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Abstract

This work deals with a new theoretical analysis and formulation of electrical parameters lasts to
a derivation of a satisfied simple maximum power output equation of photovoltaic (pv) cells.
Essentially, this work concentrates on useful parameters in characterizing the maximum power
output cannot be expressed explicitly in terms of other parameter. These are such as: the maximum
voltage, maximum current and, hence, the maximum power output. An air mass radiation (AM1.5)
is used throughout this work. First, referring to AM1.5 sunlight power versus wavelength, all the
electrical parameters of wide range pv cells having band gaps ranged (0.4887 ev to 3.815 ev) are
calculated by conventional way in order to compare their values with approach values. Second;
instead of using the conventional way of modeling each pv cell independently, this approach
introduces a method through which the modeling of several pv cells dependently is possible for the
determination of the unknown electrical parameters. As a result of this analytical formulation, a
satisfied derived equations of electrical parameters are obtained and satisfied up to around 100 %
with no interpolation methods or other technique used.

Keywords: PV cells, PV cell electrical parameters.

Introduction

Photovoltaic cells differ from each other according to their different band gap energy and ,
accordingly, their electrical output parameters differ in their values from pv cell to another
according to the semiconducting material from which these photovoltaic cells are fabricated
provided that the surface area of these photovoltaic cells, sunlight irradiance, and temperature
under which all these different pv cell types are operated, both are identical [ 17, 4 ]. The pv cell
performance is determined by its related parameters such as; the reverse saturation current (o),
short circuit current (Isc), open circuit voltage (Voc), fill factor ( FF ), maximum power (P,,), and
conversion efficiency ( 1 ). As a material dependent parameter depends on the band gap (E,) of the
material, reverse saturation current is the critical parameter affecting the power output and, hence,
the efficiency of pv cells [14, 3]. Electrical parameters are irradiance, temperature dependent
parameters and, as a result, their values varies accordingly [1, 16]. Since pv cells are a major
element of pv power systems, this accounts for the necessity to study the current-voltage and
power-voltage characteristics of pv cells in order to obtain the maximum power output when there
are changes, both, in the pv modules themselves and in the environment where they operate [13].
Relationships referring to electrical parameter, some of them cannot be expressed explicitly in
terms of other parameters like maximum voltage, maximum current, and maximum power output,
while some of them can be solved directly by direct substitutions into their related equations such
as the short circuit current, open circuit voltage, reverse saturation current. Electrical parameters
cannot be explicitly expressed in terms of other related parameters utilizing techniques such as
interpolations, Newton and Raphson method in order to solve for.

Some approximate expressions are putdown for determining some electrical parameters of pv
cells, such relations are the open circuit voltage as a function of band gap energy [2]. In addition,
although the fill factor of a solar cell is a useful parameter in characterizing the cell performance, it
cannot be expressed explicitly in terms of other parameters. An approximate empirical expression
of fill factor, is introduced, applicable for ideal cases where no parasitic resistance losses are
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considered and it is accurate to about one digit in the fourth decimal place for these cases, it is an
expression of fill factor as a function only of the open circuit voltag [5, 6].

Because of the difficulty of finding out some parameters, such as V,,, in addition to approximate
relations, many modeling methods and techniques have been used such as the computer simulation
modeling and algorithms, Newton & Raphson method, math-cad software package for the
estimation of electrical parameters under different irradiance and temperature situations [13, 11, 12,
9,7, 8]. A classical single diode modeling, using Mathcad software packages, are used to model the
electrical characteristics of pv cells such that a pv cell current (I) is calculated as a function of the
pv cell voltage (V) and solar radiation power ( P;, ) [13]. Laplace integral transform technique is
also applied to estimate the efficiency of pv cell as a function of temperature [11]. A new approach
for estimating the one-diode model parameters of a pv cell according to the irradiance and
temperature is introduced, these parameters are given at known irradiance and temperature from the
knowledge of Isc , Voc , and P, using Newton and Raphson method to calculate the model
parameters [12]. A formula that describes the I-V characteristics is found, based on the information
gathered, and the values of I and P are determined according to different values of V, afterwards,
the natural cubic spline interpolation method is used to build a mathematical model that can
approximate those values and finally a bisection is used as an optimization method in determining
the value of V that can produce the maximum power [9]. A simplified algorithm predicts the
average steady-state temperature of pv cells has been developed [7]. A simple silicon pv cell has
been simulated, using MATLAB, for estimating the pv cell performance [§].

Regardless each of the techniques and methods mentioned above, this work introduces a simple
excellent approximate electrical parameter derived equations (direct-solvable equations) by
analytically modeling a wide range of pv cells such that any unknown electrical parameter can
easily be obtained from the known parameters certain photovoltaic cells group net (covering this
wide range of pv cells) provides. This is the only way of overcoming utilizing interpolations and
complex software packages. This is achieved by modeling and expressing (dependently) the
unknown parameter as a function of several other known parameters for the unknown electrical
parameter to be determined rather than conventionally (independently) expressed. As a result, this
work presents many important equations such as the one that solves (in inverse way) for the short
circuit from the open circuit voltage equation and hence the photon flux is determined. This is
achieved knowing only the band gap of the considered pv cell; also the one that solves for the
temperature required to equate two maximum voltages of two wide band gap different pv cells, etc.

Conventional calculations of electrical parameters of pv cell
The conventional calculations are conducted referring to the pv cell electrical parameter
equations given below:
1- The input sunlight power ( P;, ), in mW cm™, integrated over all wavelengths comprising
the intensity spectrum of the light incident upon the pv cell is given by [ 10, 8, 15 ]:

P = J, P ) dA (1)
where, the relation connecting the photon flux ( [Ny ), in cm™s”, with input sunlight power
is given by:

(a/ho) [ Py QOX dA = q [ Ny () dA (2)
Where “h” is the plank’s constant, “q” is the electron charge, and “c” is the velocity of
light.

2- The short circuit current density ( Jsc ) in mA cm™and short circuit current ( Isc ) in mA,
generated when photons energy greater or equal the pv cell band gap energy (i.e, hv>E,)
are given by [ 10,4 ]:

Jsc(E) = qNpu(E) , and; Isc(E) = qAN,,(E) (3)
Where “A” is the cross-sectional area of the pv cell.

3- The reverse saturation current ( I, ) is expressed as [ 4, 14, 8 ], where “ k “ is the
Boltzmann constant, “ T “ is the pv cell temperature:
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Io = CT3e (i) B/ (4)
Where, C is a material constant in mA /cm” K*, and hence I, = 6.03x10° ¢ @0ED A
[4,14]:

4- The I-V characteristic equation that relates pv cell current ( I ) and voltage ( V ) with each
other is given by:
I=1o(edV/kT — 1) — 1, (5a)
Such that; when in eq.( 5a ) V =0, then I = -I referred to “ short -circuited condition,
where “I;” is the light-generated current, thus:
I:ISC:_IL (Sb)
On the other hand, when in eq.( 5a ), I = 0, then this case is referred to “ the open- circuit
condition, and therefore, the open circuit voltage is expressed by:

KT
Voc = T In{(Isc +10)/ 1o} (5¢)
5- The maximum voltage ( V,, ) is expressed as given below:
e @WRVm/M{1 + (qViy /KT)} = {(Isc + 10)/1o} (6)
6- The maximum current ( V,, ) is related to the maximum voltage, by:
(%)
— kT
= ) s+ ()
7- The maximum power ( P, ) is the product of V,, and I, i.e:
Pn = (Vm) (Im) (8)
8- The fill factor ( FF ) is expressed by:
FF = P/ (Voc Isc) = (Vi) (Im)/ (Voc Isc) (9a)
9- The voltage factor ( VF ) is expressed by:
VF=Voc/Eg (9b)
10- Finally, the conversion efficiency ( 11 ) is given by:
Vim)Um
Prn/Pin = 25 = {(Voc Is) (FF)}/Pry (10)

Figure ( 1) shows, according to priority, the steps of calculating the electrical parameters of pv
cells.

Approach theoretical modeling and formulation analysis

Throughout this work, it is assumed that the pv cell band, covered by the wide number of
pv cells, is divided into two groups; first, the group of N-pv unknown parameter pv cells: celly; =
[ celly;, cellys, cellys, ....., cellyy | their referred related electrical parameters are (Io yi ,Iscui, Vinuis
P > etc ); second, the group of M-pv known ( reference ) parameters pv cells: cellg; = [cellgy,
cellgy, cellgs,..., cellpy ] their referred related electrical parameters are (Iygri ,Iscri> Vmnris> Pmri »
etc), where “1i“1is an integer , from 1 to N and from 1 to M that indicates the pv cell number celly;
and cellg;, respectively.

Pv cells ( celly; and cellg; ), both, forming a net so that any unknown parameter of any celly; can
be determined as a function of one or several cellg; for the same parameter whatever is the sunlight
irradiance or the thermal conditions. This approach, general pv cells-net structure of both groups
(celly; and celly;) is shown in Figure (2).

Approach calculations are conducted referring to the pv cell electrical parameter equations derived
as given below:

Formulation of reverse saturation current (I, )and band gap energy (E;)
Referring to eq.( 4 ), a system of reverse saturation current representing, both: celly; and cellg; ,
can then be written as:

o1 = CT3 e_(%)(Eg.ul/Tm) .
q
lor1 = CT? e_(i)(Eg.Rl/T,m) o
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I0.u2 = CT3e_(%)( Eguz2/Tuz) o
q

lor2 = CT3 e_(i)(Eg'RZ/TrRZ) o

Ioun = CT3e_(%)(Eg-UN/T,uN) "
q

lorm = CT3e_(E)(Eg.RM/T,RM) .

Multiplying eqs.( 11 through 16 ) in themselves, results into:

(IO,ul Iouz ooy )( Ior1 TRz wov e e -----IO,M) =
3N o=(a/0(Bgur/Tur)+(Egra/Tra)+(Eguz/Tuz)+(Bgra/ Trz)++ +(Egrm/Trm)+-+ (Egun/Tun) | (17)
Taking natural logarithm for both sides of eq.( 17 ), gives:

[ (Egul/Tul) + (EgRl/TRl) + (Eguz/TuZ) + (Eng/TRZ) tenn ot (EguN/TuN) + e+
(EgRM/TRM) ] = —(k/q) ln{ ( IO,ul IO,uZ tre ores was e IO,N )( IO,Rl IO,RZ tre ores ws sees IO,M )/
(cT3®™) ) (18)

Arranging eq.( 18 ):
( CT3(N+M) )

ol (Bga/ )+ Z2l B/ ) = () ey o

i=

Multiplying both sides of eq.( 18 ) by T,; and separate E, ; to one side, gives:

3(N+M)
By = (20t ([ (T )]+ (B (T /)] +
[(Egra)/(Tur/Tre)] + - +[(Egun)/(Tur/Tun)] + -+ [(Egrm)/(Tur/Trm)]} - (20)

Assume a single pv cell, ( cell,; ) out of the whole N-celly; should communicates, photovoltaically,
with all the M-celly;. Then eq.( 20 ) becomes:

cr3@™
Eyn = (2 (S L = ) (T o))+ e (T 1)) +

U T I [(Eg,Rm)/(T,ul/T,RM)] }
CT3(1+M)
= (%) 1“{[(105,1)(11?21 10),Ri)]}' Ll (Bari)/ (Tur /)] (21

Any pair out of ( celly; and cellg; ) can satisfy the case. Let the pair be ( celly; and celly; ), then
eq.( 21 ) can be written as:

) cr3®
By = (=" )"‘{[(Igul) (10,21)]} ~ Er)/ (T /o)1) ()
Also, it can be proved that:
Eg,u = Eg,R (T.u/Tr )+ (kTy/q) In { lor ) Tou} (23)

FORMULATION OF THE OPEN CIRCUIT VOLTAGE (Voc )
The open circuit voltage and its negative ( to use later ) for celly; and cellg; pv cells electrical
parameters are, respectively, given by:

Vocui =~ In{(Iscui + loui )/ Toui} (24)
= Vocui = kTqu'i In{ Toui /(Iscui + loui )} (25)
Vocri = % In{(Iscri +lori)/ Tori } (26)
= Vocri = kTqR'i In{ Togri /(Iscri + lori)} (27)

Same as previous analysis procedure, multiplying eqgs.( 24 and 26 ), the formulation of the open
circuit voltage results into:
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Vocu1 Vocr1 Vocuz Vocrz - Vocun - VocrmM =

(IS, =4 In{ (s +Toui )/ Toui}} {H{” L n{(Iscri +lori )/ Tori }} (28)

FORMULATION OF THE MAXIMUM VOLTAGE (V)
The maximum voltage ( V,,, ) is expressed as:

e(@/OVm/T{1 + (qViy /KT)} = {(Isc + 10)/1o} (29)
Re-arranging eq( 29 ), yields :
@omm _ ()]
€ - (E) {(ISC + IO)/IO} ( 30 )
q

A system of maximum voltage equations, including N-pv celly; and M-pv celly; can then be
written as follows:

@/ (Vmu1/Tu1) = {%} {(Iscur + Tou1)/Tou1} (31)
KT‘“ +(VmR1)
e@/O(Vmr1/Tr1) = ) } {(Iscr1 + Tor1)/Togr1} (32)
“T“Z +(vmuz)
@/ (Vmuz/Tuz) = KTuz } {(Isc,uz + 10'u2) /IO,uZ} (33)
“TRZ +(va2)
e(Q/k)(Vm,RZ/TRZ) = KTR2 } {(ISC,RZ + IO,RZ)/IO,RZ} ( 34 )
e(Q/k)(Vm,uN/TuN) = {%} {(ISC,UN + IO,uN)/IO,uN} ( 35 )
KT'RMq+(Vm,RM)
e(q/k)(vm,RM/T,RM) = {[( q(l()'l‘ﬂ) ]} {(ISC,RM + IO,RM)/IO,RM} (36)
Dividing eqs.( 31 through 36 ), qgives:
() Yt Y Yt g tpma )
{{(ISC,ul + IO,ul)/IO,ul} {ﬁ}} {{(Io Rl)/
KT R1 +(Vm,R1) KTu2 ( muz)
(lsers + lo,m)}{—[( - ]}} {{(Im)/osc = ]}} {{(IO_RZ)/
q q

(Iscra + lorz2)} {%Tg)‘“”)]} .

q

-{{(IO,uN)/

q q

(ISC_uN+Io,uN)}{ml;<);+;M}} {{(IORM)/(ISCRM+IORM)}{[(KTREAKléM;RM)]}} (37)

Since the ratio [((%) + (Vm)> / ((%) + (VOC)>] referring to pv cells is tested to be up to a large

degree of extent nearer to unity so it is valid to substitute Voc for V,, in eq.( 37), and after taking
In for both its sides, eq.( 37 ) become:
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\% \% \% \% \% \% k
mul _ YmR1 _ Vmuz _ VmR2 _ R muN i m,RM — ( X ) ln {(ISC u1 + IO ul)/
Tou1 Tr1 Touz Tr2 Tun T.rm q ’ ’

lou1) {%}} {{(Io r1)/(Iscr + lora)} {[(KTREE%M}} {{(IO.uZ)/(ISC.uZ +

q q

1)}{%}} {{om)xosm +1>}{%}} -------.{{oo,uN)/

q q

(Iscun + loun)} {[(KT MEIZ:E‘;())C uN)]}} {{(Io rm)/(Iscrm + lorm)} {[(KT R?:IEM(;C RM)]}} (38)

Simplifying eq.( 38 ) by naming its R.H.S terms by “ an electronic parameter constants ”, such that:

Ky = {{(Isc,ul + IO‘ul)/IO'ul}{#}} o

KT

—R1 (Vocm)
KR1—{{(10R1)/(ISCR1+10R1)}{ } (40)

KT uz +(Voc uz)

= {{(IO,uZ)/(ISC,uZ + IO,uZ)}{ KTuz (41)

KT RZ (Vocrz)
Kgy = {{(Io RZ)/(ISC r2 T lo RZ)}{ K-'T-Rz }} (42)

)
Krm = {{(Io rm)/(Iscrm + lorm)} {[(KT R?.E:gf))c RM)]}} (44)

Kyn = { (Toun)/(Iscun + Ioun)} {[(KT UIZZIE‘I:OC UN)]}} (43)

q

So that eq.( 38 ) becomes:

Vm,ul _ Vm,R1 _ Vm,u2 _ Vm,RZ _ _ Vrn,uN _ _ Vm,RM —

T];u1 T,r1 Touz T.r2 o TuN T.rm

(%) Ku1 Krs Kuz Krz Kua Krs - Kun - Krwe} (45)
Eq.( 45 ) can be simplified to become:

Vm—ul - 21 2{(Vm ul/Tul)} Z 1{(Vm RI/TRI)} (g ) {(HF:l Kui)(HiNil KRi)} ( 46 )

Any out of the N-unknown electric parameter pv cells ( celly; ) its electrical parameter ( here is
the maximum voltage ) can be obtained utilizing: single, some, or both the M-known electrical
parameter pv cells ( celly; ) for the determination of Vi, ;. for example, If the concerned pv cell
( celly; ) = celly; , then the case of utilizing all the M- cellg; is derived when both sides of eq.( 45 )
are multiplied by T,y , therefore eq.( 45 ) becomes:
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Vm,u1 =
(T,ul/T,Rl)(Vm,Rl) + (T,ul/T,RZ)(Vm,RZ) + o+
(Tut/Tron) (Vi) (2 ) In{ [ Ky 1[ T K ]} (47)

And hence, generally, the case of when single pv cell out of the N-celly; is modeled with all the M-
cellg; is then expressed as:

Voni] = [Tui] [Vingi] + (527 ) { 1K [ T Kwi ]} (48)
Referring to eq( 48 ), when, for ;xarnple; i=1 that means celly; = celly; and hence expressed by:
Vanut] = [Tua] [Vinai] + (522 ) { [ Kuia ][ T2 Kri ]} (49)

Therefore, the general form of maximum voltage referring to any celly; in terms of pv cells (cellg; )
under any irradiance and thermal conditions is expressed by:

V — T,uVm,Rl _ T,uVm,RZ _ T,uVm,RS _ _ TruVm,RM _ TruVm,RN —
m,u T,R1 T,Rz T'Rg PP T,RM T,RN
M
(KTu/a)In{ [Ky ][ TTH; Kg; ] (50)

Different optical irradiance and thermal conditions means different Ky and K.
Consider the following pair of a single celly and a single cellg , photovoltaically communicated
with each other through this approach pv net model structure:

Viu = % + (KTu/@) In{ { [ (Iscu + Lo )/Toul[(KTou/@)/((KTu/Q) + Voeu )] { [1or/

(Iscr + Ior) [ ((KT,r/Q) + Vocr )/ (KT,r/Q) 13} (51)
If cells ( celly and cellg ) both are wide band gap pv cells , then, Voc,r >> kT, r/q and also

Iscur >> Ip,r and as a result eq.( 51 ) becomes:

Vinu = T'“Tf;“'“ + (KTw/q) In{ { [Tscu /loudlTu/Voeu)1} {[Tor/Iscr 1l Voer /Tr1} } (52)

Further expanding eq.( 52 ), yields:
Vinu = {T'u:—:'R} + {(kT,u/Q) In[ IO,R/IO,U]} + {(kT,u/CI) ln{[ Iscu/lIscr] [T,u/T,R] [VOC,R/VOC,U]}} (53)
Substituting eq.( 23 ), for the term {(kTu/q) In| IO,R/IO,u]} , into eq.( 53):

Vinu = {Tuv—mR} + {Eg,u — { Egr(T.y /TR) }} + {(kT,u/Q) In{[ Isc.u/Iscr][Tu/Tr][Vocr/

R

Vocl}} (54)
Therefore, eq.( 54 ) is a relation of maximum voltages in terms of the band gap energies.

Referring to eqs.( 24 through 27 ) at T,, = T,z , a derived equation of maximum voltage as
a function of open circuit voltage concerning wide band gap pv cells ( celly; and cellg; ) is obtained
by substituting eqs.( 24 through 27 ) into eq.( 52 ), as follows:

Vocu = KT/@) In [Iscu /lou] 5 = Voer = KT/ In[Ior/Iscr] ,  (KT/@) In[Voer /Vocu ] =
(kT/q) {In(Vocr) — In(Voey) 3, therefore  eq( 52 ) becomes:

T I P R e

Vm,u - Vm,R = {Voc,u - VOC,R} + {(RZu) {ln(VOC,R) - ln(VOC,u)}} ( 56 )

Equating eq.( 54 ) and eq.( 56 ) according to the term Vy, , -V, g and by assuming the last R.H.S
of eq.( 54 ) negligible (= 0 ) as the case is valid for wide band gap pv cells, therefore:

{Eg,u - { Eg,R(T'u /TR) }} = {Voc,u - Voc,R} + {(kzu) {ln(VOC,R) - ln(VOC,u)}} ( 57 )
And hence:
Voc,u = VocR + {Eg,u - { Eg,R(T:u /TR) }} + {(kZu) ln(VOC,R/VOC,u)} ( 58 )

It is well examined that substituting E,r for Vocr and E,, for Ve, , respectively, shows a very
nearly same results obtained from eq.( 58 ). Eq.( 58 ) therefore can be written as:
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Voc,u = VocR + {Eg,u - { Eg,R(Tvu /TR) }} + {(kZu) 1n(Eg,R/Eg,u)} ( 59 )

Eq.( 59 ) is really an important useful equation of finding out, in inverse way, the short circuit
current and hence the photon flux ( Ny, ), that is to say, Knowing only E,, referring to celly; and
Eguw Egr, and Vocpr referred to cellg; , the open circuit voltage ( Vocu ) can be calculated as
a result the light-generated current ( the short circuit current ) can easily also be calculated by
substituting Voc, into eq.( 24 ) where the reverse saturation current easily is obtained from  eq.(
4 ). From this calculated light-generated current therefore the photon flux ( N, ) can also be easily
calculated using eq.( 3 ).

Achieving equal maximum voltages of different wide band gap pv cells by
temperature variation

Regarding any pv cell parametric equation it is impossible, by direct substitution, to determine at
which temperature does certain required maximum voltage is. Referring to the pv cell I-V
characteristic equation shown below;
I=Ip(elaV/kD — 1) — Ig (60 )

It is clear, from eq.( 60 ), that it is difficult to find out what the temperature ( T ) is at certain
required voltage ( V) and vice verse. This is because the pv current ( 1) that satisfies the condition
is also unknown. Even if current ( I ) is known, the reverse saturation current ( I, ) is still a
temperature dependent parameter as is clear from eq.( 4 ).

Referring to eqs.( 51, 52, and 23 ) for two certain pv cells of different wide band gap energy (Eg,
and E,r), and since wide band gap energy pv cells makes possible to assume V,,, >> kT /q, and
also Isc, >> Iy, , therefore:

Vi = (T.u/T.R)(Vm,R) + {(Eg.u) - [(T.u/T'R)(Eg.R)]} + (KT,u/Q) ln{ [(Vm,RIO,R)/
(IscrTr)|[(IscuTu)/(Vin,ulou)]} (61)

And for the widest band gap energy pv cell ( E,, ) required to drop its maximum voltage to be
equal the maximum voltage of the less-wider pv cell (E,r ); that is to say: V= Vg = Vi,
where V,, r is the maximum voltage referred to an equal voltages V,,, and V ,r.

Vit = (T,u/T,R)(Vm,T) + {(Eg,u) - [(T.u/T'R)(Eg.R)]} + (KTu/q) ln{ [(Vm,T)/
(V7] [((Isc,u)/ (ISC.R))] [(Tu/TR)/ (Vm.ulo.u)]} (62)

The last R.H.S term of equation ( 62 ) above is very small so that it can be neglected and hence
€q.(62) can be approximated to:

Vit = (Tu/Tr) (Vi) +{(Egu) = [(Tu/Tr)(Egr)]} (63)
Eg,u - Vm,T = (Tu/TR) {Eg,R - Vm,T} (64)
Therefore, an excellent approximate equation defining the temperature required to make certain
wider band gap pv cells maximum voltages equal is given by:

Ty = Tal(Ega — Vm1)/ (g — V)] ()

Formulation of Maximum Current (I, )
In general, the maximum current ( I, ) of pv cell is expressed by:

(2e)
Im = 7ave—[Isc + 1o ] (66)
(fer)+1
As a general relation, the maximum current of any celly; can be written as:
(qvm,ui>
KT ui
Imui = Zavmay (Iscui + lo) (67)
(ert)+2

Where V., is the unknown maximum voltage obtained referring to this approach analysis
equations, eq.( 48 ).
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Formulation of maximum power (P, )

Simply, the maximum power referring to this work approach is expressed as:
qVm,u

Pm,u = Im,u Vm,u = % [ ISC,u + IO,u] [(kT,u/Q)ln{ [Ku][ 1\11[ Kgj ]}] ( 63 )
kT

As is the case concerned with wide band gap energy pv cells where (quTﬂ) >>1 that leads

automatically into Ig¢,, >> Iy, , and hence eq.( 68 ) becomes:

Pm,u = [ ISC,u] [(kT,u/q)ln{ [Ku][ 1\11[ KRi ]}] ( 69 )
Eq.( 68 ) is a straight forward direct-substitution equation. With given data of K, and Kg, the
maximum power can directly be determined.

Results and discussions

Referring to the given data ( the incident sunlight power versus photon wavelengths ) of air
mass (AM1.5) sunlight spectrum radiation [2, 15], given in Table (1); Table (1) is completed by the
conventional way of computations such that to include also all the electrical output parameters
referring to a wide pv cell spectrum at working temperature and sunlight irradiance concentration
ratio of 300 K, 1 sun, respectively as given by Table (2). The aim is to compare between electric
parameters obtained conventionally in Table (2 ) and those referring to this approach formulation
method. The conventional way of determining the electrical parameters, step by step is ordered as
shown in Figure (1) as well as eqgs.(1 - 10).

Generally, a very excellent matched results of electrical parameters obtained referring to this
work approach (Vi , In. , and Py, ) as compared to conventional electrical parameters (Vy, , Ly ,
and P,,) given in Table (2) referring to conventional egs.(1 - 10).

Both, Table (3) and Figure (3) illustrate the case where several unknown electrical parameters
pv cells ( celly; ) ranging from 0.4887 ev to 3.815 ev each, utilizing either of the reference cells
(cellg;): 0.4887 ev, 0.5838 ev, and 0.9288 ev both at same temperature T, = T g = 300 K and same
concentration ratio cr, = crg = 1 sun. As an example, celly of E,, = 1.2588 ev is used to
communicate with cells (cellg;) of Esr = 0.4887 ev, 0.5838 ev, and 0.9288 ev leads to an excellent
approximate results of maximum power (P, of 20.5497 mW, 20.5967 mW, 20.4850 mW as
compared with exact values obtained by the conventional way that results into maximum power
(P.) of 20.4456 mW, as an average of P, / P,y X 100 % = 100 % is obtained. The pv-net model
referring to this case is shown in figure (4).

Table (4), Figure (5), and Figure (6) both are deal with the case of the two pv cell groups (celly;
and celly; ) both operating under an equal concentration ratios of 1 sun but different temperature of
T, =400 K while Ty =300 K, respectively. Starting from cell; = 0.6342 ev and ending to celly =
3.815 ev, the maximum power percentage ratios ( P, /Py, ) X 100 % obtained are: 78%, 92.04 %,
92.5 %, 99.45 %, 99.485 %, 99.56 %, 99.6 %, 99.7015 %, 99.757 %, 99.7966 %, respectively.
Again Referring to Table ( 4 ) for cell of 0.4887 ev sharing several reference pv cells;
celly; =1 0.6342 ev up to 3.815 ev |, for the pair [ celly = 0.6342, cellg = 0.4887 ev ], the electrical
parameter percentage ratios of: V,, = 87.25% of V., , I, = 90.3% of I,;,, , and P, = 78.9% of P,
are obtained. On the other hand, when this narrow band gap pv cell of 0.6342 ev is replaced by a
wide band gap pv cell ( cell, = 3.815 ev ) such that the considered pair becomes [ celly = 3.815 ev,
cellr = 0.4887 ev |, the related electrical parameter percentage ratios are of: V., = 99.8% of V4, I
=99.998% of I,,,, , and P,, = 99.8% of P,,,. In general, temperature increase affects both electrical
parameters Vi, I, P, 01, Vi, Iy, Pmu. Comparing Tables ( 3 and 4 ) in terms of temperature
variation, first when celly = 0.9288 ev that results into I,, = 40.689 mA, V., = 0.375 v, and P, =
15.275 mW at 300 K, while when temperature raised to 400 K, this results into [, = 37.477 mA,,
Vi, =0.2144 v, and P,, = 8.037 mW . This drop in electrical parameter values at high temperature is
mainly because of the increased value of the electrical parameter ““ I, “ with temperature increase,
especially when considering narrow band gap pv cells that results into a drop in Voc and V,
because of the smaller temperature dependent ratio (qV./kT )/( qV./kT +1) that results into a drop
in I,, and P,,, also; second, wider band gap pv cells are less affected by temperature increase, as
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an example consider celly = 3.815 evat T =300 K, 400 K, results into electrical parameter values
of: I;,, =0.0201 mA, V,,, =3.014v, P,,=0.06 mW, and I, = 0.02006 mA , V,, = 2.759 v, Poy
= 0.0553 mW, respectively. In short, referring to Table (4), starting from celly; of 0.6342 ev and
ending to celly; of band gap 3.815 ev the maximum power percentage ratio P,/ Py, x 100% is
growing such as: 78%, 92.04%, 92.5%, 99.45%, 99.485%, 99.56%, 99.6%, 99.7015%, 99.757%,
and 99.8%, respectively.

The case that deal with the determination of electrical parameters with keeping unchanged the
temperature of both pv cells (celly; and cellg;) at 300 K, on the other hand, raising the concentration
ratio of celly; from 1 sun to 100 suns and keeping unchanged that of cellg; ( i.e, at 1 sun ) is shown
in Table (5), Figure (7). Pv cells ( celly; ): 0.4887 ev, 0.5838 ev, 1.81 ev, and 3.22 ev utilized with
pv cells ( cellg; ) of: 0.4887 ev, 0.5838 ev, and 3.22 ev show ( P, /Py, ) x 100 % of 98.49 %, 99.875
%, 99.663 %; and, 98.892 %, 99.504 %, 99.546 %, and 99.743 %; and, 91.705 %, 96.762 %,
99.945 %, 99.9985 %, respectively. In general, concentrating sunlight increases both electrical
parameters.

The case concerned with varying both the temperature and the concentration ratio is illustrated
by Figure (8) and Table (6). As a whole result average, about 99.9 % referring to
(Vino/ Vi) %,100 %, (I,/1n) % 100 %, and (P,,/Py,) x 100 % are obtained.

More than one cellg when referred by (or photovoltaically net-communicated) with celly also
show the good results the pair [ celly, cellg | shows. This is illustrated in Table (7) and Figure (9)
under T =300 K and cr = 1 sun. From Table (7), it is clear that utilizing celly; as wider band gap
pv cell as possible as better are growing the results obtained.

Table (8) shows the variations of electrical parameter constants, Ky and Ky , of several band gap
energy pv cells at T = 300 K and cr = 1 sun. As the band gap difference (Eqr - E,.) increases
positively as the term kT/q In { [ Ky ][ Kg | } increases negatively. This term becomes zero only
when [ Ky ] =[ Kg ], provided that both considered pv cells ( celly, cellg ) are operating under an
identical irradiance and thermal conditions. Figure (10) shows the variations of V,,, with kT/q In {
Ky Kg } for several pv cells when cellr = 3.815 ev, Vg = 3.0088 v, at Ty = Tr = 300 K, crp =
cr, = 1 sun. It is obvious that this term kT/q In { Ky Ky } decreases negatively until zero where
celly = cellg = 3.815 ev and the band gap difference ( Egg - Eg ) = 0.

Table (9) shows the calculated temperature concerning two different wide band gap pv cells such
that their maximum voltages equal. An excellent average percentage ratio (checked exact T, /
approach approximate T ) of about 99.5%, (see eq. 65). Even the narrower band gap pv cells such
as the pairs [0.53448 ev, 0.4887 ev] and [0.7626 ev, 0.5838 ev ]| give a comparable percentage
results of 99.64%, 99.42%, respectively. Figure (11) shows the comparison between the approach
and the conventional maximum current calculations at temperature 300 K and 400 K where cellg
of 0.4887 ev is used as a reference cell at crg = 1 sun, T,g = 300K. It is obvious how the approach
results are very nearly coincide with the conventional results as all curves show and tables
illustrate. Figure (12) shows the comparison between the approach and the conventional maximum
voltage calculations for several celly; at T,; = 300 K, 400 K and cr, = 1 sun, 100 suns where for all
cases the reference cell is, cellg = 0.4887 ev at T =300 K, and crg = 1 sun. Figure ( 13 ) shows the
variations of the maximum voltages for several pv cells under different T and cr using cells
(0.4887 ev, 1.81 ev, and 3.815 ev) each as a reference cell for each case. Figure (14) shows the
comparison between the maximum voltages of conventional method, and approach method for
several pv cells both at T =300 K, cr = 1 sun (i) cellr = 0.4887 ev, (ii) cellr = 0.5838 ev, (iii) cellg
= 0. 9288 ev, and (iv) cellg = 3.815 ev. Figure (15) shows the comparison between the maximum
power of the conventional method and the approach method for several pv cells, both at T = 300 K,
cr = 1 sun for the following reference cells: (i) cellr = 0.4887 ev, (ii) cellx = 0.5838 ev, (iii)
cellr = 0. 9288 ev, and (iv) cellg = 3.815 ev. Table (10) illustrates the calculated values of Voc,, ,
Isc.u > [Nphu(E)dE with only celly; parameter known is the band gap E,, using eq.( 59).
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Table (1): Air mass (AM1.5) sunlight radiation, sunlight incident power (P;,) versus

wavelength [2].

A (um) | W [ A (um) | W' [ A (um) [ Wimh [ A (um) | W' [ A, (um) | W/m?.
um um um pm pm
295 0 595 12626 | .870 843.02 | 1.276 | 344.11 | 2388 | 31.93
305 1.32 605 1261.8 875 835.10 | 1.288 | 34569 | 2415 | 28.10
315 2096 | 615 12554 | 8875 | 817.12 | 1314 | 28424 | 2.453 | 24.96
325 113.48 | 625 12402 | 900 807.83 | 1.335 | 17528 | 2.494 15.82
335 182.23 | 635 1243.8 | 9075 | 793.87 | 1.384 2.42 2537 | 2.590
345 | 23443 | 645 12339 | 915 778.97 | 1.432 | 30.06
355 [ 286.01 | .655 1188.3 925 | 21712 | 1457 | 67.14
365 |355.88| .665 12284 | 930 16372 | 1.472 | 59.89
375 386.8 | .675 1210.1 940 | 249.12 | 1.542 | 240.85
385 | 381.78 | 685 12007 | 950 | 23130 | 1.572 | 266.14
395 [ 49218 | 695 11812 | 955 | 25561 | 1.599 | 220.46
405 | 75172 6983 | 973.53 965 | 279.69 | 1.608 | 211.76
415 822.45 | 700 1173.3 975 529.64 | 1.626 | 211.26
425 84226 | 710 11527 | 985 | 496.64 | 1.644 | 201.85
435 890.55 | .720 1133.8 | 1.018 | 585.03 | 1.650 | 199.68
445 1077.1 | 7277 | 97430 | 1.082 | 486.20 | 1.676 | 180.50
455 11624 | 730 11109 | 1.094 | 44874 | 1.732 | 161.59
465 1180.6 | .740 1086.4 | 1.098 | 486.72 | 1.782 | 136.65
475 12127 750 10704 | 1.101 | 50057 | 1.862 2.01
485 11804 | 7621 | 733.08 | 1.128 | 100.86 | 1.955 | 39.43
495 1253.8 | 770 1036.0 | 1.131 | 11687 | 2.008 | 72.58
505 12422 780 10184 | 1.137 | 10868 | 2.014 | 80.01
515 1211.0 | 790 1003.5 | 1.144 | 15544 | 2.057 | 7257
525 12448 800 | 988.11 | 1.147 | 139.19 | 2.124 | 70.29
535 1299.5 | 8059 | 860.28 | 1.178 | 37429 | 2.156 | 64.76
545 12755 | 825 93274 | 1.189 | 38337 | 2.201 68.29
555 1276.1 | 830 | 923.87 | 1.193 | 42485 | 2266 | 62.52
565 12777 | 835 91496 | 1.222 | 38257 | 2320 | 57.03
575 12925 | 8465 | 407.11 | 1236 | 383.81 | 2338 | 53.57
585 12485 860 | 857.56 | 1.264 | 32388 | 2356 | 50.01
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Table (2): Calculated electrical parameter of pv cells their band gap energy ranged within (0.4887
ev to 4.275 ev), under AM1.5, T =300 K, cr = | sun, assuming pv cell area (A) = lcm’.

PV IN Isc Voc Ly Vi P, Iy n FF VF
Cells dE x (mA) (v) (mA) (v) (mW (mA) x
(ev) 10" ) 100%
cm?s!

0.48870 | 363.127 | 58.173 ] 0.02431 | 32.6917 | 0.013468 | 0.4403 | 37.2754 | 0.4403 | 0.1897 | 0.0497
0.53448 | 355.527 | 56.955 ] 0.05947 | 37.1160 | 0.036648 | 1.3602 | 6.34508 | 1.3602 | 0.3613 | 0.1112
0.58380 | 341.394 | 54.691 ] 0.10545 | 41.6785 | 0.071242 ] 2.9692 | 0.94186 | 2.9692 | 0.4956 | 0.1806
0.63420 | 329.558 | 52.795 ] 0.15456 | 42.9593 | 0.111404 | 4.7737 | 0.13409 | 4.7737 | 0.5849 | 0.2437
0.69580 | 322.612 | 51.682 | 0.21555 | 44.6547 | 0.164005 | 7.3218 | 0.01237 | 7.3218 | 0.6572 | 0.3097
0.76260 | 299.582 | 48.000 | 0.28040 | 42.9920 | 0.221997 | 9.5443 | 9.3x10* | 9.5443 | 0.7090 | 0.3677
0.82420 | 276.607 | 44.312 ] 0.33997 | 40.5215 | 0.276400 | 11.200 | 8.6x10° | 11.200 | 0.7434 | 0.4124
0.92880 | 271.488 | 43.492 | 0.44408 | 40.6573 | 0.373325 ] 15.185 | 1.5x10° | 15.185 | 0.7862 | 0.4781
1.01470 | 248.095 | 39.744 | 0.52765 | 37.5946 | 0.452231 | 17.001 | 5.4x10® | 17.001 | 0.8107 | 0.5200
1.12620 | 226.962 | 36.359 | 0.63685 | 34.7443 | 0.556336 | 19.329 | 7.3x10"° | 19.329 | 0.8347 | 0.5654
1.25880 | 194.826 | 31.210 ] 0.76550 | 30.0668 | 0.680008 | 20.445 | 4.3x10'2 | 20.445 | 0.8557 | 0.6081
1.37770 | 178.118 | 28.530 | 0.88158 | 27.6289 | 0.792755 | 21.902 | 4.3x10™ | 21.902 | 0.8708 | 0.6398
1.50300 | 151.650 | 24.294 | 1.00323 | 23.6231 | 0.910420 | 21.507 | 3.1x10"¢ | 21.507 | 0.8824 | 0.6674
1.65330 | 123.549 | 19.792 | 1.14823 | 193177 | 1.051793 | 20318 | 1.0x10"* | 20.318 | 0.8940 | 0.6945
1.74600 | 107.469 | 17.216 | 1.23732 | 16.8344 | 1.138879 | 19.172 ] 2.8x102° | 19.172 | 0.9000 | 0.7086
1.81000 | 97.3042 | 15.588 | 1.29875 | 15.2589 | 1.199008 | 18.295 | 2.4x10' | 18.295 | 0.9037 | 0.7175
1.86460 | 89.0561 | 14.266 | 1.35106 | 13.0776 | 1.250258 | 17.475 | 2.9x102 | 17.475 | 0.9066 | 0.7245
1.98400 | 73.1292 | 11.715 | 1.46537 | 11.4971 | 1.362387 | 15.663 | 2.8x10** | 15.663 | 0.9124 | 0.7385
2.19470 | 50.2980 | 8.0577 | 1.66639 | 7.92632 | 1.559970 | 12.364 | 8.2x10% | 12.364 | 0.9208 | 0.7592
2.40700 | 33.0421 | 5.2933 | 1.86783 | 5.21663 | 1.758358 | 9.1727 | 2.2x103" | 9.1727 | 0.9277 | 0.776
2.66000 | 18.0151 | 2.8860 | 2.10515 | 2.84903 | 1.992489 | 5.6766 | 1.2x10°° | 5.6766 | 0.9343 | 0.7914
291760 | 8.70000 | 1.3937 | 2.34393 | 1.37775 | 2.228410 ] 3.0702 | 5.9x10*° | 3.0702 | 0.9398 | 0.8033
3.22000 | 3.19907 | 0.5125 | 2.62046 | 0.50725 | 2.501982 | 1.2691 | 4.9x10* | 1.2691 | 0.9450 | 0.8138
3.49300 | 1.18871 | 0.9104 | 2.86786 | 0.18865 | 2.746993 | 0.5182 | 1.2x10% | 0.5182 ] 0.9489 | 0.8210
3.81500 | 0.12681 ]| 0.02031 | 3.13200 | 0.02014 | 3.008800 | 0.0606 | 5.0x10%° | 0.0606 | 0.9524 | 0.821
4.27500 0 0 0 0 0 0 0 0 0 0
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Table (3): Comparison between electrical parameters: (i) approach, celly; =[0.4887 ev up to 3.815
ev], cellg; =[0.4887 ev, 0.5838 ev, and 0.9288 ev], crr;=cry; = 1 sunand T,,= T,z =300 K (ii)
conventional, T=300 K, cr = 1 sun.

CELLy | CELLy Vina s Vi I L . P P,
(eV) | (eV) (v) (v) (mA) (mA) (mW) (mW)
0.4887 | 0.4887 | 0.0134685 | 0.0134685 | 32.69172 | 32.69172 0.44030 0.4403
0.5838 | 0.0697335 | 0.0712420 | 40.58552 | 41.67855 2.83017 2.9692
0.9288 | 0.3754015 | 0.3733255 | 40.68988 | 40.67531 15.2750 15.185
1.2588 | 0.6833470 | 0.6800082 | 30.07220 | 30.06681 20.5497 20.445
1.5030 | 0.9166543 0.9104275 | 23.62757 | 23.62313 21.6583 21.507
1.8100 1.2032799 1.1990085 15.26010 | 15.25896 18.3621 18.295
2.1947 1.5645860 1.5599700 | 7.926710 | 7.926329 12.4020 12.364
2.6600 | 1.9973780 [ 1.9924891 | 2.849120 | 2.849030 | 5.69077 | 5.6766
3.2200 | 2.5070937 | 2.5019826 | 0.506773 | 0.507258 1.27052 1.2691
3.4930 | 2.7521861 2.7469930 | 0.188657 | 0.188654 0.51922 0.5182
3.8150 | 3.0140668 | 3.0088006 | 0.020142 | 0.020142 0.06071 0.0606
0.5838 | 0.4887 | 0.0149769 | 0.0134685 | 35.01015 | 32.69172 0.52434 0.4403
0.5838 | 0.0712420 | 0.0712420 | 41.67855 | 41.67855 2.96926 2.9692
0.9288 | 0.3770871 0.3733255 | 40.70161 | 40.67531 15.3480 15.185
1.2588 | 0.6848560 | 0.6800082 | 30.07461 | 30.06681 20.5967 20.445
1.5030 | 0.9181628 | 0.9104275 | 23.62863 | 23.62313 21.6949 21.507
1.8100 1.2047883 1.1990085 15.26050 | 15.25896 18.3856 18.295
2.6600 1.9987077 1.9924891 | 2.849144 | 2.849030 5.69460 5.6766
3.2200 | 2.5028224 | 2.5019826 | 0.506765 | 0.507258 1.26834 1.2691
3.4930 | 2.7536948 | 2.7469930 | 0.188658 | 0.188654 0.51950 0.5182
3.8150 | 3.0155756 | 3.0088006 | 0.020142 | 0.020142 0.06074 0.0606
0.9288 | 0.4887 | 0.0113924 | 0.0134685 | 29.19378 | 37.11609 | 0.332587 | 0.4403
0.5838 | 0.0676574 | 0.071242 | 40.25145 | 41.67855 | 2.723311 | 2.9692
0.9288 0.3733255 | 0.3733255 | 40.67531 | 40.67531 15.18513 | 15.185
1.2588 0.6812715 | 0.6800082 | 30.06886 | 30.06681 | 20.48505 | 20.445
1.5030 | 0.9145782 | 0.9104275 | 23.62609 | 23.62313 | 21.60791 | 21.507
1.8100 1.2012038 1.1990085 15.25955 | 15.25896 | 18.32983 | 18.295
2.1947 1.5625099 1.5599700 | 7.926539 | 7.926395 | 12.38529 | 12.364
2.6600 1.9953023 1.9924891 | 2.849082 | 2.849030 | 5.684780 | 5.6766
3.2200 | 2.5050194 | 2.5019826 | 0.507264 | 0.507258 | 1.270707 | 1.2691
3.4930 | 2.7501103 | 2.7469930 | 0.188656 | 0.188654 | 0.518825 | 0.5182
3.8150 | 3.0119910 | 3.0088006 | 0.020142 | 0.020142 | 0.060668 | 0.0606
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Table (4): Comparison between electrical parameters: (i) approach, celly; =[0.6342 ev up to 3.815
ev ], cellg; = 0.4887 ev, cr,=crg =1 sun, and T, =400 K, Tr =300 K, (ii) conventional,

T=400K, cr =1 sun.

CELLy | CELLy Vi s Vi L L, P P,
(eV) | (eV) ) ) (mA) (mA) (mW) (mW)
04887 | 0.6342 | 0.0131122 | 0.01144 [ 31.55653 | 28.5345 | 0.413777 | 0.32643
0.6958 | 0.0347612 | 0.03675 | 31.13652 | 31.9988 | 1.082344 | 1.17595
0.9288 | 0.2144199 | 021445 | 37.47725 | 37.4779 | 8.035870 | 8.03715
1.2588 | 0.5089647 | 0.50632 | 29.22966 [ 29.2200 | 14.79491 | 14.8768
1.5030 | 0.7336397 | 0.73002 | 23.20338 | 23.1982 | 17.02292 | 16.9351
1.8100 | 1.0153607 | 1.01100 | 15.07690 | 15.0738 | 15.30758 | 15.2396
2.1947 | 1.3679386 | 136305 | 7.859577 | 7.85888 | 10.75141 | 10.7120
2.6600 | 1.7892424 | 1.78400 | 2.831431 | 2.83127 | 5.066118 | 5.05099
32200 | 2.2817590 | 2.27630 | 0.504870 | 0.50485 | 1.151992 | 1.14919
3.8150 | 2.7592394 | 2.75370 | 0.020064 | 0.02006 | 0.055363 | 0.05525

Table (5): Comparison between electrical parameters: (i) approach, celly; = [0.4887 ev, 0.5838 ev,
1.81 ev, and 3.22 ev], cellg; = [0.4887 ev, 0.5838 ev, and 3.22 ev], cr, = 100 suns, crg =1 sun, and
T i =Tz =300 K. (ii) conventional, T = 300 K, cr = 100 suns.

CELLg, | CELLy, | Vi, (V) | Vi (V) L In P P.,
(ev) (ev) (mA ) (mA ) (mW ) (mW)
0.4887 0.4887 | 0.090465 0.09160 4553.26 | 4565.832 | 411.913 418.2302

0.5838 0.171720 0.17153 4754.26 | 4753.572 | 816.405 | 815.38034
1.8100 1.320120 1.31575 1528.85 | 1528.759 | 2018.27 | 2011.4652
3.2200 2.600000 2.61990 50.7501 | 50.74917 | 131.950 | 132.95774
0.5838 0.4887 0.091974 0.09160 4569.92 | 4565.832 | 420.314 | 418.23020
0.5838 0.173228 0.17153 4759.68 | 4753.572 | 824.514 | 815.38034
1.8100 1.321631 1.31573 1528.86 | 1528.758 | 2020.60 | 2011.4340
3.2200 2.626533 2.61987 507.504 | 507.4916 | 1332.97 | 1329.5626
3.22 0.4887 0.085354 0.09160 4493.45 4565.83 383.536 418.2302
0.5838 0.166609 0.17152 4734.44 4752.78 788.803 815.1963
1.8100 1.315009 1.31572 1528.74 1528.75 2010.31 2011.418
3.2200 2.619910 2.61987 50.7491 50.7491 132.958 132.9562
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Table (6 ): Comparison between electrical parameters regarding (i) approach (ii) conventional way,
for several randomly selected pv cells, temperature, and irradiance concentration ratio.

CELLy
(ev)

CELLy
(ev)

Vina» (V)

Vl’ﬂ’(v)

Im,u
(mA)

Im
mA)

(

Pm,u
(mW)

Pl’ll
(mW)

0.4887
ev
T=300 K
cr=100
suns

0.4887ev
T=400K
cr=1suns

0.0183117

0.0165

3475.8229

3243.230

63.64824

53.51331

0.5838 ev
T=300K
cr=200
suns

0.1889838

0.18744

9622.73797

9613.209

1818.542

1801.899

1.81 ev
T=400K
cr=300
suns

1.2081066

1.2018

4546.620

4545.964

5492.809

5463.34

322 ev
T=500K
cr=1 sun

2.0404550

2.0535

0.50190051

0.5019664

1.024105

1.030788

1.81 ev
T=400 K
cr=300
suns

0.5838ev
T=300K
cr=200
suns

0.1841802

0.18744

9592.62918

9613.2555

1766.772

1802.004

1.81 ev
T=300K
cr=1 sun

1.1996103

1.1990085

15.2591248

15.258963

18.30500

18.29562

2.66 ev
T=400K
cr=300
suns

1.9777630

1.9772

850.963258

850.95910

1683.003

1682.516

322 ev
T=500K
cr=500
suns

2.3174319

2.3161

251.572112

251.56947

583.0012

582.6600

3.815¢ev

T=300 K
cr=
sun

0.5838ev
T=300K
cr=200
suns

0.1825832

0.18744

3.55909235

3.570568

0.649830

0.669267

1.81 ev
T=300K

cr=1 sun

1.1980133

1.199

15.2586957

15.258961

18.28012

18.29550

3.22¢ev
T=500K
cr =500
suns

2.3147418

2.3161

251.56677

251.56947

582.3121

582.6605

2.66 ev
T=400 K
cr =300
suns

1.9758889

1.9772

850.9494

850.959

1681.381

1682.516
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Table (7 ): Comparison between electrical parameters (i) approach, for five cells used as
a reference cells at T,,; = T,z; = 300 K and cry; = crg; = 1 sun, (ii) conventional.

CELLg, ev CELLy.ev | VauoV | VooV | Lu.mA | L, mA | Po, mW | P, mW
[ 0.9288, 1.503, 1.81, 04887 | 0.01856 | 0.01346 | 39.8965 | 32.6917 | 0.74082 | 0.4403
2.1947,3.815 ]

[ 0.4887, 1.503, 0.9288 | 0.38257 | 0.37332 | 40.7391 | 40.6753 | 15.5858 | 15.185
1.81,2.1947 ,3.815 ]

[ 0.4887,0.9288, 1.81, 1.503 0.92323 [ 0.91042 | 23.6321 | 23.6231 | 21.8179 | 21.507
2.1947 ,3.815 ]

[ 0.4887,0.9288, 1.503 1.81 121265 | 1.19900 | 15.2625 | 15.2589 | 18.5081 | 18.295
,2.1947 ,3.815 ]

[ 0.4887,0.9288, 1.503 | 2.1947 | 1.57430 | 1.55997 | 7.927510 | 7.92632 | 12.4803 | 12.364
, 1.81, 3.815 ]

[ 0.4887,0.9288, 1.503 3815 3.02443 | 3.00880 | 0.02014 | 0.02014 | 0.06092 | 0.0606
,1.81,2.1947 ]

Table (8): Variations of electrical parameter constants, Ky and Kg, of several pv cells band gap
energy at T =300 K and cr = 1 sun.

A system of pv cells, (ev ) Ky Kr
0.4887 1.319738831 0.757725677
0.9288 1584991.487 6.30918x 107
1.5030 1.7855 x 10" 5.6004 x 107
1.8100 1.2771 x 10%° 7.8300 x 10!
2.1947 1.4970 x 10* 6.6796 x 107
3.8150 3.3325 x 10 3.0007 x 107"

Table (9): Calculated temperature concerning a pair of different wide band gap pv cells such that
their maximum voltage equal.

[ CELLy, CELLg | Vi (V) VR > (V) Tr , (K) Tu(K), Approx. | Tu( K), checked
(ev) equation exact equation
[ 2.1947,1.81 ] 1.1990085 | 1.1990085 300 488.88969 484.969
[ 0.7626,0.5838 ] | 0.0712420 | 0.0712420 300 404.65157 407.01
[ 1.8646, 1.1262 ] | 0.5563366 | 0.5563366 300 688.72400 683.5
[ 3.220, 2.660 ] 1.9924891 | 1.9924891 300 578.64713 575.12
[ 0.53448,0.4887 1 | 0.0134685 | 0.0134685 300 328.88960 330.0615

Table ( 10 ): Calculations of Vo, Iscu, [Npno(E)dE with only known parameter is the band gap
E,,, at T,=Tg, cr,=cry, using eq.( 59 ).

CELLy, (ev) Voca, (V) Iscu, ( MA) I Nphw X107, (em™s™)
CELLg, (ev)
1.7780 1.2688 16.907 105.53
1.7460
2.5335 1.9799 3.0304 18.916
2.6600
3.6540 2.9721 0.0212 0.1323
3.8150
0.7934 0.3101 46.032 287.34
0.8242
1.5781 1.0771 23.138 144.43
1.5030
09717 0.4858 41.501 259.05
1.0147
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Figure ( 1): Calculations of electrical parameters of pv cell according to their priority,
starting from the input sunlight power ( P;, ) and ending to the conversion efficiency (1)

A system of M- pv A system of N- pv
reference cells ( cellg; ) unknown cells ( celly;)
CELLg, CELLy;
CELLg, < CELLy,
CELLg = CELLys
CELLpy [ CELLyy

Figure ( 2 ): The approach general pv cells net- structure of both groups ( N-celly; and M
CellRi )
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Figure ( 3 ): Comparison between maximum power variation for several pv cells (i)
approach, T ; = T g, =300 K, cr, = crg =1 sun, cr, = 1 suns, (ii) conventional, T =300 K, cr
=1 sun.
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Figure ( 4): Celly; and Cellg; net- structure,
T,ui = T,ri =300 K, cr, = crg =1 sun.
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Figure ( 6 ): Comparison between maximum power variation for several pv cells (i)

Unknown cells

Figure (5): Celly; and Cellg; net-structur,
T,i=400 K, T,3; =300 K, cr, =crg =1 sun

approach, cellg; = 0.4887 ev, T, =400 K, T =300 K, cr, = crgr =1 sun, ( ii ) conventional,

T=400 K, cr =1 sun.
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Figure ( 7 ): Celly; and Cellg; net- structure,

cr, =100 suns, crg =1 sun,

Tsui = TsRi =300 K.

0.4887 ev, crg =100
suns, T =300 K

0.5838 ev, cry =200
suns, Ty =300 K

1.81 ev, crg=300
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1.81 ev, cry =300
suns, Ty =400 K
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Ty =500K

Figure ( 8 ): Celly; and Cellg; net-structure

for different cr and T.
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Figure (9): Celly; and Cellg; net-structure for
several ( five) pv cellg; , T=300 K, cr=1 sun.

Univ. Aden J. Nat. and Appl. Sc. Vol. 20 No.1 — April 2016

143



A new theoretical formulation of electrical parameters .................. Ahmed Saeed AL-Noban

4 a=t=\/m,R
3 - e \/M, U
wmm KT/q In{ Ku KR }
= 2
¥
2
£ 1
g
; 0 - T 1
b 1 2 ~ 5
g -1 )
n /
=]
E _2 P 4 /
> o R
> 2
3 -
-4
Pv cell band gap energy, ev

Figure ( 10 ): Variations of V,,, with kT/q In{ Ky Kg } for several pv cells when cellg = 3.815
ev, Vi,g =3.0088 v, at T,y = T,g = 300 K, cry = crg =1 sun.
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Figure ( 11 ): Comparison between the approach and conventional maximum current
calculations for several celly; at T,;= 300 K, 400 K and cr, = crg =1 sun, where for all cases
the reference cell used is, cellg = 0.4887 ev at T x =300 K, and crg =1 sun.
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Figure (12 ): Comparison between the approach and conventional maximum voltage

calculations for several celly; at T,;;= 300 K, 400 K and cr, =1 sun, 100 suns, where for all
cases the reference cell used is, cellg = 0.4887 ev at T g = 300 K, and crg =1 sun.
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Figure ( 13 ): The variations of maximum voltages for several pv cells under different T and
cr using cells ( 0.4887 ev, 1.81 ev, and 3.815 ev ) each as a reference cell for each case.
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Figure ( 14 ): Comparison between maximum voltages of conventional method, and approach
method for several pv cells both at T =300 K, cr =1 sun (i) cellg = 0.4887 ev,
(ii) cellg = 0.5838 ev, (iii) cellg =0. 9288 ev, and (iv) cellg = 3.815 ev.
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Figure ( 15 ): Comparison between maximum power of conventional method and approach
method for several pv cells both at T =300 K, cr =1 sun (i) cellg = 0.4887 ev,
(ii) celly = 0.5838 ev, (iii) celly =0. 9288 ev, and (iv ) cellr = 3.815 ev.

CONCLUSIONS

1- From Table (2) that concerned with the conventional calculations of electrical parameters,
at fixed temperature and sunlight irradiance, it is concluded that: the wider are the band gap
( E, ) of the utilized pv cells the smaller are their electrical parameters I, and Isc, and the
larger are their electrical parameters; Voc , FF, V.F , V., , and I, because of their larger
related ratios (QV,, /kT) /{(1 + (qV /kT) } and { (Isc / Iy) + 1}. Both the maximum power
(P.) and the conversion efficiency ( 1 ) increase starting from the narrowest band gap pv
cell until the largest maximum power point (I,,V,,) referred to the highest efficient pv cell
is reached beyond which P,, and n drop. Regarding this approach analysis and
formulations, electrical parameters obtained show a satisfied matched results as compared
to the way these electrical parameters are conventionally calculated given in Table (2).
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Very narrower pv cells, those, in fact, are theoretically only exist such as the pv cell of
referred band gap 0.4887 ev, show a deviation only at high temperatures. This is because
the temperature dependent electrical parameter ““ I ““ increases with temperature increase
making the two ratios, (qQVi, /kT) /{(1 + (qVn /kT)} and {(Isc/Ip) + 1}, meant by calculation
of both Vg, Vi, and 1, , being a smaller ratios. Wider band gap pv cells have (qV,/kT) >>
1 and, as a result, both their electrical output parameters are less affected by temperature
increase.

2- A simple program, regardless of any of the interpolation techniques, can easily be designed
for the computation of all electrical parameters under any irradiance and temperature
variation conditions by only inputting the electrical parameter constants K,; and Kg;.

3- Regarding eq.(65) as a very important equation, determining the required increment in
temperature regarding certain wide band gap energy pv cell so that its voltage falls down to
equal certain maximum voltage referred to certain slightly smaller band gap energy pv
solar cell. This in fact may comes to be an important issue in future when different types
and different area pv cells have to be connected either in series or parallel or mixed
connection (serial-parallel connection). Many pairs of suitable photovoltaic cells may look
for in order to support this issue.

4- By inverse way, calculating the open circuit voltage first before calculating the light-
generated current is possible regarding this approach by only substituting Ey, for V¢, as
given by the approximate equation (eq. 59) and, as a result, the photon flux is easily then
obtained by substituting into eq.(3). This is achieved by knowing no other parameter than
the band gap of the considered pv cell referred to the known electrical parameter Vocr and
E,r of pv cellg as given by eqs.(58 and 59). A new band gap pv cells not covered by Table
(2) can be added, as given in Table (10).

5-  As wider is E,, as larger is its K. {[K, ][ Kr] } # 1 at different T and different cr when

same pv cell plays, at the same time, both as celly as well as cellg. Under identical thermal
and optical conditions, utilizing the same pv cell to acts as celly and cellg yields into:
[K, J[Kg] = 1, and therefore; kT/q In {[K, ][ K.]} = 0. On the other, hand for different
thermal and optical conditions, this case can be stated as: [K, ][ Kr] # 1, and therefore,
kT/q In {[K, ][Kg]} # 0. K, # K means, either (i) the pv cell pair used (celly, celly) is
non- identical type pv cell pair regardless of any irradiance or thermal conditions, or (ii) the
pv cell pair used (celly, cellg) is an identical type pv cell pair, but each of its pv cells are
operating under different irradiance and thermal condition from the other.

6- This work idea can be generalized to any solar spectrum radiation other than the utilized
one (AML.5).
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