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Abstract

In this work, improving the conversion efficiency (77,) related to non-

separately operated cells multi-cell system is the responsibility of the way by
which the system cells are electrically arranged. Optically, cells are arranged
similar to the well-known multi-cell system arrangement. Electrically, cells
are connected into several parallel branches, each branch consists of several
series connected cells. Branch cells are chosen to as much as possible
satisfy: first, equality of all currents generated in a branch; second, Equality
of all parallel branch voltages. A relative comparison of the values of nn (
multi-cell system with non-separately operated cells ) with those of the
optimal one, 1, ( multi-cell system with separately operated cells ) reveals the
interest that may grow in the use of only single load and single controller.
Theoretical calculations under air mass zero (AMO0) solar spectrum and
concentration ratio (X) of 10° result in an efficiency (77,,) of up to 52.52%,
44.88% at 300K, 400K, respectively.
Keywords: Solar cells, multi - cell system.
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1. INTRODUCTION

The maximum theoretical conversion efficiency of a single-junction solar cell is limited
by the trade-off between increased voltage and lower current as the band gap is
increased [Chenming, Richard, 1983 and Geoffrey, 1988]. As a solution to low
conversion efficiency, multi-cell systems (cascade or spectrum-splitting) show a higher
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efficiency but at the expense of the number of cells used [Gokcen and Lofersky, 1979].
Spectrum-splitting has a slightly higher theoretical conversion efficiency as compared
to cascaded-cells because the requirement of an equal current is not imposed on the cells
when operated separately [Mitchel, 1987] . Monolithic cascade has a reduced current
and large voltage since cells are non-separately operated and internally connected in
series [Salah, Sunil, 1980 and Sze, 1981].

The main reason that makes separately operated cells multi-cell system more efficient
than the non-separately operated multi-cell system is that the problem of minimum
current and minimum voltage does not exist, but this is at the expense of some extra
system requirement such as: more than one controller, inverter, and load.

Regarding all these problems, this paper introduces the solution when it offers an
electrical way of connection (current / voltage branching method) that makes possible

obtaining a conversion efficiency (7, ) that reasonably approaches in its value that of
the conversion efficiency (7 ) obtained from the familiar multi-cell system in which the
system cells are separately operated.

2. DESIGN ANALYSIS

Consider an eight cells (non- separately operated) multi-cell system shown in Fig. (1),
in which the system cells are represented by their band gaps (Eg: through Egg).
Optically, cells are arranged as familiar in a sequence of Eg1>Eg>...... >Egs.
Electrically, narrowest and widest band gap solar cells may be serially connected and
thus forming a branch independent of their optical arrangement.

Cells those generating an equal currents are included in each of these three branches:
(Eg1, Egs), (Eg2, Egs), and (Egs, Egs, Eg7, Egs).

2.1 Branch Current Equations
In multi-cell system, the short circuit current is given by [Wolf 1960] .

lsc (E, Eg) = lsc (Eq) — Isc (E) 1)
Cell current generated in each branch when each branch cell is separately operated is:
Branch (A)

lia = lsc (0, Ega) = Isc (Eg2) 2

Isa = Isc (Eg4, Eg5) = lsc (Eg5) — lsc (Eg4) (3)
Branch (B)

28 = lIsc (Eq1, Eg2) = Isc (Eg2) — Isc (Eg1) 4)

lag= lsc (Eg3, Ega) = lsc (Ega) — Isc (Ega) ®)
Branch (C)

Isc = lsc (Eg2 ,Egs) = Isc (Eg3) — Isc (Eg2) (6)

lec = lsc (Eg5, Eg6) = lsc (Egs) — lsc (EgS) (7)

l7c = lsc (Egﬁa Eg7) =1 (E97) —lsc (EQG) (8)

lsc = Isc (Eg7, Egs) = lsc (Egs) — Isc (Eg7) 9)

Where the current subscripts in eqns (2) - (9) represent cell number, and branch,
respectively.
Current equality condition is satisfied when currents generated by cells of certain branch
are equal to each other, that is:

l1a = lsa, l2 = 12, and lsc = lec = l7¢ = lac (10)
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Shockley equation for each current in eqns. (2 to 9) is given by the form:

(V)

where 1, is the reverse saturation current given by:

l, =6.03x10% ='" (12)
The maximum current is given by:
qVv,, /KT
=——(I.(E,EQ) + | 13
w =17 v 1) = EED + o) (13)
2.2 Branch Voltage Equations
Voltage across branches (A, B and C) are given by

IV, =V, +V,, 2Vy=V,+V,and 2V, =V,+V,+V, +V, (14)
and the maximum voltage is given by:

I..(EE
eqvm/kT(1+ qvm)= SC( 9)+1 (15)
KT I,
2.3 Maximum Power and Conversion Efficiency Equations
Since branch cells are connected in series, the maximum voltage (Vm) related to
eqgn. (14) are given by:
KT Nl + 1 —1
>V, =—In || ((=—2—) (16)
q i=1 Io
where n is the number of branch cells connected in series .
The maximum current generated from all parallel branches is given by :

2Im=ImA+ImB+ImC @an
and the maximum power is:
Pm = (2ZVm)(X Im) (18)

Thus the conversion efficiency (7, ) is given by:
_ (XVm)(2 Im) _ 2VmA)(ImA) + (2VmB)(ImB) + (22Vmc)(Imc)

" (Pin)(X) (Pin)(X)
_ VmL+Vm5)(ImA) + (Vm2 +Vm4)(ImB) + (Vm3+Vm6 +Vm7 +Vm8)(Imc) (19)
(Pin)(X)
According to voltage equality equation, that is:
2Voa =2Vig =2V, =22VM (20)
Egn. (19) can be written as:
" :(ZVm)(ImA+ImB+Imc) 1)

(Pin)(X)
where Pin is the input solar power.

3. RESULTS AND DISCUSSIONS

In this work, calculations are carried out under AMO solar insulation at concentration
ratios of 1, 10%, and 10° and temperatures of 300K and 400K, for up to an eight-cell
non-separately operated cells multi-cell system.

The variation of efficiency with the number of cells at T=300K, 400K are shown in
Figs. (2 and 3).



14 Ahmed Saeed AL-Noban /Yemen Engineer, Vol. 7 (2007)

Table (1), shows the variations of the conversion efficiency (7, ), branch current, and

branch voltage with the number of cells (N) at temperature of 300K.

Cell sets selected may not be identical to those cells [Wolf, 1960] optimized to the
maximum power in separately operated cells multi-cell system. Consider the three cells
multi-cell system illustrated in Table (1), (2.4 eV, 1.6 eV, 1.1 eV) at X=10 .There are
two branches (A and B); Branch (A) consists of a single cell of 2.4 eV while Branch (B)
consists of two series-connected cells (1.6 eV and 1.1 eV). Both branches are then
connected in parallel . Branch currents and voltages are obtained by using data [Wolf,
1960] related to AMO. Maximum branch voltages >V, ,, 2V, gare 1.77V, 1.52V

respectively and maximum branch currents Ima, Img are 11.24 mA, 19.60 mA,
respectively, since the smallest maximum branch voltages and currents are the

predominant . Conversion efficiency (7, ) of 34.62% is obtained. When cells in this set
(2.4 eV, 1.6 eV, 1.1 eV) are separately operated cells then three separate loads and
controllers are required that leads into an economic problem to be arises regardless what
maximum is efficiency is obtainable, (7, ), 37.42%. The variation of efficiency (7, ),
branch currents, and branch voltages at temperature of 400K with the number of cells
(N) is shown in Table (2).

Both Tables (1 and 2) show an increase in 7, with increasing N and X.

Tables (3) and (4) show a comparison between the value of () and (7,) at N=3 and

X of 102 and 10° at 300K, 400K, respectively. A ratio (”—"Jme% of about 95% and
n

93% are obtained at 300K, 400K, respectively. From tables (3) and (4) it is also obvious
how could the efficiency related to separately operated cells multi-cell system be
decreased when cells are directly connected in series.

Cell sets used by this work should not be far in their band gaps from those cells
optimized to the maximum power [Wolf, 1960], but at the same time calculations
should move around the point that ensures maximum current to flow through a branch.
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Table (1): Variation of conversion efficiency with the number of cells at T=300K
Number
ofcalls | x Branch (A) Branch (B) cells Branch (C) 2 2 Vi -
) cells (eV) (eV) cells (eV) (mA) (V)
3 1 24 16,11 - 30.84 1.519 34.62
5 1 2.6 21,12 17,14 27.57 1.876 38.23
6 1 2.6 21,12 17,1409 27.57 1.967 40.08
7 1 26,15,13 21,18,11,09 - 15.83 3.455 40.4
8 1 26,15,13 21,18,11,09,0..7 - 15.829 3.5405 41.42
3 102 24 16,1 - 3090.26 1.7518 40.01
5 102 2.6 21,12 17,14 2763.528 2.081 42.50
6 102 26,21 1.8,15,1.3,1.1 - 1606.68 3.669 43.57
7 102 26,13 21,1.1,09 18,15 2649.61 2.301 45.06
8 10? 26,13 21,15 1.8,11,09,27 | 2618.26 2.5805 49.93
3 103 24 16,1 17,14 30929.13 | 1.8673 | 42.690
5 103 2.6 21,12 - 2760.88 2.14 43.67
6 103 24,25 21,17,14,12 18,15 13700.28 4.451 45.07
7 102 2.6,1.3 21,11,0.9 18,15 26536.44 | 2.4177 | 47.428
8 102 2.6,1.3 21,15 1.8,15,0.9,0.7 26242 2.708 52.52
Table (2) : Variation of conversion efficiency with the number of cells at T=400K.

Number Branch (A) Branch (B) cells Branch (C) )3 In

of cells X cells (eV) (eV) cells (eV) (MA) z Vin(V) T (%)
5 1 2.6 21,13 18,15 2541 1.687 31.606
6 1 2.6 21,13 18,1511 24.67 1.76 322
7 1 26,13,11,09 21,18,15 - 16.3246 2.732 32.963
8 1 2.6,0.9 21,15 1.8,1.3,1.1,0.8 24.39 1.857 33.475
5 102 2.6 21,13 18,15 2562.575 | 1.9155 36.28
6 10? 26,13,11 21,18,15 - 1667.775 3.0365 37.43
7 10? | 2.6,1.3,1.1,0.9 21,18,15 - 1647.075 3.324 39.13
8 10? 2.9,25,09 2,17,14,121 - 1328 4.0677 39.925
5 103 2.6 21,12 17,14 27356.71 1.9566 39.561
6 108 | 26,1311 21,18,15 - 16518.21 3.265 39.86
7 10° | 2.6,1.3,1.1,0.9 21,18,15 - 16518.21 3.6251 44.25
8 10| 29,25,09 2,17,14,1 - 13506.524 | 4.4465 44.387
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Table (3):comparison between separately, non-separately
(Series- connected) ,and the approach efficiencies N=3,T=300K .
Series -

connected non-

Separately-operated cells The Approach
separately

operated cells

Cell set Cell branches 1, (%)

X n (%) X n (%) X
(eV) AEV) |B(eV)

102 4252 |23,1509| 10° 31.18 102 2.4 16,1 40.01

10° 4537 |22,1.4,08| 103 32.85 108 2.4 1.61 | 42.685

Table (4): comparison between separately , non-separately
(series-connected), and the approach efficiencies at N= 3 , T=400K

Series -

connected non-

separately
Separately-operated cells
) operated cells The Approach
multi-cell system )
multi-cell

system 2.3 eV
,1.6eV, 1leV

Cell set Cell branches 7,

X n (%) X n (%) | X
(eV) A(eV) | B(eV) (%)

102 35.86 | 2.3,1.61 102 28.59 102 2.3 17,13 | 332

103 39.14 | 23,161 103 30.79 103 2.4 17,12 | 36.2
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Fig. (1): Eight cells multi - cell system connection.

17



18

Ahmed Saeed AL-Noban /Yemen Engineer, Vol. 7 (2007)

M (%)

60

50 A

40 A

30

20

10 A

X =103

X =102
':/’/,__,,_/oXﬂ

3 4 5 6 7 8

Number of cells (N)

Fig. (2):Variation of efficiency (nn) with the number of cells (N) at T=300K
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Fig. (3):Variation of efficiency (nn) with the number of cells (N) at T=400K
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4. CONCLUSIONS
From this work it is concluded that:

1-

Improving the conversion efficiency (7, ) depends on how far is the minimum

current from the maximum current in a branch, and also on how far is the
minimum voltage from the maximum voltage across branches, since minimum
currents and voltages are the predominant parameters.

Separately operated cells multi-cell system when applied to this design may
show a lower conversion efficiencies unless their band gaps are tuned following
this design rules.

This design provides an efficiency comparable with the optimal one obtained
from separately operated cells-multi-cell system, for the same number of cells,
with only single load and controller .

This design is more suitable for monolithic cascaded cells where it introduces a
reasonable solution to the minimum current problem. Also, it provides flexibility
of choosing the system cells so that the lattice matching problem between semi-
conducting materials may be solved.
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