (8) in (9), the converter static voltage gain M is obtained as

_V_O_(2+K)
Ve (1-K)

M (10)

The voltage gain of the converter with respect to duty cycle (K) is as shown in Fig. 7.

30 /
25

—H8— High wltage gain 3-phase IBC

—A— 2 phase IBC
20 /
15 /
10

Voltage gain (M)

.

1 A
 — +
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Duty cycle (K)

Figure 7. Voltage gain comparison of high voltage gain IBC with 2-phase IBC

The switches S; and S; are switched OFF in mode-2 and remains switched ON in all the other modes.
From Fig. 5(b), the voltage stress of switches S; and S, can be expressed as

Vey

VSl :VCin = (1_ K)

(11)

Vev

Vs2 =Ve1 —Vain :(1——K)

(12)

The switch S, is switched OFF in only mode-4. From Fig. 5(c), the voltage stress of switch S; is
expressed as

V
Vg3 =V = ﬁ (13)

In the same way the voltage stress of the diodes D,, D, and D3 can be derived and they expressed as

2Vpy

=y (14)

Vp1=-Ve1 =—

VD2 :VCin _VCZ == (15)
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Vpy
(1-K)

VD3 = ch = (16)

The inductance L is designed by using the input current ripple (Al). The maximum input current ripple is
assumed as 20% of the input current, the value of the input inductor is calculated by using the Eq. (17).

_ KVpy

S

(17)

Similarly, the input and output capacitor is designed by using the voltage ripple across the input and
output capacitors. The voltage ripple (AV) is considered as 10% of the output voltage.

V,
n=——2—— (18)
RoAVg, fs
KV
C=Ci=Co=p—rr- (19)
O S

The high voltage gain three-phase IBC specifications are listed in Table 2.

Table 2. Converter Parameters

Parameter Value
Switching frequency (fs) 50 kHz
Inductor (L=L,=L,=Ls) 1.64 mH
Capacitor (C=C,=C,) 317 uF
Input capacitor (Cy,) 470 uF
Load resistor (Ro) 42 Q

4. MPPT CONTROLLER

MPPT is needful for PV system to extract the maximum power from it at different temperature
conditions. Among all the available MPPT techniques P&O and INC methods are more popular due to
their simple structure and easy operation. These methods may produce oscillations at steady state which
will reduce the efficiency of the PV system. To overcome this problem fuzzy logic controller and neural
network algorithms are introduced to track the MPP with increased efficiency and accuracy. In this paper
neural network based RBFN MPPT controller is developed for standalone PV system and the results of
this are compared with conventional P&O and FLC based MPPT techniques.

4.1. P&O based MPPT

P&O MPPT controller is one of the popular and simple technique to track the maximum power from the
solar PV system. P&O algorithm is operated by decreasing or increasing the PV array terminal voltage or
current periodically and then the PV module output power P(k) is compared with the previous sample
power P(k-1). If P(k) is increased then the PV terminal voltage will be moved in positive direction,
otherwise vice versa [13].

The flowchart of P&O MPPT controller is as shown in Fig. 8. If the perturbation step size is low then the
oscillations around maximum power point will be less and if it is high then oscillations will also high at
MPP. The main disadvantage of the P&O controller is it produces oscillations at steady state which will
reduce the efficiency of the PV system.
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Read va(k), IPV(k)

A 4

Calculate P(k) = Vpy(K) * lpy(K)

P(K) > P(k-L
A4 A4 A4 A4
Vpy(K) =Vey(K-1)+AVpy Vpv(K) =Vpy(k-1) - AVpy Vpv(K) =Vpv(k-1) - AVpy Vpv(K) =Vev(k-1)+AVpy
Y
>‘, Go to start ,‘:

Figure 8. Flowchart for P&0O MPPT algorithm

4.2. Fuzzy logic controller (FLC) based MPPT

MPPT by using FLC has the benefits of simple design and better performance. FLC does not require the
knowledge of the exact system model. FLC consists of fuzzification, rule base, inference engine and
defuzzification as shown in Fig. 9. Appropriate design of fuzzy rules gives the optimal performance of the
system [14,15].

Rule base
F—————————————
| I
| |
T
| |
| |
: Fuzzy rules :
| |
I J
. Y
Input scaling \  /
i P8 Output
B Rl I R N8 Ns Z PS  PB scaling gain
B 71 %W %W ===
A T S | |
E N BRI a : |
1 Mzl m. > AK! 1K
P ™ s B R B 11 > C ), >
D | |
B BB B! o | |
—_—— e
5 Inference engine Defuzzification
Fuzzification

Figure 9. Structure of FLC
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The output current and voltage of the PV array are given to the FLC. The input variables to the FLC are
error (E) and change in error (AE) and the output variable of the FLC is change in duty cycle (AK). The
error E is set as the change in current with respect to the change in voltage and is given as:

E_ lpy (N)—lpy(n—1) (20)
Vpy —Vpy(n—-1)

The change in error (CE) can be given as
CE=E(n)—E(nh—-1) (21)

The rule base of the FLC is designed as illustrated in Table 3 for tracking the MPP with fewer
oscillations.

Table 3. Fuzzy rule base table

E/CE NB NS Z PS PB
NB Z Z NB NB NB
NS z Z NS NS NS
Z NS z 4 z PS
PS PS PS PS z z
PB PB PB PB Z Z

4.3. RBFN based MPPT

RBFN is a feed-forward neural network model and has both supervised and unsupervised learning phases.
RBFN typically consists of three layers: an input layer, a hidden layer and an output layer as shown in
Fig.10. The hidden layer consists of non-linear radial basis activation function whereas the output layer is
linear one. In this paper, the inputs to the RBFN controller are voltage and current from the PV module
and the output is control signal (K) which is given to the boost converter to control the output voltage.
The nodes in the input layer are used to transmit the inputs to the hidden layer [16,17].

The net input and output of input layer represented as

xP(n) = net™® (22)
yOm) = £V hetiY(n)] = netV(n), i=1,2 (23)
Hidden Layer Output Layer
Input Layer J k

VEc

Figure 10. RBFN Structure
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Where, xi1 is input Iayer,y% is hidden layer and netil is the sum of the input layer. Every node in the

hidden layer performs a Gaussian function. The Gaussian function is used as a membership function in
the RBFN.

netP(n)=-(X M, J 2(X-M;) (24)

yP )= 12 et @)1 exphetP(n)1, j=1.2.... (25)

Where, M; and }’ j are mean and standard deviation of the Gaussian function respectively. The output
layer has single node t, generates the linear control signal (K).

net® = Tw.y? (26)
£ =2 W]
j

yt(g) — ft(3) [nett(?’)(n)] = nett(s)(n) (27)

Where, w; is the connective weight matrix between the output and hidden layer. The current and voltage
of fuel cell are taken as inputs to the RBFN controller and it produces duty cycle (K) as the output as
shown in Fig. 11.

Layer Layer

Input Output

1 —— — — e 2

529 2
Figure 11. RBFN based MPPT architecture for standalone PV system

=
=

5. SIMULATION AND RESULTS

The PV module of 950 W is connected to high gain FIBC to form a PV system. By using BP Solar SX
3190 PV module, simulation work is carried out in MATLAB/SIMULINK as shown in Fig. 12. The
performance of MPPT using simple P&O, FLC and RBFN algorithms is verified under different
irradiation levels. The different irradiation levels are given by using the signal builder block in MATLAB.
Different irradiation levels are given as follows: at first from 0 to 0.3s is 800 W/m?, from 0.3 to 0.6s is
600 W/m?and from 0.6 to 0.9s is given as 1000 W/m?as shown in Fig. 13.

For the considered irradiations the output current, voltage and power waveforms of BP Solar SX 3190 PV
module are as shown in Fig. 14. It generates a power of 735W for 0 to 0.3 sec, 465W for 0.3sec to 0.6 sec
and 940W for 0.6sec to 0.9sec.

The output current, voltage and power of the high voltage gain three-phase IBC by using conventional
P&O MPPT controller are as shown in Fig. 15. It generates a power of 608W for 0 to 0.3 sec, 374W for
0.3sec to 0.6 sec and 832W for 0.6sec to 0.9sec at the output of the converter. The output current, voltage
and power of the high voltage gain three-phase IBC by using FLC based MPPT controller are as shown in
Fig. 16. It generates a power of 640W for O to 0.3 sec, 401W for 0.3sec to 0.6 sec and 880W for 0.6sec to
0.9sec at the output of the converter.
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Figure 12. Simulation diagram of Standalone PV system with RBFN MPPT controller
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Figure 17. High voltage gain IBC output current, voltage and power with RBFN MPPT controller

The RBFN MPPT controller gives an average load power of 726W for the irradiation of 800 W/m?, 420W
for 600 W/m* and 920W for the irradiation of 1000W/m® as shown in Fig. 17. In Fig. 18, the
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performance of the RBFN based MPPT controller of PV module is compared with conventional P&O and
FLC based MPPT controllers. From Fig. 18, it is observed that the compared to P&O and FLC the RBFN
controller generates the high output power at the DC link. The comparative analyses of these MPPT
controllers are listed in Table 4.

1200

1000
pﬁl‘«.-

800

e
600~ N T s
RBFN
400

I \ = P&O

= Fuzzy
200 w’
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (sec)

Power (W)

Figure 18. Comparison of output power with P&O, FLC and RBFN controllers

Table 4. Comparison of output power with P&O, FLC and RBFN controllers

P&O MPPT FLC MPPT RBFN MPPT

Period (Sec) 0-0.3 | 0.3-0.6 | 0.6-0.9 | 0-0.3 | 0.3-0.6 | 0.6-0.9 | 0-0.3 | 0.3-0.6 | 0.6-0.9
Solar irradiation 800 600 1000 800 600 1000 800 600 1000
(W/m®)
Current (A) 4 3.4 4.5 4 3.4 4.68 4.2 3.5 4.84
Voltage (V) 152 110 185 160 118 188 173 120 190
Power (W) 608 374 832 640 401 880 726 420 920

6. CONCLUSION

In this paper, a high voltage gain non-isolated three-phase interleaved boost converter is designed for the
standalone PV system. The use of 3-phase high voltage gain DC-DC has reduced the PV cell input
current ripples and the voltage stress on the semiconductor switches. The RBFN based MPPT technique
is developed for 950W BP Solar SX 3190 PV system for extracting the maximum power from it at
different irradiation levels. The RBFN based MPPT technique is compared with the conventional P&O
and fuzzy logic based MPPT controllers. Simulations results shows that RBFN based MPPT controller
can track the maximum power point faster and efficiently, compared to the P&O and fuzzy logic
controller.
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