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This paper investigates the output powers of PV modules by predicting three unknown parameters: reverse saturation
current, and series and shunt resistances. A theoretical model using the non-uniform physical parameters of solar
cells, including the temperature coefficients, voltage, current, series and shunt resistances, is proposed to obtain
the I-V characteristics of PV modules. The solar irradiation effect is included in the model to improve the accuracy
of the output power. Analytical and Newton methods are implemented in MATLAB to calculate a module output.
Experimental data of the non-uniform solar cells for both serial and parallel connections are used to extend the
implementation of the model based on the I-V equation of the equivalent circuit of the cells and to extend the
application of the model to m by n modules configuration. Moreover, the theoretical model incorporates, for the first
time, the variations of series and shunt resistances, reverse saturation current and irradiation for easy implementation
in real power generation. Finally, this model can be useful in predicting the degradation of a PV system because of
evaluating the variations of series and shunt resistances, which are critical in the reliability analysis of PV power
generation.

Keywords: Photovoltaic module, Solar cell connection, Newton method, Compensation of series resistance,
Lambert W Function

1. INTRODUCTION

The solar cells are connected in series or parallel as a module
to generate stable and durable power from the external environ-
ment. A power drop, compared with the sum of each solar cell
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output power, occurs because of increased resistances. A power
mismatch [1] occurs under a shaded condition [2].

The output power of PV module was predicted by a theoreti-
cal approach that considers the resistance factor. This approach
uses the parameters, V,,, L, V,,,, and L, and the temperature co-
efficient to obtain series resistance, shunt resistance and reverse
saturation current, essential for predicting output power. Also, it
predicts the variation of output power due to irradiance. Maxi-
mum errors of 1.27% in current and 0.74% in voltage are shown
between the theoretical predicted result and the experimental
result obtained by using the MATLAB program. Moreover, we
investigate the connections of mismatched cells and obtain an
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[-V equation. Maximum errors of 3.11% in current and 0.76% in
voltage occur at the mismatched connections. A power drop of
15.13% is shown for the series mismatched connection, which is
greater than that for the series normal connection, and a drop of
9.36% is shown for the parallel mismatched connection, which
is greater than that for the parallel normal connection. Thus, it is
useful to predict the output power in a mismatched connection
when PV modules are manufactured.

2. PREDICTION OF PV MODULE OUTPUT
CHARACTERISTICS

2.1 I-V equation of PV module

A PV module operates similar to a solar cell, so the I-V equa-
tion was derived from the I-V equation for a solar cell. The cur-
rent equation, as well as the series resistance and shunt resis-
tance, of a PV module is introduced in this chapter [3,4].

I=IL—Is[exp[q(VJrRS]))—l}—V+RSI @.1)

nkT R

sh

A PV module has a number of solar cells connected in series
or connected in parallel. A module parameter was subject to the
parameters of solar cells in the module.

I, =N,I (2.2)

L =Nyl (2.3)

V, =N (2.4)

Voew = NsV,. (2.5)
N,

R, = FSRs 2.6)

where I, is the PV module current and Ny, L, Vi, N, Voo Rows
and Ry, are the number of parallel strings or cells, short circuit
current, voltage of the module, number of series-connected
cells, open circuit voltage, series resistance, and shunt resis-
tance, respectively, where the subscript M denotes “module”.
The equation of the PV module current is developed by using
these values.

Vy 1N
I, I, I [#+;NP R“”] JVT"*%P R
M _TsM _ TsM exp S P'S =8 PYS
N, N, N, nkT Ry

2.7

1,=1,-1,|exp 9V + R Lyy) “1l- N,(Vy, +R,1,,)
‘ ‘ NgnkT N(R,,

(2.8)

From equation (2.8), the undefined I, Ry, and Ry, were
found by the following steps. First, if the shunt resistance is in-
finite, the equivalent circuit becomes a simple circuit that was
represented by using Eq. (2.9), and it was further transformed
into Eq. (2.10).
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Fig. 2.1. solar cell equivalent circuit without a shunt resistance.
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The equation of Is for a module is obtained by placing a zero
into the equation instead of I because V=V, when I,,=0 in Eq.
(2.10).

I = I seM.

sM
N, | exp is -1
nkTN

Next, the fill factor is used to obtain the PV module series
resistance (R,y,), and we assume that the unit fill factors of a PV
module (FF,,) and solar cell (FF,) are equal [5,6].

(2.11)

1.V 1V
FF'UM —mM mM_ _ “m m :FF'U (212)
seM " ocM I.chac

Eq. (2.13) shows a rearranged equation of Eq. (2.12) by using
Green’s theorem, and it is meaningful when the value is greater
than 10.

v, —In(v, +0.72)

FF, (2.13)
1+v,,
v
Ve = ol (2.14)
N nkT
FF, = FF, —FF, 7 =FF, (1-7,/) (2.15)

where v, is the normalized resistance that leads to the decrease
in the fill factor.

I,
P =2V '—Imp'Rs)Imp'=Pmax'(I—V’*“R.s] (2.16)

oc

where V,,," is the ideal maximum power voltage and I, is the
ideal maximum power current. Eq. (2.16) was expressed by Eq.
(2.19) and applied to the fill factor.
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Eq. (2.15) is expanded to Eq. (2.20). Eq. (2.21) shows the maxi-
mum power of the PV module and from this equation, Ry, is ob-
tained.

Prowest = FF Yoo Loors = FF o Vs L srs — IAZCAVRAM ) (2.21)
V P

RsM — ZoeM __ max/\/; (222)
Is(M FF;M ISCM

Finally, R,y was obtained by using the values of P, To
obtain Ry, Eq.(2.8) was calculated with changing value of Ry,
until calculated P_maxM is similar to measured P, within
0.4% error. In the following chapter, this simulation is explained
in detail. To prove the theory so far, MATLAB is utilized by using
four factors from a real PV module and the Lambert W function
[71.
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The PV module current is then calculated by changing the
PV module voltage from 0 to V,.. The diode ideality factor (n) is
changed according to the solar cell characteristics [7]. In this
simulation, the ideality factor is 1.4 when V,, divided by the
number of solar cells in a module is greater than 0.6[V]. Other-
wise, when the voltage is less than 0.6[V], the ideality factor is
1.8.

3. ANALYSIS OF PV MODULE
INTERCONNECTION CHARACTERISTICS

3.1 Mismatched connection in parallel

To simplify the equation of the mismatched connection in
parallel, two cells are initially used in parallel. The normalized
I-V equation of the cells is shown below and the subscript repre-
sents the number of cells.

[[_ = Isci _13[ |:exp(q(l/; +R:i[i))_1:|_ V: +Rsi[1 (3.1)

nkT R
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Eq. (3.2) is induced when V is a variable, so we use V,=V,.
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Eq. (3.2) can be expanded to Eq. (3.3) when N, solar cells are
connected in parallel.

) 4 IR
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(3.3)

3.2 Mismatched connection in series

The total current is easy to calculate when a deficient cell is
connected in parallel, but difficult to count when a deficient cell
is connected in series because the equation expands in terms of
voltage. For this reason, Eq. (2.1) should be rearranged in terms
of current as below.

I=1~1|exp q(V+RS[))_1 _V+RI
nkT R

sh
VIR,
L2 D TR Ny

(3.4)

Vi, defined as V,+V,, is the total voltage drop in a series con-
nection, obtained from Eq. (3.4) as follows.

N +IR,
sel 1T
- nkT I R, +1
q I
I V,+ LR,
sc2 ~ 1o R
+In 42 41| |-1,R,— LR,

(3.5)

If the electrical characteristics used in the connection are
identical, Eq. (3.5) can be rearranged as follows.

In|—— S 4y f|-2R, (3.6)

Eq. (3.6) is expanded to Eq. (3.7) when N; solar cells are con-
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nected in series under the assumption of same electrical charac-
teristics.

7T+IIRSI
Ny ’
sel 41T
y, - Nk R 1 ]|-NR, 3.7)
q 1,
Eq. (3.7) is expressed in terms of current as
V,+NR I 1%”3‘11
4 g
I=1,-1,|exp 90+ NRD |y s (3.8)
’ ’ N¢nkT R,

The comparison of Eq. (3.8) and Eq. (2.8) shows that the shunt
resistance (Ry,,) of the PV module is equal to that of the solar
cell (Ry,). N, cells and one deficient cell are connected in series
to extend the model to a real application. The value of I, can be
changed to I, when I is a variable in Eq. (3.9), so the I-V charac-
teristics in this connection can be predicted. The new total volt-
age equation is VT':VT+V,,, where V; is from Eq. (3.7) and V,, is from
Eq. (3.9).

7 _VtLR,

n kT I sch b R
Vb — In shb

q I,

+1|-1,R, (3.9)

where L, I, Ry, Ra I, and R, represent the short circuit cur-
rent, total current, series resistance, shunt resistance, reverse
saturation current and total resistance of a deficient cell, respec-
tively.

3.3 Simulation of I-V characteristics of the cells

Simulation was carried out based on the theory introduced to
confirm the effect of the electrical mismatch of solar cells in a PV
module. The sample for the experiment consisted of three solar
cells and their characteristics are provided in Table. 3.1. The pa-
rameters from Table 3.1 were obtained by using a solar cell tester,
CT801. Also, the values R,, Ry, and I, in Table 3.2 were extracted
from the results of the cells that were simulated for the intro-
duced model by using the parameters from Table 3.1. The value of
Pmax is used to distinguish normal and bad samples in Table 3.1.

3.3.1 Mismatched connection in parallel

Figure 3.1 shows the parallel connection of normal solar cells.
Because the cells have the same characteristics, the equation
of I;=1,+I, was used. Figure 3.2 shows the I-V characteristic of a
normal cell and a PV module of three normal cells. As predicted,
the output voltages are the same and the current value of the PV
module is three times the current of the solar cell. The param-
eters from Table 3.2 are used for the simulation.

Figure 3.3 shows a parallel connection of 2 normal cells and 1
deficient cell, which has the same voltage characteristic as a nor-
mal cell but a poor current characteristic.
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Table 3.1. Parameters of solar cell for simulation.

Le(A) Loy (A Voe (V) Vi, (V) Py (W)
Normal cells in parallel 483 439 0633 0.523 2.29
Bad cells in parallel 334 3.08 0619 0519 1.6
Normal cells in series 483 439 0633 0.523 2.29
Bad cells in series 3.74 345 0.621 0516 1.78

Table 3.2. Physical parameters of solar cell obtained from the simula-
tion.

Cell (1) R, (Q) R (Q) L (A)
4.83 0.0022 59 0.848x10°
3.34 0.0006 51 0.586x10°
3.74 0.0005 45 0.657x10°

Fig. 3.1. Parallel connection of normal solar cells.

Simulation Result

16
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Fig. 3.2. I-V characteristics of a normal cell and a PV module with
three normal cells in parallel connection.

Fig 3.3. Parallel connection of 2 normal cells and 1 bad cell.

Figure 3.4 shows the simulation result of the connection in Fig.
3.3. The total current value is lower than that shown in Fig. 3.2
because of the deficient cell.

3.3.2 Mismatched connection in series

Eq. (3.9) is rearranged in the following steps from Eq. (3.10) to
(3.12) to simulate a series connection. The voltage value was cal-
culated by using the current change starting from 0. In the case
of common I-V curve of a module, the current value is almost
constant as I, although the voltage value is changing at the low
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Simulation Result
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Fig 3.4. I-V characteristics of a PV module with 2 normal cells and 1
bad cell in parallel connection.

voltage region. The general PV module equation expressed by the
current equation does not have a problem because the voltage
value is changed, and the current value is then obtained from
the voltage change. However, the result from calculated voltage
equation (3.11), a current variable, is an imaginary quantity after
starting point which the current is saturated as I,.. Therefore, the
voltage value is calculated by Eq. 3.11 up fo the imaginary quan-
tity; subsequently, the general PV module current equation is
used for simulation in this paper (Eq. (3.12)). In other words, two
equations are used for this simulation; non-linear characteris-
tics, therefore, exist in the secondary differential equation.

ﬁ +I.R,
N
N kT Isal_IT_ST‘FIS]
F0) =¥, —=2 - ~NyILR, +
sl
I -1 - Vi+ LR, +1
nkT sch b R sb
—NgI;R,+—|In kb
q Isb
-I,R, =0 (3.10)
v,
VT(HI)': VT(i) LMU:QLZ,&‘LS) (3.11)
VALY
1=l [exp[MJ]——V (3.12)
: (N.+DnkT )] R,

where N; is the number of normal cells and M is the correction
factor that make the two equations give the same value at the in-
terconnection point. M is approximately 0.05~1.5, and this work
uses 0.1. L, is the total number of normal cells and deficient
cells. The normalized voltage equation that ignores the resis-
tance factor is shown below and the subscript i represents the
number of cells.

i (3.13)

si

ok ln[—]y. I+, J
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Simulation Result
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Fig. 3.5. I-V characteristics of a normal cell and a PV module with
three normal cells in a series connection.

Fig. 3.6. Series connection of 2 normal cells and 1 bad cell.

Simulation Result
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Fig. 3.7. I-V characteristic of a PV module with a bad cell and normal
cells in series connection.

v, :V‘JrVZ:"‘kTTln|:(_11+15<»1+1x1j[_lz+lm+[szj} (3.14)

1 I,

sl

The equation I=I, is valid whenV,+V,=0 in Eq. (3.14) , S0 Ly iS
defined as a current when V., is zero.

71,vcxum + lel + 1xl 717L'xum + 1xc2 + 1.v2 =1
131 1x2

scsum

(3.15)

scl

%(le +1,+1,+1,)*

%\/(132+21 L, +20 0, =20 1, +12, =210 +15+21 I, +12)

527 sc2 sel”s2 selts2 s17sc2 50

The valid value is that with the minus sign before the root in
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Eq. (3.15); this result means that the total current value follows
the lowest value, the current of the deficient cell. Fig. 3.5 shows
the I-V characteristics of a normal cell and a PV module with
three normal cells in series. The output current values are the
same, but the output voltage value of the PV module is three
times greater than that of the cell.

Figure 3.6 shows a series connection of 2 normal cells and 1
deficient cell that has the same voltage characteristics as the nor-
mal cells but poor current characteristics.

Figure 3.7 shows the simulation result of the connection in Fig.
3.6. The total current value is less than that of a PV module with
three normal cells due to the one deficient cell.

4. RESULTS AND DISCUSSION
4.1 PV module output characteristic prediction

Seven types of PV modules are tested to prove the proposed
equation and to compare their I-V characteristics with the theo-
retical predictions. Table 4.1 shows the parameters of the PV
modules, the numbers of cells and the error between theoretical
and experimental data for 1,000 W/m” irradiance.

The measured and simulated I-V characteristics of four sam-
ples A, ‘B’, ‘C’ and ‘D’ are compared for 1,000[W/m? irradiance.
Current deviation is calculated at the voltage lower than P,,,, and
voltage deviation is also counted at the voltage higher than P,,,.

Figure 4.1 shows the result of the ‘A’ module, which has the
maximum errors of 0.21% in current and 0.24% in voltage.

The result shows that the sun simulator data and theoretical
prediction data at 1,000 W/m? irradiance are matched well in
Fig. 4.1. The maximum errors of 1.27% in current and 0.74% in
voltage are shown. To prove the proposed equation by irradiance
variation, simulated and measured results are compared at irra-
diances of 1,000 W/m?, 800 W/m®, 600 W/m?* and 400 W/m?* with
‘E’, ‘F’ and ‘G’ samples, and the temperature of the PV module is
assumed as 25 C. Figure 4.2 describes the result of the ‘F’ module
that has maximum errors of 1.32% in current and 0.48% in volt-
age.

The simulation by irradiance needs to consider series resis-
tance, so it is assumed that series resistance decreases as the
irradiance reduces. This assumption is applied to Eq. (4.1). This
new equation is used for the experiments according to irradi-
ance.

R;M =R, —aR, (1-r,) (4.1)

where 1y, is the ratio of real irradiance to standard irradiance, Ry’
is the new resistance according to irradiance, o is the correction
factor that considers ribbon resistance, which is usually 0.8~1.2
but in this work, is set to 1.0. Moreover, the short circuit current
is compensated in Eq. (4.2) because the short circuit current de-
creases non-linearly with irradiance reduction. Eq. (4.2) provides
more accurate results and is good agreement with measured out-
put of a module, shown former example.

1.;L'M =1Lyt — Bl (1-1,) (4.2)

where I, is the new short circuit current that considers irradi-
ance, B is that correction factor that considers the absorbance
coefficient and generation rate of irradiance, which is normally
0.02~0.03. In this paper, the correction factor is 0.025.
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Table 4.1. parameter of PV module for comparison.

Error  Error
Cell . .
Number V. V,, L. L, Pux in in
Name  Type
™ OfCell (V) (V) (A (A) (W) current voltage
(%) (%)
A Single(5) 72 44.1 359 5.21 4.81 172.8 0.21 0.24
B Single(5) 72 43.5 354 538 49 173.6 0.56 0.74
C Poly(6) 54 33.0 25.8 8.29 7.84 221.4 0.68 0.67
D Poly(6) 54 32.3 25,5 7.88 7.08 180.8 1.27 0.49
E Poly(6) 54 32.3 25,5 793 7.11 181.3 - -
F Single(5) 72 44.2 359 5.24 4.89 174.7 - -
G Poly(6) 54 32.3 25,5 7.87 7.11 181.7 - -
9045s
6

L\

5
i N\

<
=
é 3-4.8 \\
2
o
2+4.6
1 32 | 34 | 36 \
—+— Sun Simulator Data
—— Theoretical prediction
o0 10 20 30 40 50
Voltage[V]

Fig. 4.1. Comparison of theoretical prediction and sun simulator data
of 9045s.

9043s
6
Sun Sim.
1 Kw /m*
e, Sun Sim.
5 0.8 kw /m*
Sun Sim.
0.6 kw /m"
S e ! Sun Sim.
g \k‘ 0.4 kw /m
_____ Predict.
3 % 1 kw /m*
_____ Predict.
0.8 kw /m"
2 R ] ——eem Predict.
0.6 kw /m"
77777 Predict.
1 0.4 kw /m"
Ie) \\ i
(o] 10 20 30 40 50 60
Voltage[V]

Fig. 4.2. Comparison of theoretical prediction and sun simulator data
of F(9043s) by irradiance variation.

The irradiance variation affects the value, V,,, which is related
to the short circuit current and reverse saturation current. The
reverse saturation current, which is defined by Eq. (2.11), has an
open circuit voltage value at the irradiance of 1 kW/m?’. The open
circuit voltage should change with irradiance, so the new equa-
tion is therefore developed below.

I/oz‘MIs = V:n‘M + 5V0(‘M (1 - rIrr) (4-3)

where V,, is the open circuit voltage at the irradiance of 1 kW/
m®, V,.;s is the imaginary open circuit voltage according to irra-
diance in the PV module, which is proposed to obtain the reverse
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3 normal cells, series
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Fig. 4.3. Comparison of theoretical prediction and sun simulator data
for PV module with 3 normal cells in series.

1bad cell and 2 normal cells , series

0.5 —=— Sun simulator data
—=— Theoretical prediction(compensation,RcM)
I I

o 0.5 1 1.5 2
Voltage[V]

Fig. 4.4. Comparison of theoretical prediction and sun simulator data
for PV module with 1 bad cell and 2 normal cells in series.

3 normal cells, parallel

i NN
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A O ©®
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Fig. 4.5. Comparison of theoretical prediction and sun simulator data
for PV module with 3 normal cells in parallel.

saturation current, and § is a correction factor that considers the
variation of voltage according to irradiance, which is normally
0.02~0.05 but is 0.033 in this work.

4.2 Comparison results between theoretical and
measured data

The PV modules manufactured for the experiment were test-
ed, and the measured results were compared with the simulated
data from the previous chapter. One of the PV modules had three
normal cells and the other one had two normal cells and one de-
ficient cell. The modules were not laminated; only the solar cells

109
1 bad cell and 2 normal cells, parallel
14
. R \ \\
10 K \
< s \
' 3
) y
2T —e—Sun simulator data [4
—v— Theoretical prediction(compensation,RcM) &
% 01 02 03 04 05 06 07

Voltage[V]

Fig. 4.6. Comparison of theoretical prediction and sun simulator data
for PV module with 1 bad cell and 2 normal cells in parallel.

3 normal cells, parallel
16

12 w‘\
10 \
%
. Y
\

4r —e— Sun simulator data X
2L Theoretical prediction
(compensation,RcM, RcLM) %L
00 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage[V]

Fig. 4.7. Comparison of theoretical prediction and sun simulator data
for PV module with 3 normal cells in parallel.

1 bad cell and 2 normal cells, parallel
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—e— Sun simulator data X
2 Theoretical prediction
(compensation,RcM, RcLM) X
‘ ‘ ‘ ‘ X
OO 0.1 0.2 0.3 04 0.5 0.6 0.7
Voltage[V]

Fig. 4.8. Comparison of theoretical prediction and sun simulator data
for PV module with 1 bad cell and 2 normal cells in parallel.

Table 4.2. Errors of different interconnections.

Normal cells Badcells Normalcells Bad cells
in series in series in parallel in parallel
Error in
2.56 3.11 2.56 2.26
current (%)
Error in
0.29 0.58 0.76 0.55

voltage (%)

were connected onto the glass. The parameters from the solar
cells were obtained in the simulation, but when the PV module
was made, an electrode ribbon and interconnection ribbon were
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used. Therefore, the resistance from the modulation process
should be considered when the parameters are obtained only
from the solar cells. The following equation represents the open
circuit voltage of a PV module that has a smaller value than the
total sum of the open circuit voltages of all cells due to contact
resistance.

I/r;cM =Vorr —RoiLion (4.4)

Where R, is the increased value of the contact resistance;
0.005 © was used for series and parallel connections in this work.
However, the contact resistance of the parallel connection is
greater than that of the series connection because the ribbon is
used more frequently in parallel connection. Eq. (4.5) shows this
consideration.

R, =R, +R,, (4.5)

where Ry, is the resistance that considers the increased value of
the contact resistance and R, is the increased value of contact
resistance according to the number of parallel connections and
the method of soldering. The value of R,y is normally 0.01[Q] ~
0.1[Q] ; 0.02[Q] was in this work. When the solar cells were con-
nected in parallel, the series resistance of 0.02[Q2] was used for
simulation. Similar to the method shown in the former chapter,
the current deviation is compared at the voltage lower than p,,,,,
and the voltage deviation is compared at voltage higher than
Pumac

Figure 4.3 shows the I-V characteristics of the theoretical pre-
diction and the sun simulator data of a PV module with three so-
lar cells in series. The result shows the maximum errors of 2.56%
in current and 0.29% in voltage. Also, the simulated value of P,
is 6.61W and the theoretical value is 6.52[W], showing an error of
1.36%. Figure 4.4 shows the I-V characteristics of the theoretical
prediction and sun simulator data of a PV module with 1 defi-
cient cell and 2 normal cells in series. The result shows the maxi-
mum errors of 3.11% in current and the 0.58% in voltage. Also,
the simulated value of P, is 5.61[W] and the theoretical value
is 5.55[W], showing an error of 1.07%.

Figure 4.5 shows the I-V characteristics of the theoretical pre-
diction and sun simulator data of a PV module with 3 solar cells
in parallel. The result shows maximum errors of 2.56% in current
and 15.10% in voltage. A significant error in voltage is shown
because only the open circuit voltage with increase in contact
resistance is considered. Therefore, the series resistance shows a
significant difference, resulting in the large error in voltage.

Figure 4.6 shows the I-V characteristics of the theoretical pre-
diction and sun simulator data of the PV module with 1 deficient
cell and 2 normal cells in parallel. The result shows maximum
errors of 2.56% in current and 14.04% in voltage. This result also
shows a large error in voltage for the same reason as that in Fig.
4.5. These errors result from additional resistances in parallel
connection due to the longer electrode and interconnection rib-
bons. Simulations were then performed by considering those ad-
ditional resistances.

The I-V characteristics of Fig. 4.7, which include the increase
in contact resistances of electrode ribbon and interconnection
ribbon, are different from those of Fig. 4.5. While these results are
more accurate accounting for the increase in contact resistance,
they still show slight errors. The result shows maximum errors of
2.56% in current and 0.76% in voltage. Also, the simulated value
of P, .o is 5.45[W] and the theoretical value is 5.36[W], showing
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an error of 1.65%.

The I-V characteristics of Fig. 4.8, which also considers the
increase in contact resistances of electrode ribbon and intercon-
nection ribbon, are different from those of Fig. 4.6. The result
shows maximum errors of 2.26% in current and 0.55% in voltage.
Also, the simulated value of P, is 4.94[W], and the theoretical
value is 4.91[W], showing an error of 0.61%.

The difference in the output power between the PV module
with 3 normal solar cells and the mismatched PV module is
9.36% for the sun simulator result and is 8.41% for the theoreti-
cal result. These values are slightly smaller than those of the PV
modules with the series connection. The results are summarized
in Table 4.2.

5. CONCLUSIONS

The parameters V,,, I, V,,, and I,,, and the temperature
coefficient were used to obtain the series resistance, shunt re-
sistance and reverse saturation current of a PV module, which
are essential for predicting the output power of a PV module.
The proposed equation worked well with the results according
to the amount of irradiance. When the irradiance was 1,000 W/
m? maximum errors of 1.27% in current and 0.74% in voltage
were obtained between the theoretical predicted output and
experimental output. Moreover, the maximum errors changed to
1.88% in current and 1.71% in voltage when the irradiance was
changed. The change of series resistance according to irradiance
was considered and short circuit current according to irradiance
was approached practically. Also, a new equation for the open
circuit voltage to analyze the reverse saturation current was pro-
posed.

The theory proposed, which can predict output characteristics
by the interconnection method, was verified by comparing the
measurements of the real PV module with the 3 solar cells in se-
ries and in parallel. Increasing contact resistance, which induced
the decrease of the open circuit voltage, was considered when
the solar cells were connected. Furthermore, the additional con-
tact resistance in parallel connection due to a longer electrode
ribbon and interconnection ribbon was considered. Therefore,
the results from the new equation and the data from a real PV
module were similar.

The standard of current differed between a cell tester that
simulates a solar cell and a sun simulator that simulates a PV
module. Current value comparisons are somewhat inaccurate,
but maximum errors of 3.11% in current and 0.58% in voltage
occurred. The maximum error of 2.55% in current was shown for
a parallel connection when only the contact resistance was con-
sidered as a series connection, but a significant error of 15.10%
in voltage occurred. Therefore, the additional series resistance
for a parallel connection was included to obtain better results:
maximum errors of 2.56% in current and 0.76% in voltage. An
output power drop occurred when a deficient cell was connected
in this work. The drop rate was 14.88% for a series connection
and 8.40% for a parallel connection.

This work will be helpful in analyzing the characteristics of a
degraded PV module and in predicting the output power, which
is critical at PV power stations, when cells gradually degrade in
PV modules.
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