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Abstractl: For standalone power supply systems based on solar hydrogen technology 1o waork
efficiently. the photovoltaic generator and electrolyser stack have 1o be confligured so that they
produce the needed amount of hvdrogen in order for the fuel cell wo produce suiticient power 1o
operate the load. This paper discusses how genetie algorithms were applied to optimise the design of
the photovoltaic gencrator and electrolyser combination by searching for the best configuration in
terms of number of parallel and series PV modules, number of clectrolyser cells, and cell surface area.
First, a mathematical simulation model based en the current-voltage PV charactenstics and the
polarisation characteristics of the electrolyvser was developed. The models parameters were abtained
by Nitimg the mathematical msdels w expenmental data. A genetic algorithm code was then
developed. The code is based on the PV and clectrolyser models as an evaluation measure for the
fitness of the solutions generated. Kesulis are presemed confirming the effectiveness of using the
genetic algorithm technique for solar hydrogen svstem configuration,
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LINTRODUCTION for residential as  well as  industrial
applications [2, 3]. The most attractive
features of hvdrogen are that it is a non-
polluting energy carrier, and it could be
produced by variety of methods [4].
Renewable energies in general and solar
energy in particular  are  of  steadily

As an energy carrier hvdrogen  has
attracted interest in most of the world in
the last lew decades [1]. Research resulis
have mdicated that it could replace tossal
fuels in many of their uses such as heating,
transporiation, and electricity  generation,
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INCreasing importance as an cnergy source
across all over the world, This makes the
solar hvdrogen system one of the most
mteresting  options  for  the sustainable
energy future |3].

In solar hydrogen svstems, the PV-
electrolyser  combination  has o be
carcfully designed to assure a good match
between  their  characteristics.  This s
important to make use of the maximum PV
power output o operate the electrolyvser,
otherwise valuable energy will be lost by
the mismatch.,

To accomplish this. five parameters,
related to the design of the PV and
electrolyser stack, have to be optimised.
These are the PV cell area, the number of
series connected PV ocells, the number of
parallel  commected PV cells,  the
clectrolyvser’s cell area and how many of
these cells should be connected together in
series and parallel. There 15 a wide range of
possible choices. Doing the optimisation
process manually can take a long time and
the solution obtained may not be the best
ong available, Hence a Genetic Algorithm
aptimisation was used.

lhe benetits of OGA  optimusation
technique over conventional methods lic in
its globalisation nature during the search
process. The conventional methods usually
prodluce results that are lighly dependent
on a starting point or an inital guess, while
GOA s largely independent of the imitial
condition. In addition to this, for the
conventional methods the existence of the
analvtical solution to the problem s
necessary. This 15 nol essential f GA
technigque 15 wsed, This makes the use ol
GA more ¢fficient in dealimg with complex
problems  having  large  number  of
dimensions and constrained parameters.

L COMPONENTS MODELING

21 'Y cell mathematical model
Figure | adapted from |6, 7| shows an
equivalent circuit ol a solar cell, consisting
e,
resistance.  The

af  the  currentl  sOURCce, SOTTeg

resistance,  and  shunt

cquivalent circuit can be used to model a
single cell, a module, or for an array as
well.

1n. J,m:{m
o fl ] =

Figure 1; The equivalent circuit of a PV ¢egll

The current-voltage characteristics of
this circuit will form  the mathematical
model representing the solar cell and be
used for simulation and computation
purposes. The model has the following
form |7, 8, and 9:

fo=[f I lexp(dF 7 R -1
I ."Hnll.-'l."'.f. “}

2.2, Electrolyser mathematical maodel
{10, 11, and 12]

The currenmt voltage curve normally
charactenises  the performance of an
clectrolvser. At ambient  pressure  and
temperature  the  minimum  amount  of
potential needed 1o pertform the separation
of water inte hydrogen and oxyveen s
1229 %, However, thas s not the case in
practical hfe, e, when an electrolyser s
made and put to work: the scparation
voltage is found to be higher than the
theoretical one. This 15 due to a number of
wreversibihties. The most significant two
are the activation losses at the electroddes
and the ohmic losses due o the electrolyte
and  clectrodes  matenial,  Operating
temperature has an influence on the cell
performance and it has to be considered as
well. Equation 2 s the best nonlinear fit
that desenbes the current-voltage
characteristics of an electrolvser. which
takes into account all the factors affecting
the cell performance:

Vs PV -0 0 + (R-C007 LF)y 4
Co 2 In (LF) (2}
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3 MATHEMATICAL MODELS
FITTING

For the mathematical models given by
equations | and 2 to be used for the system
simulation and design, the values of the
tollowing parameters have 1o be obtamed:
i, loo m, R, R Ve B, Oy, Co, Ch, To
accomplish this, an experiment was s¢t up
based on an educational solar hydrogen
test rig. A sketch ol the apparatus is shown
in figure 2. In this test rig, a solar module
af four cells was used 1o power a 25 em’
electrolyser o produce hydrogen at a
maximum rate of 28 ml/min, The hydrogen
15 stored i a evlindrical wnk ready for use
bv two fuel cells to generate clectricity. To
examine the components at different loads,
selectable resistances ranging from 0.3 2
1o 100 £2 are connected o the components
terminals. Current and voltage at cach load
are displayved on LCIY pancls of a digital
ammeter/voltmeter.

oy
(=
p ——y

Figure 2: Skewh of a PV-Ts test rig.

Successive  measurements  of  the
components  current and  voltage  were
recorded for  different  loads.  The
experimentally measured [-V data were
hitted 1o equattons 1 and 2. This was
accomphished by & computer  code
developed using the optimisation toolbox
of the MATLAB software. All  the
parameters in equations 1 and 2 were left
free. Values obtained of the parameters
agreed  well with those found in the
literature and are given n tables | and 2
while figures 3 and 4 show the current
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voltage experimental data and models plot
of the solar module and the clectrolyser.

4. PV-ELECTROLYSER STACK
CONFIGURATION

A recent research project was aimed to
design a power supply system 1o provide
electricity for a single dwelling in a remaote
area ol a developing country, The svstem
used solar hvdrogen technology, where a
fuel cell stack was be used 10 converl
hydrogen into electnicity. The hydrogen
will be produced by an  electrolyser
powerad by solar PV panels. The svstem
load was cstimated 1o be 730 kWh'vear
requirmg 1000 normal Titres of hvdrogen
daily

il W

Figure X Solar module current voltage
experimental dota and model plog
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Figure 4; Electrolyser current voltage
experimental data and model plo

I'he task was to configure the PV panels
and clectrolvser’s stack so that they fulfil
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the design reguirements of delivering the
right amount of hydrogen. In addition, the
PV-clectrolvser combination should be of
acceptable physical size o be used in a
family house. However, numerous trials
W m order W choose the
optimal design parameters (nomber of PV
cells in series and in parallel and the cell’s
surface arca as well as number of
electrolvser cells in series and in parallel
and thewr swrface area). In order (o
overcome this problem, genetic algonthms
were used,

HELEsSIUrY

Table 1: Solar moedule model fitted parameters

Paramserer Yalue

Module photo current {, 0,79 Amps

; JASx 107
Maodule saturation cusrent £, )
Amips
et 2.7

Module series resistance i, 0.11 Ohms

Module shunt resistance & [ 31.72 Ohms

Table 2: Electrolyser model fitted parameters

Farameicr Value

Cell theoretical voltage W 1.45 Volis

Theoretical voltage

_ | x 1o
[ parameter L | |
. 207 x 107
Cell resistance R AT w10
TR
| Cell resistance parameter C. | 1536 % 107
Aclivalion lL!!-i}i-L‘i |'I-.'-IE':‘:I'I'I|.'|.L‘F .59 % |0 ]

LS .
S.PV-ELECTROLYSER STACK
DESIGN USING GAS
Cienetic algorithms are search methods
that can be used to solve optimisation
problems by implementing  powerful

search  techmiques e find an  optimal

solution  within a  large  search
ipossible solutions to the problem).

Genetic Algonthm techniques are based
on natural biological evolution [13]. A
genetic algorithm works by generating a
large set of possible solutions W a given

SPace

problem. It then evaluates each of these
solutions, and decides on a "hitmess level”
which is closer to the optimal solution.
These solutions then breed new solutions.
The parent solutions that were more fit are
more hkely 1o reproduce, while those that
were less Nt are less hkely 1w do so, GA
operators, mainly crossover and mutation,
achieve the reproduction of solutions [ 14].
Crossover combines the features of two
parent chromosomes (solutions) to form
wo pew simular children (new solutions)
by swapping commesponding segments of
parents [ 15]. Mutation 15 done by randomly
changing one or more genes (paramefers
within a solution), by a random change
with a probabilitv equals to mutation rate.

Crossover 15 aimed  at exchanging
nformation  between  different  potential
solutions, while mutation 15 amed  at

introducing some exira varability into the
population [ 16].

l'o design the PV and electrolyser’s
stack using genetic algorithms, or in other
words 1w opumise  the five design
parameters, 4 MATLABR computer code
was  developed. The code  starts  with
generaling solutions by randomly selecting
values for the design parameters between
upper and lower limits provided by the
designer. These solutions are evaluated
using the funess function. The hiness
function 1% based on  the components
mathematical models given by equations
land 2. The solutions are inserted into the
maodels, and the 1-V characteristics are
calculated. The penalty approach |16] was
used to penalise solutions not producing
the required amount of hvdrogen, Those
that do so are ranked using a lincar rank
sclection technique [14]. Then, a stochastic
universal sampling method [16] is used o
select some of the good solutions to form a
new population of solutions. Crossover and
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mutation are then applied 1o the selected
solutions o produce new offsprings. This
process continues tll the specified number
of generations is reached.

A flowchan of the steps of the genetic
code used to get the optimal parameters is
shown in Fagure 3. The parameters values
of genenc algorithms used are given in
Table 3. Table 4 gives the upper and lower
[imits of the optimised parameters.

I )

¥
Read rput dats
{tabdes 283)

e P |
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¥
Select good solutions
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i "
" END u

Figure 5: The genetic code to obtain the
SysLem’ s oplimal parameiers,

Table 3 Values of GA parameters

Parameler Value

Population size 4

saximum number of
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SMutation ride 10 %
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Table 4 Upper & lower wvalues of the
parameters W be opumised (search

.‘\'..J'Iiil.'!l,::l
Lower | Upper
Faramecier
limit Timit
Sumber of PY :-:..rrEl.'.-: ") D0
connected cells
Mumber of PY parallel 1 2]
commcbed cells -
PV cell area {m’) .01 001
Mumber of lectrolyser
o | k]
connecied cells
Electrolyser cell surface 0,01 016
argd (m)

6. RESULTS

By executing the PV-Electrolvser's
stack design genetic code, solutions were
generated, evaluated lor their fimness, and
then genetically modihied 10 converge 1o
the optimal parameter valucs, Figure 6
shows the average lness of the twenty
solutions processed at each generation.
Here the lower the finess value the better
the solution 15, Thes s so because the
Mimess s measured m terms of the total PY
surface  arca required 1o power  the
electrolyser, I s clear that as the number
of generations approaches the end, the
code gets closer o the optimal solution.
Frgure 7 tllustrates the hiness of the best
solution within cach generation.

wr

Figure &: »olubions of average filness
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Figure T: Fitness of best solution diuring the
generations

In order to verity the performance of the
PV-  electrolyser  hydrogen producing
system designed using genetic algonthms,
the optimal design parameters values were
led back to the mathematical moedels of the
two components to perform a one vear
performance simulation.

Figure & demonstrates this and shows
the effectiveness of the GA optimisation.
This s clear as the elecirolvser curve
passes near o the maximum power points
of the PV panels. Hence, less power 15
wasted and consequently a smaller PV arca
i5 required inm the design.

Figure 8: -V charactenstics of PV and
electrolvser using GA nesulis

T.CONCLUSION

In this pHpHT, mathematical
charactenistic  curve maodels  for  solar
photoveltaie  panels  and  hydrogen

producing electrolyser were presented. The
models were verified against experimental
data, and ofter a very useful tool for solar

hvdrogen svstem  behaviour  simulation,
The paper also described how a PV.
electrolyser combination can be configured
using genetic algorithms. A genetic
algorithm  code  was  developed  using
MATLAR., The eode evalugtion funclion
was based on the simulation models as a
measure for the solutions fitness, For the
design case studied in this paper, the
genetic code ook few minutes 1o arrive Lo
an optimal solution. This solution was
wverified by feeding it 1o the components
masdels and performing a one year current-
voltage characteristic simulations.

8. NOMENCLATURE
I Module current in amps
I
!
!

Sodude volusge in volts

F, FPAO2E+20%1070 TR

o Module photo current in amps

F

Moslule photocwrrent cocfTicient in ampa™W
F Solar cell surface arca in cm’

F I :

P Suember ol paralle] connecied solar cells

i Sorlar radstion on e solar pane] i Woem”

! .
R F P T expl-ES/KT)

!

il

MAlodule saturation curremt in Amps

F . . .
O Medube  saturation  current  coeflicient  in

ampsemk

T Solar cenl wiorking temperaturs m kK

I, Momd gap energy (1)

'I:: Holtamenn < conslant 1 ARIGS « [ 4 1K

A =1+R /R,
R -
Module senes resistance in ohms
R,
Module shuni resisitance in ohms
I =g/ AT
if : R
Electrom charge = |L.6022 x 1077 ]
A =n%
5 Mumber of senes connected cells
# Cell junetion perfection fecios
W i]'Ih,:r;llil'.E u'-ll;,:s.; n vilts
i mannber of cells connected m seres
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Cell theenrefical 1.:_:-|1.|.|_:|_' mn vills

Theorctical voltnge coctTiciem

Cell aperating lemperaiere i "0
Cell resistance an ahns

Cell resistance cocthicient

Chpcrating curreni i amps

Cell surface area in m°

Electrowkes aver “"“"E'-' vl Dicenl
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