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Abstract

Renewable energy sources (RES) are inherently stochastic, require the
deployment of an energy storage device to round off variations in power.
A hybrid system consisting solar PV and PEMFC for grid-connected appli-
cations is proposed and analysed. For grid-tied applications, a radial basis
function network (RBFN) type maximum power point tracking (MPPT)
approach for PEM (Proton Exchange Membrane) fuel cells and a fuzzy logic
controller (FLC) type MPPT approach for Photovoltaic system respectively
is developed and analysed. In addition, a high step-up hybrid boost converter
(HSHBC) for fuel cells has been designed, which provides a higher voltage
gain than a conventional Boost converter. Developing a fuzzy logic con-
troller for PV system at different solar irradiation levels and a RBFN based

Distributed Generation & Alternative Energy Journal, Vol. 384, 1307-1330.
doi: 10.13052/dgaej2156-3306.38410
© 2023 River Publishers



1308  B. Raja Sekhar Reddy et al.

MPPT technique for PEM Fuel Cell with different temperatures respectively
to get the maximum power. The developed system is simulated using the
Simulink/MATLAB platform to analyse it.

Keywords: Hybrid PV-PEMFC system, radial basis function network, high
step-up hybrid DC-DC converter, conventional boost converter, PV system,
PEMFC, MPPT.

1 Introduction

Because of the growth in load demand on the power system , the use of
fossil fuels such as coal, gas and other fuels has increased fast, causing
major issues and environmental repercussions [1-3]. Because fossil fuels
are non-renewable, they may run out in the next several decades [4-7].
As a result, multiple energy sources must be integrated together using power
electronic converters to produce a hybrid system. A MPP Tracking approach
is required for tracking the maximum power from high penetration renewable
sources [8]. Because of their abundance in nature, several academics have
concentrated their study on hybrid PV and wind energy systems [9]. Solar
irradiation and wind speed have an impact on PV and wind energy sources,
respectively [10]. Solar energy, which is available vastly, and the high energy
density of fuel cells, a right amalgam of PV and fuel cell sources is an
acceptable solution for the HRES [11]. A PV system’s maximum power point
(MPP) changes with irradiance and temperature. The MPP of a Fuel Cell,
on the other hand, is affected by variations in membrane water content and
cell temperature [12]. For harvesting maximum power from hybrid PV and
PEM fuel cell sources, a large range of maximum power tracking techniques
are available in the literature. Available maximum power tracking techniques
[13—15] has number of benefits and drawbacks.

The electrolyte component utilized in fuel cells classifies them into sev-
eral categories. PEMFC is the most often used kind in electrical applications
due to its less noise, compact size and large power density [16].

To enhance the PV and PEMFC systems output voltages are fed through
DC-DC converters. Through an inverter, the DC link’s output is fed into the
grid. The basic topology of Hybrid solar PV-PEMFC system is depicted in
Figure 1.

In Figure 2, the Three Phase Grid Tied Hybrid PV-PEMFC system is
depicted. The input power is provided by a solar PV and PEMFC system.
To enhance the solar PV and PEMFC system output voltages a DC-DC
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Figure 2 The proposed grid-connected hybrid solar PV-PEMFC system.
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Converter and a HSHBC is used. The HSHBC uses a single switch which
increases the efficiency of PEMFC systems. FLC based and RBFN based
MPP Tracking Techniques for PV system and PEMFC system are devel-
oped. This generated output voltage is fed into AC grid of rating 2 kW,
230V, 50 Hz.

2 Hybrid System
2.1 Photovoltaic System

The single model diode Photovoltaic cell equivalent circuit is depicted in
Figure 3. The basic Ipy—Vpy characteristics of PV panels are used to develop
the mathematical modelling of the Photovoltaic system. Equations (1) and (2)
respectively, are the fundamental equations of PV system [17, 18].

KT. (I
Vov = =2 (Ph + 1) (1)
q Ipy

Ipy =I,n — Ip {exp (q(va - RSGIPV)) — 1] _ Vev £ Rslev

nKT Rgn
(2)
Where,

Vpvyvy: Output voltage of Photovoltaic panel (Volts)
Ipy1: Output current of Photovoltaic panel(Amps)
Ippp: Phase current of PV cell

Ipg: Diode — saturation current

Qg: Electron charge of 1.698% 10719 C

n: ideality factor

Kp: Boltzmann constant — 1.38%10 —23 J/K

Rge and Rgy: Cell’s series and parallel resistances
Tpy: PV system’s temperature.

Rg

Il) IPV

o 2

Figure 3 PV cell equivalent circuit.
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Table 1 The proposed 950W BP solar SX 3190 PV system parameters

Description Rating
Number of PV cells connected in parallel 5
Irradiation 600-1000 W/m?
Temperature 25°C
Open circuit voltage 30.6 V
Short circuit current 8.51 A
Maximum power 950 W
Maximum voltage 243V
Maximum current 7.829 A
Array type: BP Solar SX3190; 1 series modules; 5 parallel strings
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Figure 4 Characteristics of PV cell at different irradiation conditions.

The 950W BP Solar SX3190 PV module is used to implement a hybrid
renewable energy system, and design specifications are provided in the
Table 1. Figure 4 shows the I-V and P-V characteristics of the Photovoltaic
module on the basis of solar irradiation availability. The PV system output
power is clearly noticed to be dependent on the solar irradiation availability
and temperature.

2.2 PEMFC
The schematic arrangement of the PEMFC is shown in Figure 5 [19, 20]. The
following is the operational principle:
2Hy — 4HT + 4e™
Oy +4H' + e~ — 2H20 3)
2Hs + Og — 2H50 + energy
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Figure 5 Schematic layout fuel cell.

Figure 6 depicts the electrical representation of a PEMFC.

The Equation (4) is used to calculate the PEMFC stack terminal voltage.

Vs =nVprm
Where,

n: Series connected PEM Fuel Cell
Vprm: Single PEMFC cell output voltage [21].

VpEM = ENerst — Voum — Vact — Veon
Where,

TNerst: Thermodynamic open circuit voltage

TNerst = 1.229 — 8.5¢4(Tprym — 298.15)
+ 4.308¢°[In(Puaz) + 0.5 In(Pog2)]

Vomm: Activation overvoltage

Voum = Rrc - Irc

4

6))

(6)

(7
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Figure 6 Electrical model of PEMFC.

Vac: Activation overvoltage

Vact = Tre(x + yln(Ipc)) ®)
Vcon: Concentration voltage.

I
Veen = —0.0161n <1 - 2F5C) )

Where,

Prgo: Partial pressure of hydrogen gas
Poga: Partial pressure of oxygen gas
TpeMm: PEM Fuel Cell temperature
Ipgnm: PEM Fuel Cell current

x and y: constants.

Figure 7 shows the PEM Fuel Cell I-V and P-V characteristics. The
specifications of parameter are enumerated in Table 2.

3 Design of DC-DC Boost Converters

Two independent DC-DC converters are employed in the hybrid solar PV and
PEMFC system to maintain voltage at the DC link. In the solar PV system,
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Table 2 1.26 kW PEM fuel cell parameter specifications

Description Value
Number of Cells 42
Maximum Power 1260 W
Maximum Voltage 2423V
Maximum Current 52 A

Hydrogen Partial Pressure 1.5 bar
Oxygen Partial Pressure 1 bar
Nominal Fuel Flow Rate 417.3 Ipm
Nominal Air Flow Rate 2400 Ipm

a conventional DC-DC boost converter is utilised, but in the PEMFC system,
HSHBC is utilised.

3.1 Conventional Boost Converter

The conventional DC-DC boost converter, as illustrated in Figure 8, has
a higher conversion efficiency, a simpler construction with fewer con-
verter components, and its convert low source voltage to required value by
increasing the duty cycle at a higher switching frequency rate [22].

As shown in Figure 8, the DC-DC converter has a switch, a Inductor, a
diode, and a capacitor.
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Figure 8 Equivalent circuit of conventional boost converter with PV system.

The diode reaches reverse bias mode when the switch is turned on. In this
scenario, the supply voltage is utilised to charge inductor. The voltage across
the inductor L is

VL =Vpy (10)

The diode is in forward bias when the switch S is off. The inductor voltage
may be calculated using the following equation:

Vi = Vpy = Vbe (11)

Apply Volt-second balance condition on inductor L

Vpvs - Ki+ (Vpys — Vpe) - (1 —=Ky) =0 (12)
Based on Equation (12),
Vi 1
The voltage gain M; = %‘(i = 1K, (13)

By using the following equations, The inductor L and capacitor C is

Vic K1 Ts
L=—-2" 14
AL (14)

Ipc K1 T
o = IpckKiTs (15)

AVpc
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3.2 High Step-up Hybrid DC-DC Converter (HSHBC)

By combining the input stages of boost and cuk converters, the HSHBC is
suggested and is depicted in Figure 9. The proposed HSHBC topology is
analysed in continuous conduction mode by assumption that all components
are assumed to be ideal [23, 24]. As a result of this, the three operational
modes which are given below can be defined:

(1) Operating mode a [t; — t2]: The operating mode (a) from [t; — t2] is
active when the power switch is turned on. While both inductors are
charging, capacitor Cs is draining. The negative voltages V.; and V.3
block diodes both diodes.

(2) Operating mode b [ty — t3]: In this mode the power switch is switched
off, the operation effective. This working mode arises because the volt-
age across capacitor Cg is lower than the voltage across capacitor Cj.
During this time, the energy of inductors L; and Lo is reducing, while
capacitor Cj is being charged. The diode D; will remain turned off when
the diode Dy is turned on.

(3) Operating mode c [t3 — t4]: This working mode will be effective when
the power switch is turned off and the voltage across capacitor C; is
equal to or less than the voltage across capacitor Cs. The capacitors C;
and Cs are charged by the current passing via the inductor L;. Both
inductors are in the process of discharging. The diodes have both been
turned on.
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The static voltage gain (G) in CCM is as follows

Vo 1+96
Vi 1-96 (16)
The inductance value of L; will be determined in proportion to the PV
output current at MPP to ensure a low current ripple i;. When the power
switch is ON, the inductor current may be expressed as (17) by using inductor
voltage vy, .
Considering Aty = 0T in (17) and Air; =iy () — ip1 (to).
Where V;: maximum PV output voltage at MPP.
The inductor L; be determined by (18).

. v 3
i, (t) = —zl Aton + i1, (to) (17)
V6T
Ly = 18
1 Air, (18)

By applying the same procedure, the inductor L2 value can be attained.
The power switch S OFF time At.g = (1 — &)T.
The inductor Ly can be defined by

 Ve,1=8)T
- Adg,

A similar procedure can be used for the capacitors C1 and C3. This
approach, like the inductors (18) and (19), considers the discharge times Atl
and At2 with relation to duty cycle when determining capacitors C1 and C3.
This approach, however, is only valid in steady-state operation. To assure
dynamic behaviour, the times t; and to are settling periods of the currents in
inductors Ly and Lo, respectively, and load power Py in (20) and (21).

Ly 19)

1 By

Ci = — AL 20

1 AVo, Vi, 1 (20)
1 By

Cs = — At 21

3 AVe, V, 2 2D

When the change in charge of the capacitor C2 is proportional to the
change in current in the inductor L2Air,,, the value of capacitor C2 may be
calculated. Thus, from (22) and (23) the capacitor C2 can be obtained.

_ AQ
~ AVg,

Cy (22)
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IAiLQ
AQ =27 (23)
TAi
Cy = 2 24
27 8AVg, 24

4 MPPT Controllers

4.1 Fuzzy Logic Controller MPPT Technique for Photovoltaic
System

Fuzzy Logic Controller is a rule-based method that uses membership func-
tions to operate. Fuzzy Logic Controller offers the advantages of being simple
to use, quick to respond, and have a user-friendly interface [25]. Figure 10
shows the FLC architecture, which includes fuzzification, inference engine,
rule base, and defuzzification and the FLC has two input variables: error (F)
and change in error (AF), with change in duty cycle (D) as the output variable
[26, 27]. The error E is defined as follows

_ Pspy(n) — Pspy(n —1)

F(n) = (25)
Vspy(n) — Vspy(n —1)
The change in error is
AF =F(n) - F(n — 1) (26)
Rule base
F============73
| _ |
I
i i
: Fuzzy rules !
! 1
Input scaling L]
gains be w5z = = Output
F==—=s : A B @ M 1R B scaling gain
- 3 5 Pl
e | ' EJ i 1 I
T : o W : L
] | 1 AK; 1 K,
: Sce : CE b oz om L " B 3 ] O|
tu_:_)@_f_. 7 ] |B[®m 2] : :
] ! o - T
i ' Inference engine Defuzzification
Fuzzification

Figure 10 Fuzzy logic controller structure.
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Where,

Pgspy (n): Solar PV system Instant Power
Vspy (n): Solar PV system Voltage

Fuzzification stage: The input variables are converted as linguistic func-
tions. The rules in the rule base are used to change the inference engine’s
language functions. The membership functions are used to turn the linguistic
parameters into a numerical number during the defuzzification step [28, 29].
Mamdani’s approach is used to create the membership functions.

4.2 RBFN Based MPPT Technique for PEM Fuel Cell

The RBFN model is a supervised and unsupervised learning feed-forward
neural network. In most cases, RBFN comprises three layers as follows;
(1) Input , (ii) hidden and (iii) output as depicted in Figure 11. The training
approach for the RBFN is separated into two sections. In the unsupervised
training technique, radial basis functions are used to control the input param-
eters. After that, the weights are learned using supervised training, which is
similar to the backpropagation training method. The V and I from the PEM
Fuel Cell are inputs to the RBFN Controller and control signal as output that
is supplied to the HSHBC to boost the output voltage.

The RBEN input layer has two neurons.

The data is transferred to the hidden layer.

The net input and net output of the input layer are as follows:
xm(n) = net!" (27)

(2 7

y M) = fPmetP (n)] = netM(n),i = 1,2 (28)
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Where,
(1)

x;’: input layer
ygl): Hidden layer
netz(-l): Input layer’s sum.
A Gaussian function is executed by each node in the hidden layer.
net?) (n) = —(X — M;)" Y (X —Mj) 29)
J
2 2 2 2 .
v 2 (n) = £ net'® (n))expmet'® (n)], j = 1,2,... (30)
M; and Zj are the Gaussian function’s mean and standard deviation

respectively. The linear control signal (K>) is generated by the output layer,
which contains a single node t.

net§3) = Z wjyj(z) (€29
J

y® = 1B mett® (n)] = net!¥ (n) (32)

where w;: Between the output and the hidden layer, there is a weight
matrix.

After Radial Basis Function Network has been initialised, the system is
trained using a supervised training technique. The backpropagation method is
analogous to this training procedure. It is important to use training patterns to
tune the RBFN’s parameters. The supervised training algorithm determines
and updates the error of each layer in RBFN. The system error E is

1
E=)" 5 (Vbe = Varep) (33)

Where,

Vpe: Pre-defined or Reference output voltage
Vrpp: Obtained or Actual output voltage.

The RBFN MPPT technique for PEMFC systems is depicted in Figure 12.
The proposed RBEN controller Input variables are temperature, current and
output variable is duty cycle is depicted in Figure 13 and the optimal
parameters of proposed RBFN controller are mentioned in Table 3.
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Figure 13 Proposed RBFN based MPPT architecture.

Table 3 Proposed RBFN architecture optimal parameters

Parameter Description Value
Input variables Vec & Irc
Output variable Duty Cycle (D)
Spread factor 0.01
Hidden neurons maximum limit 529

5 Results and Discussions

A Matlab/Simulink model is created for a grid-connected hybrid renewable
energy system with a load of 2000 watts active power and 800 VAR reactive
power with an AC grid rating of 230 V, 50 Hz. The three phase Inverter
receives power from the common DC connection. When the I and Vpc
generated are compared to the reference values, the error is passed to the PI
controller, which creates the firing angle.

The proposed system’s solar irradiation availability is calculated as fol-
lows and depicted in Figure 14 G = 800w/m? for 0 sec to 0.3 sec (20%
shading effect), G = 600 w/m? for 0.3 sec to 0.6 sec (40% shading effect),
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Figure 15 PEMFC system temperature variations.

and G = 1000 w/m? for 0.6 sec to 0.9 sec (0 percent shading effect). PEMFC
temperatures are 320 K for 0 sec to 0.3 sec, 300 K for 0.3 sec to 0.6 sec, and
340 K for 0.6 sec to 0.9 sec, as illustrated in Figure 15.

The PV system and PEMFC system voltage, current and power output
waveforms at considered radiations and temperatures are shown in Figures 16
and 17 respectively. The voltage and current waveforms of load, inverter and
grid are shown in Figures 18, 19 and 20 respectively.

Figure 21 depicts the active power profile of the load, inverter, and grid,
whereas Figure 22 depicts the reactive power profile of the load, inverter, and
grid. The hybrid system and grid meet the load demand of 2000 Watts active
power and depicted in Figure 21. The load requirement is satisfied by both
hybrid and grid sources for various time periods: 1500 Watts and 400 Watts
from 0 to 0.3 sec, 1090 Watts and 900 Watts from 0.3 to 0.6 sec, and 1880
Watts and 110 Watts from 0.6 to 0.9 sec, respectively. The reactive power load
of 800 VAR is met by the both systems and depicted in Figure 22. The active
power profile and reactive power profiles are depicted in Table 4.
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Table 4 Active and reactive power profiles
Time Load Inverter Grid
Parameter Period (Sec)  Output (Watts)  Output (Watts)  Output (Watts)
Active Power 0t00.3 1990 1500 490
0.3t00.6 1990 1090 900
0.6 t0 0.9 1990 1880 110
Reactive Power 0t00.3 795 —2135 2930
0.3t0 0.6 795 —2935 3730
0.6 t0 0.9 795 —1255 2050

6 Conclusion

The contribution of this article could be summarized as follows: (1) proposing
and implementing a three-phase grid tied hybrid PV and PEMFC system
(2) Developing a fuzzy logic controller and a new RBFN based MPP Tracking
technique for PV system at different solar irradiation levels and PEMFC
system with different temperatures respectively to extract the maximum
power. (3) A hybrid boost converter by integration of a Boost and Cuk
conerters, using only one controlled switch is designed for PEMFC system to
provide high voltage gain and conventional DC-DC converter for PV system.
(4) A detailed simulation results are presented and verified. (5) The future
work includes experimental verification of the proposed hybrid PV-PEMFC
system.
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