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In this paper, based on the equivalent single diode circuit model of the solar cell, an equivalent circuit diagram for
two serial solar cells is drawn. Its equations of current and voltage are derived from Kirchhoff’s current and voltage
law. First, parameters are obtained from the I–V (current–voltage) curves for typical monocrystalline silicon solar cells
(125 mm×125 mm). Then, by regarding photo-generated current, shunt resistance, serial resistance of the first solar cell,
and resistance load as the variables. The properties of shunt currents (Ish1 and Ish2), diode currents (ID1 and ID2), and
load current (IL) for the whole two serial solar cells are numerically analyzed in these four cases for the first time, and
the corresponding physical explanations are made. We find that these parameters have different influences on the internal
currents of solar cells. Our results will provide a reference for developing higher efficiency solar cell module and contribute
to the better understanding of the reason of efficiency loss of solar cell module.
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1. Introduction
With the continuous development of society and indus-

try, demands for energy grow dramatically. However, as fos-
sil energies (petroleum, coal, natural gas) are limited, stable
and renewable energy sources are of great interest for hu-
man beings. Among those renewable energies, solar photo-
voltaic (PV) power is promising and various solar cell mate-
rials are being widely investigated.[1–9] However, the cost of
PV devices will be higher for individual and mass applica-
tions if there is no government subsidy. Improving solar cell
efficiency is one of ways to reduce the solar PV power cost.
Hence, a detailed understanding of the PV device physics is
necessary. A conventional silicon solar cell can be well de-
scribed with a one-diode model or two-diode model. As far
as the electrical research on solar cell is concerned, solar cell
external current and output voltage have gained more atten-
tion than the internal current solar cells in series. Because the
output voltage of one solar cell is usually lower than 0.8 V,
the way of connecting several solar cells in series is gener-
ally adopted to increase the output voltage to meet the require-
ments of practical application. Consequently, it is important to
investigate the current characteristics of serial solar cells in or-
der to understand the working mechanism of a solar cell mod-
ule and to increase its efficiency. Regarding photo-generated
current, shunt resistance, serial resistance of the first solar cell,

and resistance load as the variable quantities respectively, the
properties of shunting currents (Ish1 and Ish2), diode currents
(ID1 and ID2), and load current (IL) for the two serial solar
cells are analyzed with the relevant draws in these four cases
for the first time in this paper. We find that these parameters
exert different influences on the internal currents of solar cells.
Our results will provide a reference for developing higher ef-
ficiency solar cell module and contribute to the better under-
standing of the internal reasons of efficiency loss of solar cell
module.

This paper aims to extract the parameters of a typical
silicon solar cell. First of all, the physical research model
of solar cell is presented and the equations of current and
voltage are derived from Kirchhoff’s current and voltage
law. Then, according to the measurement parameters of the
current–voltage for the typical monocrystalline silicon solar
cell (125 mm×125 mm), by using the numerical solution, re-
garding photo-generated current, shunt resistance, serial resis-
tance of the first solar cell, and resistance load as the variable
quantities respectively, the properties of shunting currents (Ish1

and Ish2), diode currents (ID1 and ID2), and loading current
(IL) for the two serial solar cells are analyzed with the relevant
drawings in these four cases and the corresponding physical
explanations are made. The conclusion of this paper are given
at the end.
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2. Physical research model of solar cell
Photovoltaic energy conversion results from the product

of electrical energy in the form of current and voltage from
electromagnetic (i.e., light, including infrared, visible, and ul-
traviolet emission) energy. The successive four steps for this
conversion are as follows: (i) a light absorption process which
causes a transition of the absorber from a ground state to an ex-
cited one; (ii) the conversion of the excited state into (at least)
a free negative and positive-charge carrier pair; (iii) a discrim-
inating transport mechanism, which causes the free negative-
charge carriers to move in the cathode direction and the free
positive charge carriers to move in the opposite anode direc-
tion; and, (iv) a combination of negative charge with an arrived
positive-charge carrier, thereby returning the absorber back to
ground state.[10]

Solar cell operation is based on photovoltaic effect. Its
essence is charge separation, and its driving force originates
from the following four aspects: i) an electric field, which is
the main driving force; ii) effective force fields (which change
with position in affinities and band effective density of states),
such as in a heterojunction solar cell and a dye-sensitized solar
cell; iii) electron and hole diffusion difference (including car-
rier concentration gradient and carrier diffusion coefficient),
such as Dember effect; and, iv) thermal diffusion resulting
from temperature gradient. The driving force of formatting
the built-in electric field is in the p–n junction form. A solar
cell of built-in electric field driving force is actually a large
area diode, which can produce a direct current by sunshine.
According to the actual conditions and need of practical re-
search, physical research models of solar cells have used a sin-
gle diode equivalent circuit model,[11–18] double diode equiva-
lent circuit model,[19–26] and double diode model of avalanche
breakdown effect.[18,26–29] Since the double diode equivalent
circuit model only shunts a diode which essentially produces
dark current on the basis of single diode equivalent circuit
model, the simulation result is more in line with actual mea-
surement. Based on the double diode equivalent circuit model,
the avalanche breakdown effect of double diode model shunts
a reverse breakdown diode, which is equivalent to produce
dark current in normal working condition, except its specific
expression form, in which the breakdown diode is considered
as a load under the condition of the high reverse bias. Conse-
quently, in this paper the single diode equivalent circuit model
is chosen, which is shown in Fig. 1.

According to Fig. 1 the mathematical expression of the
dark current is as follows:

ID = Is

[
expexp

(
qIshRsh

QkT

)
−1
]
, (1)

where q, k, Q, T , and Is are the charge on the electron, namely
1.6022 × 10−19 C, Boltzmann constant, namely 1.3806 ×

10−23 J/K, solar cell absolute temperature, the quality factor,
and saturation current of the diode, respectively. According
to the relevant theory of semiconductors, the diode saturation
current is given by

Is = AqNCNV

[
1

NA

(
Dn

τn

)1/2

+
1

ND

(
Dp

τp

)1/2
]

× exp
(
−

Eg

kT

)
, (2)

where A, NC, NV, NA, ND, Dp, Dn, τn, τp, Eg, q, k, and T denote
the area of p–n junction, effective state density of conduction
band, effective state density of valence band, concentration
of acceptor impurity, concentration of donor impurity, diffu-
sion coefficient of electron, diffusion coefficient of hole, mi-
nority carrier lifetime of electron, minority carrier lifetime of
hole, band gap of semiconductor material, charge on the elec-
tron, namely 1.6022×10−19 C, Boltzmann’s constant, namely
1.3806× 10−23 J/K, and solar cell absolute temperature, re-
spectively.

 

Iph ID

Rs

Rsh RL

ILIsh

Fig. 1. Equivalent circuit model of the solar cell for the single diode,
where Iph is the current intensity of constant current source generated
by the incident light, Ish is the shunting current intensity of shunting re-
sistance, which mainly consists of the cell edge leakage current and the
recombination current of depletion region, RS is the series resistance,
which mainly includes positive metal electrode and semiconductor ma-
terial contact resistance, semiconductor material body resistance, and
electrode resistance, RL is the loading resistance of external circuit, IL
is the current of external circuit, namely loading current, which can be
measured, ID is the dark current in the opposite direction of the photo-
generated current, namely the diode leakage current, owing to the pho-
togenerated electromotive force being p–n junction forward bias.

Since the output voltage of monolithic solar cell is very
low, in application solar cells contain many solar cells in se-
rial, namely solar cell module to meet practical needs. For ex-
ample, nowadays, for manufacturing enterprises of crystalline
silicon solar cells (including monocrystalline and polycrys-
talline silicon), the typical module is 60- or 72-cell solar cells
of monocrystalline silicon or polycrystalline. However, the
sixty or seventy-two solar cells are all in serial, and at present,
the series standard of a single solar cell is that the parame-
ters of the current and conversion efficiency of solar cells are
consistent with each other or they are restricted within a range
of permissible precision. Furthermore, the other parameters,
such as series resistance, shunt resistance, and fill factor of so-
lar cells, are hardly taken into account. Therefore, in research-
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ing solar cell module, the single-solar-cell physical model re-
flects the comprehensive effect of solar cell module displays
significant limitations. At this point, a multi-solar-cell physi-
cal model is appropriate; for example, the physical model of
solar cell serial in this paper. In fact, the characterized param-
eters of solar cells do consist of a large number of factors, such
as open-circuit voltage, maximum peak power voltage, short-
circuit current, maximum peak power current, maximum peak
power, fill factor, series resistance, shunting resistance, effi-
ciency, cell temperature, intensity. The measurement parame-
ters of the current–voltage for typical monocrystalline silicon
solar cell 125 mm×125 mm are shown in Table 1.

However, with solar cells being considered as a constant
current source, the effect of other parameters on the current of
series solar cells should not be neglected, and it is necessary
to analyze systematically and comprehensively the variation
of solar cell series currents that originate from the variation of
parameters of one series of solar cells. Especially, the analy-
sis will play a part in theoretical guidance for the optimization
of solar cell module and help to deeply understand the solar
cell physical model. Then, on account of the equivalent circuit
model of a solar cell single diode, the equivalent solar cell se-
ries circuit, which consists of two solar cells, will be discussed
in detail. As shown in Fig. 2, according to Kirchhoff’s law,
equations can be derived as follows:

ID1 + Ish1 + IL = Iph1, (3)

ID2 + Ish2 + IL = Iph2, (4)

ID1 = IS1

[
exp
(

qIsh1Rsh1

Q1kT1

)
−1
]
, (5)

ID2 = IS2

[
exp
(

qIsh2Rsh2

Q2kT2

)
−1
]
, (6)

IL (RS1 +RS2 +RL)− Ish1Rsh1 − Ish2Rsh2 = 0. (7)
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Fig. 2. Equivalent circuit model of the two solar cells in series.

In these equations, if ID1, ID2, Ish1, Ish2, and IL are un-
known variables, and the other ones are known, in principle,
all the analytical expressions of the solutions of equations can
be found for five equations with five unknown parameters.
Owing to transcendental equations in Eqs. (3)–(7), the analyt-
ical solutions cannot be obtained under normal circumstances
while the numerical solutions can be acquired with computer.
Then, regarding the photo-generated current, shunt resistance,
serial resistance of the first solar cell wafer, and loading re-
sistance as the variables, the properties of shunting currents
(Ish1 and Ish2), diode currents (ID1 and ID2), and loading cur-
rent (IL) for the two serial solar cells are discussed in detail for
these four cases.

Table 1. Measurement parameters of the typical monocrystalline silicon solar cell 125 mm×125 mm.

Parameters Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Unit
Voc 0.626 0.623 0.624 0.624 0.626 0.626 V

VMPP 0.522 0.521 0.522 0.521 0.522 0.524 V
Isc 5.633 5.640 5.659 5.646 5.657 5.654 A

IMPP 5.146 5.145 5.153 5.163 5.173 5.185 A
PMPP 2.686 2.678 2.693 2.693 2.702 2.715 W
FF 76.17 76.20 76.25 76.42 76.29 76.71 %
Rs 8.772 8.547 8.374 8.537 8.797 8.459 mΩ

Rsh 14.162 14.809 14.964 14.192 14.893 14.325 Ω

Eff 17.35 17.30 17.39 17.39 17.45 17.54 %
Intensity 1198 1212 1200 1208 1186 1198 W/m2

Temperature 24.6 24.6 24.6 24.6 24.6 24.6 ◦C

3. Numerical analyses and discussion

The following analyses are based on experiment data in

Table 1. It is assumed that the photo-generated current, shunt

resistance, serial resistance of the second solar cell wafer are

all constant, and the corresponding parameters of the first solar

cell wafer is varying.

3.1. Analysis of current properties with considering the
photo-generated current as the variable

In order to discuss expediently, it is assumed that Iph2 =

6.0 A, IS1 = IS2 = 1.0× 10−10 A, Rsh1 = Rsh2 = 15 Ω, Q1 =

Q2 = 1, T1 =T2 = 300 K, RS1 =RS2 = 8×10−3 Ω, RL = 0.2 Ω,

q = 1.6022×10−19 C, k = 1.3806×10−23 J/K, and Iph1 is the

dependent variable. As a result, the above Eqs. (3)–(7) are
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written as follows:

ID1 + Ish1 + IL = Iph1, (8)

ID2 + Ish2 + IL = 6.0, (9)

ID1 = 1.000×10−10
[

exp
(

15Ish1

0.026

)
−1
]
, (10)

ID2 = 1.000×10−10
[

exp
(

15Ish2

0.026

)
−1
]
, (11)

0.216IL −15Ish1 −15Ish2 = 0. (12)

The numerical solutions of the above transcendental
equation system are obtained and their properties are shown
in detail in Fig. 3.
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Fig. 3. (color online) Relations of the first solar cell and each branch
current to photo-generated current: (a) the relations of Ish1, Ish2, ID1,
ID2, and IL to Iph1; (b) the relations of Ish1, Ish2, and ID1 to Iph1 partially
enlarged.

Figures 3(a) and 3(b), namely, the drawings of partial en-
largement of Ish1, Ish2, ID1, and Iph1, show that Ish1 decreases
when Iph1 increases from 0 to 3.0 A approximately, which is a
negative value, namely being opposite to the direction of nor-
mal operating current; and that, with Iph1 further increasing
from 3.0 A to 6.0 A, Ish1 increases with the positive value.
In addition, Ish1 is slowly increasing when Iph1 is greater than
6.0 A. Meanwhile, Ish2 decreases slowly and monotonically
when Iph1 increases, which is always a positive value ranging
from 0.038 A to 0.043 A, approximately, namely the range of
variation is very small.

Figures 3(a) and 3(b) show that ID1 decreases slowly as
the photo-generated current Iph1 increases when Iph1 varies
from 0 to 3.0 A, approximately, which is a negative value,

namely the diode being reverse biased, and that, when Iph1 in-
creases from 3.0 A to 5.5 A, ID1 increases slowly with the pos-
itive value, namely the diode being forward biased; ID1 rapidly
increases when Iph1 is greater than 5.5 A. ID2 always decreases
rapidly when Iph1 increases from 0 to 5.5 A, which is a pos-
itive value, namely the diode being forward biased; and ID2

declines moderately when Iph1 is greater than 5.5 A.
Figure 3(a) shows that IL monotonically increases when

Iph1 increases all the way, and rapidly increases when Iph1 is
less than 5.5 A, and slowly increases when Iph1 is greater than
5.5 A.

In order to intuitively understand the reason why Ish1, Ish2,
ID1, ID2, and IL appear to regularly change when regarding
Iph1 as the variable quantity. First of all, based on the rel-
evant characteristics of the series circuit, RS1, RS2, and RL

will be replaced by equivalent resistance RE, namely, RE =

RS1 +RS2 +RL, then figure 2, namely, the equivalent circuit
model for the two solar cells in series, may be simplified as
shown in Fig. 4. Furthermore, on the basis of Kirchhoff’s cur-
rent law of node and diode nonlinear characteristics, combined
with Fig. 4, it can qualitatively be explained that Ish1, Ish2, ID1,
ID2, and IL regularly vary with Iph1.
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Fig. 4. Simplified circuit diagram of the equivalent circuit model of the
two solar cells in series with regarding Iph1 as the variable quantity.

3.2. Analysis of current properties with considering the
shunting resistance as the variable

For convenience, we choose that Iph1 = Iph2 = 6.0 A,
IS1 = IS2 = 1.0 × 10−10 A, Rsh2 = 15 Ω, Q1 = Q2 = 1,
T1 = T2 = 300 K, RS1 = RS2 = 8 × 10−3 Ω, RL = 0.2 Ω,
q = 1.6022× 10−19 C, k = 1.3806× 10−23 J/K, and Rsh1 is a
dependent variable. Therefore, equations (3)–(7) will be writ-
ten as follows:

ID1 + Ish1 + IL = 6.0, (13)

ID2 + Ish2 + IL = 6.0, (14)

ID1 = 1.0×10−10
[

exp
(

Rsh1Ish1

0.026

)
−1
]
, (15)

ID2 = 1.0×10−10
[

exp
(

15Ish2

0.026

)
−1
]
, (16)
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0.216IL −Rsh1Ish1 −15Ish2 = 0. (17)

The numerical simulation results are shown in detail in
Fig. 5.
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Fig. 5. (color online) Curves of the first solar cell and each branch cur-
rent versus shunt resistance: (a) Ish1, Ish2, ID1, ID2, and IL versus Rsh1;
(b) enlarged parts of curves of Ish1, Ish2, ID1, and ID2 versus Rsh1.

Figures 5(a) and 5(b), namely, the drawings of partial en-
largement of relevant curves, show that Ish1 and Ish2 decrease
persistently and monotonically when Rsh1 increases; and that
Ish1 and Ish2 rapidly decrease when the interval of shunting re-
sistance Rsh1 range is approximately 0 ∼ 1.0 Ω; and that when
Rsh1 is greater than 1.0 Ω, the shunting current Ish1 continues
to reduce slowly, however, the shunting current Ish2 decrease
more slowly than Ish1; and that when Rsh1 is equal to 15 Ω, ap-
proximately, the shunting currents Ish1 and Ish2 are the same.
Obviously, when Rsh1 is less than 1.0 Ω, the shunting currents
Ish1 and Ish2 will be greatly influenced.

Figures 5(a) and 5(b) manifest that the diode current ID1

increases monotonically as Rsh1 increases, yet the diode cur-
rent ID2 always decreases with the increase of Rsh1, but the
diode currents ID1 and ID2 are always positive, namely both of
diodes are forward bias all the way; and that when the interval
of Rsh1 range is approximately 0 ∼ 0.4 Ω the diode current ID1

evenly increases, when the interval of Rsh1 range is approx-
imately 0.4 Ω∼5.0 Ω, ID1 rapidly increases, for the case that
Rsh1 is greater than 5.0 Ω, ID1 slowly increases again; while the
interval of Rsh1 range is 0 ∼ 2.0 Ω, approximately, ID2 sharply
decreases; in contrast, larger value of Rsh1 will lead to slowly
reducing ID2; in addition, when Rsh1 is equal to 15 Ω, approx-
imately, the values of ID1 and ID2 are the same. It is obvious

that Rsh1, whose value is less than 5.0 Ω, will have a greater
influence on ID1 and ID2.

Figure 5(a) indicates that IL increases monotonically as
Rsh1 increases, and that when the interval of Rsh1 range is ap-
proximately 0 ∼ 1.0 Ω, IL drastically increases, when it is
greater than 1.0 Ω the loading current IL slowly increases. It
is clear that when Rsh1 is less than 1.0 Ω, IL is sensitive to the
variation of Rsh1.

In order to intuitively understand the reason why Ish1, Ish2,
ID1, ID2, and IL appear to regularly change when regarding
Rsh1 as the variable quantity, first of all, based on the relevant
characteristics of the series circuit and properties of constant
current source, figure 2 may be simplified into Fig. 6. Fur-
thermore, on the basis of Kirchhoff’s current law of node and
diode nonlinear characteristics, combined with Fig. 6, it can
qualitatively be explained that Ish1, Ish2, ID1, ID2, and IL regu-
larly vary with Rsh1.

⇁

a

b

c

Iph ↼ A)

ID1

ID2

Ish1 Rsh1 ↼b W)

Rsh2 ↼ W)Ish2

RE

IL

Fig. 6. Simplified circuit diagram of the equivalent circuit model for the
two solar cells in series with regarding Rsh1 as the variable quantity.

In conclusion, in order to ensure that each current of
mutual serial cells can be affected least, the shunt resistance
should be as large as possible.

3.3. Analysis of current properties with considering the se-
rial resistance as the variable

In order to discuss expediently, it is assumed that Iph1 =

Iph2 = 6.0 A, IS1 = IS2 = 10−10 A, Rsh1 = Rsh2 = 15 Ω, Q1 =

Q2 = 1, T1 = T2 = 300 K, RS2 = 8× 10−3 Ω, RL = 0.2 Ω,
q = 1.6022× 10−19 C, k = 1.3806× 10−23 J/K, and RS1 is a
dependent variable. Consequently, the above equations (3)–(7)
will be written as follows:

ID1 + Ish1 + IL = 6.0, (18)

ID2 + Ish2 + IL = 6.0, (19)

ID1 = 1.0×10−10
[

exp
(

15Ish1

0.026

)
−1
]
, (20)

ID2 = 1.0×10−10
[

exp
(

15Ish2

0.026

)
−1
]
, (21)

(0.208+RS1) IL −15Ish1 −15Ish2 = 0. (22)

The numerical solutions of the above transcendental
equation system are shown in Fig. 7.

028801-5



Chin. Phys. B Vol. 23, No. 2 (2014) 028801

 . . . .














.

.

.

.

.

.

 

 

 

 
I
/
A

I
/
A

Rs1/W

Ish1
Ish2

ID1
ID2
IL

Fig. 7. (color online) relations of the first solar cell and each branch
current to series resistance: the relations between Ish1, Ish2, ID1, ID2, IL,
and RS1.

Figure 7 reveals that Ish1 and Ish2 increase monotonically
when RS1 increases; and that Ish1 and Ish2 rapidly increases
when the interval of RS1 range is approximately 0 ∼ 0.1 Ω;
and that when RS1 is greater than 0.1 Ω, the shunting currents
Ish1 and Ish2 continue to slowly increase. Obviously, when RS1

is less than 0.1 Ω, Ish1 and Ish2 are vulnerable to the change of
RS1.

Figure 7 shows that ID1 and ID2 display similar variable
trends to the Ish1 and Ish2 do when RS1 increases, furthermore,
the diode currents ID1 and ID2 are always positive, namely
both of diodes are forward bias all the way; and that ID1 and
ID2 rapidly increase when the interval of serial resistance RS1

range is approximately 0∼ 0.5 Ω; and that when RS1 is greater
than 0.5 Ω, the diode currents ID1 and ID2 slowly increase. It
becomes obvious that when RS1 is less than 0.5 Ω, it will play
an important role for ID1 and ID2.

According to Fig. 7, IL decreases monotonically with the
increasing of Rsh1. What is more, IL declines sharply, except
in the case where the value of RS1 is larger than 0.5 Ω, approx-
imately.

In order to intuitively understand the reason why Ish1, Ish2,
ID1, ID2, and IL appear to regularly change when regarding
RS1 as the variable quantity, first of all, based on the relevant
characteristics of the series circuit, properties of constant cur-
rent source and the symmetry of chosen parameters, figure 2
may be simplified into Fig. 8. Furthermore, on the basis of

⇁
Iph

ID1

ID2

Ish1

Rsh1

Ish2

Rsh2

IL

RERs1. .b2.208 W

RL. .b2.016 W

Fig. 8. Simplified circuit diagram of the equivalent circuit model for
the two solar cells in series with regarding RS1 and RL as the variable
quantities.

Kirchhoff’s current law of node and diode nonlinear character-
istics, combined with Fig. 8, it can qualitatively be explained
that Ish1, Ish2, ID1, ID2, and IL regularly vary with RS1.

The above analysis demonstrates that, if the photo-
generated currents, shunting resistances and loading resistance
are invariant, then the less serial resistances will contribute to
less Ish1, Ish2, ID1, ID2, and larger IL.

3.4. Analysis of current properties with considering the
loading resistance as the variable

For convenience, it is assumed that Iph1 = Iph2 = 6.0 A,
IS1 = IS2 = 10−10 A, Rsh1 = Rsh2 = 15 Ω, Q1 = Q2 = 1, T1 =

T2 = 300 K, RS1 = RS2 = 8×10−3 Ω, q = 1.6022×10−19 C,
k = 1.3806×10−23 J/K, and RL is a dependent variable. Thus,
the above equations (3)–(7) will be written as follows:

ID1 + Ish1 + IL = 6.0, (23)

ID2 + Ish2 + IL = 6.0, (24)

ID1 = 1.0×10−10
[

exp
(

15Ish1

0.026

)
−1
]
, (25)

ID2 = 1.0×10−10
[

exp
(

15Ish2

0.026

)
−1
]
, (26)

(0.016+RL) IL −15Ish1 −15Ish2 = 0. (27)

The numerical solutions of Eqs. (22)–(27) are shown in
detail in Fig. 9.
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Fig. 9. (color online) Relations of each branch current to series load
resistance: the relations between Ish1, Ish2, ID1, ID2, IL, and RL.

Figure 9 denotes that the values of Ish1 and Ish2 rise mono-
tonically with the variance of RL; Ish1 and Ish2 go up rapidly
when RL changes approximately in a range of 0 ∼ 0.25 Ω; and
when RL is greater than 0.25 Ω, Ish1 and Ish2 vary evenly. This
implies that RL exerts a greater influence on Ish1 and Ish2 when
it is between 0 to 0.25 Ω.

Figure 9 indicates that ID1 and ID2 increase monotonically
as RL increases, furthermore, ID1 and ID2 are always positive,
namely both of the diodes are forward bias all the way; and
that ID1 and ID2 slowly increase when RL is approximately
0 ∼ 0.15 Ω; and that ID1 and ID2 rapidly increase when RL

is approximately 0.15 Ω∼1.0 Ω; and that when RL is greater
than 1.0 Ω, ID1 and ID2 slowly increase. Obviously, ID1 and
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ID2 are sensitive to the change of RL as long as its value is less
than 1.0 Ω.

Figure 9 shows that IL decreases monotonically as RL

increases; and that IL slowly decreases when the interval of
RL range is approximately 0 ∼ 0.15 Ω; and that IL rapidly
decreases when the interval of RL range is approximately
0.15 Ω∼1.0 Ω; and that IL slightly decreases when RL is
greater than 1.0 Ω.

In order to intuitively understand the reason why Ish1, Ish2,
ID1, ID2, and IL appear to regularly change when regarding RL

as the variable quantity, first of all, based on the relevant char-
acteristics of the series circuit, properties of constant current
source and the symmetry of chosen parameters, figure 2 may
be simplified into Fig. 8, which is the same as that when RS1

is regarded as the variable quantity, but the starting value of
RE when RL is regarded as the variable quantity is much less
than that when RS1 is regarded as the variable quantity. Fur-
thermore, on the basis of Kirchhoff’s current law of node and
diode nonlinear characteristics, combined with Fig. 8, it can
qualitatively be explained that Ish1, Ish2, ID1, ID2, and IL regu-
larly vary with RL.

The above analyses show that if the photo-generated cur-
rents, shunting resistances, and serial resistance are fixed, less
loading resistances will result in less Ish1 and Ish2 and larger
IL.

4. Conclusion
In this paper, based on the equivalent circuit model of so-

lar cell for the single diode, we utilize Kirchhoff’s current and
voltage law to depict the equivalent circuit diagram of the two
solar cell wafers in series. According to the relevant parame-
ters of current–voltage for the typical monocrystalline silicon
solar cell (125 mm×125 mm), the numerical simulation is em-
ployed to investigate the properties of Ish1, Ish2, ID1, ID2, and
IL when we set the Iph1, RS1, Rsh1, and RL as the variable and
their corresponding physical explanations are made.

In addition, the results we acquired indicate that Iph, RS,
Rsh, and RL have significant effects on current and power out-
put of the serial solar cells. As a result, in order to ensure
best conversion efficiency and power output of the serial so-
lar cells when the solar cells wafers are cascaded, various pa-
rameters should be comprehensively taken into account. Fur-
thermore, the numerical simulation result in this paper should
not be restricted to such a typical monocrystalline silicon solar
cell (125 mm×125 mm) alone, and it should also become suit-
able for the other types of solar cell with different sizes. Thus,
this research has a certain universality and provides significant
theoretical guidance for the development of solar photovoltaic
technology.
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