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Abstract—Experimental and modeling results on the effects of mismatch losses in photovoltaic arrays are
presented. Field tests conducted on each of the 192 modules are used to describe the variation in the
properties of production run photovoltaic modules. Module specific estimates of a five-parameter module
model are obtained by nonlinear regression. Mathematical models of four-module parallel string and series
block photovoltaic array performance based on the five-parameter module model are developed and used
to evaluate the variation in maximum output power and mismatch loss of arrays with random module
orderings. Module maximum output power averaged 14% below the nameplate rating and exhibited a
coefficient of variation of 2.1%. Mismatch losses were very small, never exceeding 0.53%. No differences
between parallel string and series block arrays in array maximum output power were observed.

1. INTRODUCTION

In practical applications photovoltaic (PV) modules
are wired together into electrical circuits or arrays to
provide the necessary voltage and/or current. Buccia-
relli (1979), Gonzalez and Weaver (1980), and others
have noted that the performance of an array depends
on the variability of the modules that comprise the
array and the cells that comprise the modules. The
difference between the maximum output power avail-
able from the array and the sum of the maximum
output powers for each of the modules is referred to
as the mismatch loss.

This article presents experimental and modeling
results on the effects of mismatch losses in photovol-
taic arrays. The variation in the current—voltage char-
acteristics of production-run photovoltaic modules is
described based on field tests conducted on 192 mod-
ules. After correction to normal operating cell temper-
ature (NOCT) conditions of 1000 W m™2 and 47°C,
the test results are used to estimate module-specific
parameters of a five-parameter equivalent circuit
model of the module. Mathematical models of the
photovoltaic array performance based on the five-pa-
rameter module model are developed. Parallel string
and series block array configurations are considered
and the performance of these arrays with random mod-
ule orderings is examined.

2. VARIATION IN MODULE PERFORMANCE

2.1 Module testing

Field performance tests were carried out on each
of 192 ARCO Solar M75 Solar Electric Modules prior
to installation in the photovoltaic array of the Schatz
Solar Hydrogen Project at Humboldt State University.
These modules contain single-crystal silicon cells and
have nameplate ratings of 48 W at 1000 W m™? insol-
ation and 25°C cell temperature (STC) and 46.4 W
at 1000 W m ™ insolation and 47°C cell temperature
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(NOCT). They were obtained as a single bulk pur-
chase from the manufacturer and arrived in a single
shipment.

The current—voltage characteristics or I-V curve
for each module was measured under field conditions
using a 0.1 F capacitive load and a 12-bit data acquisi-
tion system sampling at 100 hz. This testing system is
described by Engle (1988). Each curve trace produced
approximately 300 paired observations of module cur-
rent and voltage. After sequential observations dif-
fering by less than 10 mA were removed to eliminate
redundant observations, approximately 100 observa-
tion pairs remained for further analysis.

Insolation in the plane of the module was measured
with an Eppley Precision Pyranometer PSP. Observed
insolation during tests ranged from 760 to 1040 W
m~>. Module temperature was monitored using a Type
E fast response, surface mounted thermocouple
mounted at the center on the back of the module.
Observed temperatures during tests ranged from 35 to
56°C.

Three of the 192 M75 modules were selected for a
systematic investigation of the dependence of module
current and voltage on measured insolation (E,, W
m~?) and measured cell temperature (7, °C). I-V
curves for each of these modules were measured at
all combinations of five insolation levels from 800 to
1000 W m™* and five cell temperature levels from 35
to 55°C. Open circuit voltage (V,., V) was found to
depend on both T, and E,,. Short circuit current (/,.,
A) was found to depend only on E,. Based on these
results, expressions to correct module current and volt-
age to NOCT were developed using multiple linear
regression:

(1)

where: V = module voltage corrected to NOCT (V);
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Table 1. Quality of parameter estimates for module I-V curves at NOCT
Coefficient of vanation of estimate (%)
Parameter Units Median estimate Median Minimum Maximum
L A 3.29 0.043 0.015 0.21
Voc \% 18.20 0.040 0.018 0.22
Rs Q 0.32 4.1 0.075 11.0
Rp Q 160.0 3.8 0.062 11.0
ekt V! 0.68 1.2 0.065 4.5

Vi = measured module voltage (V); V..., = measured
module open circuit voltage (V); V.., = module open
circuit voltage corrected to NOCT (V) = V.. a(T:
— Tw) + b(E, — E,); a = temperature coefficient (V
°C™'); b = insolation coefficient (Vm> W ~'); T, =

reference temperature (°C) = 47°C; and E, = refer-
ence insolation (W m™2) = 1000 W m2.
E
I=1,— 2
E (2)

m

where: I = module current corrected to NOCT (A),
and /,, = measured module current (A).

2.2 Module model

The I-V curves of each module were described
using a lumped equivalent circuit model developed by
Lehman and Chamberlin (1987):

VOC
L - 2
I=1 - [___Rm
exp(ekt-Voe) — 1
X {explekt(V + RsI)] — 1) — W_JFR_RsQ 3)
o
or

I =f(V; I, Voc, Rs, Re, ekt) 4)
where: / = module output current (A); V = module
voltage (V); I, = light induced module current (A);
Voc = open circuit module voltage (V); Rs = module
series resistance ({2); R, = module parallel or shunt
q
nkT
(C); n = dimensionless ideality factor; k = Boltz-
mann’s constant (J °K™'); and T = absolute cell tem-
perature (°K).

The I-V curve for each module was characterized
by module-specific values of five parameters: /I, Vi,
Rs, Rp, and ekt. Note that this function is implicit
with respect to / and requires solution by an iterative
procedure such as Newton’s method.

The five parameters were estimated by the Gauss—
Newton method of least squares nonlinear regression
using / as the dependent variable and V as the indepen-
dent variable. The regression was carried out using

resistance (); ekt = (V™"); g = electron charge

NLPE, which is a general nonlinear regression pro-
gram in FORTRAN developed by Bard (1967) and
available in the public domain. The model fits the data
well with standard deviations of the residuals of about
20 mA which is in the range of the discretization error
associated with the analog-digital conversion. The pa-
rameter estimates for each module are statistically
well-determined as shown in Table 1. I; and Vg are
generally determined to within less than 0.1%. Rs,
Ry, and ekt are generally determined to within 1-5%.
Although correlations among the parameter estimates
for R,, R,,, and ekt were not zero and, therefore, unique
parameter estimates cannot generally be obtained, it
does not interfere with the accuracy of the estimared
module -V curves. Repeated tests on selected mod-
ules under different insolation and temperature condi-
tions showed agreement in parameter estimates. Fig-
ure 1 shows the observed values of / and V along with
the estimated I-V curve for a typical run.

2.3 Model parameter distributions

There was substantial variation in the I-V curve
parameters among the 192 modules tested, as summa-
rized in Table 2. Rs, Rp, and ekt exhibit the greatest
variation from module to module with coefficients of
variation of 33%, 48%, and 18%, respectively. Coef-
ficients of variation for [, and V¢ are much lower at
1.3% and 0.72%, respectively. Note that the observed
maximum output power ( P,,..) for the modules (39.9
W median) is considerably less ( 14% ) than the name-
plate value (46.4 W).

Current (A)
N
L
T

20

Voltage (V)

Fig. 1. Agreement between observed and estimated [-V
curve using the five-parameter model.
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Table 2. Variation of I-V curve parameters among modules at NOCT

Module
Module Module coefficient of
Parameter Units mean median variation (%) Minimum Maximum
Proax W 39.8 39.9 2.1 37.5 42.4
I A 3.29 3.29 1.3 3.17 3.47
Voc v 18.2 18.2 0.72 17.3 18.4
Rs Q 0.35 0.32 33.0 0.18 0.88
Rp Q 171.0 160.0 48.0 32.0 574.0
ekt v-! 0.71 0.68 18.0 0.56 1.72

Figures 2—6 present the cumulative distributions
of the 192 estimates of I, Voc, Rs, Rp, and ekt in
normal probability plots. In these plots, data points
that fall along a straight line can be described by a
normal or Gaussian distribution function. Of the five,
the distribution of I; comes closest to being approxi-
mated by a normal distribution. All of the others sub-
stantially deviate from normality because they are
skewed either positively (i.e., with a long tail toward
high values) or negatively (i.e., with a long tail toward
negative values).

Module parameters are also correlated with other
module parameters, as summarized in Table 3. Vgc is
statistically significantly correlated at the 5% signifi-
cant level only with Rs, but all of the other parameters
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Fig. 2. Normal probability plot of module /, parameter esti-
mates.
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Fig. 3. Normal probability plot of module Voc parameter
estimates.

are statistically significantly correlated with each of
the others. For example, modules with high values of
Rs also generally would have high values of ek and
I, and low values of Ry and V.

3. VARIATION IN ARRAY PERFORMANCE

3.1 Array models

The effects of variation in module I-V curves,
module orderings in arrays, and the array configura-
tion on array performance were evaluated using a
mathematical model of the array circuit. The two array
configurations that have been investigated are shown
in Fig. 7. Both contain four modules and result in an
array open circuit voltage that is about two times the
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Fig. 4. Normal probability plot of module Rs parameter esti-
martes.
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Fig. 5. Normal probability plot of module Ry parameter esti-
mates.
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Fig. 6. Normal probability plot of module ek? parameter esti-
mates.

Table 3. I-V curve parameter correlation matrix

I Voc R Rp
Voc 0.036
Rs 0.187* —-0.215*
Rp —(.363* -0.003 —0.390*
ekt 0.144* 0.001 0.777* —0.484*

* Seatistically significant at the 5% significance level.

single module Ve and in an array short circuit current
that is about two times the single module Ve and in
an array short circuit current that is about two times
the single module /.. Following the terminology of
Gonzalez and Weaver (1980), the two configurations
are described as parallel strings and series blocks.
These simple arrays were selected for study because
Bucciarelli (1979) and Gonzalez and Weaver (1980)
have shown that the mismatch losses are the greatest
for such configurations.

In both configurations, the overall array voltage is
V:(V) and the overall array current is I+(A). The I-

2,1 22

1,1 1,2

Series Strings Wired in Parallel (Parallel Strings)
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V curve for each module (i, j) in the array is charac-
terized by module-specific values for the five parame-
ters 1. (i, j), Voc(i, j), Rs(i, j). Re(i, j), and ekt(i,
j). Using these module-specific parameters and the
model given by eqn (1), the current [, ; produced by
array module (7, j) at voltage V;; can be expressed
as:

Ii.j =f(vi.j; IL(i’j)ﬂ Voc(isj)v

Rs(i, j), Re(i, ), ekt(i, j)) (5)
For each module it is also possible to express the
module voltage V,; as a function of module current
Ii,J:

Viy =gy L@, j), Voclis J),

Rs(i, j), Re(i, j), ekt(i, j)) (6)

For the parallel string configuration, the array cur-
rent /1 produced at array voltage Vr can be determined
by the solution of a system of nine simultaneous non-
linear equations for nine unknowns (I, 11, L, 112,
Lo, Vi, Vais Via, Va2):

Ly =Ly =0 7)
Io—5Ly=0 (8)
Lo+lh,—5L=0 9)
Vio+ Vo —Vo=0 (10)
Vio+ Voo = Ve =0 (11)

Ly = f(Vis (L1, Voc(1L1),
Rs(1,1), Re(1,1), ekz(1,1)) (12)

—
4
2,1 2,2
Y
1,1 1,2

Parallel Blocks in Series (Series Blocks)

Fig. 7. Schematic diagram of parallel string and series block array configurations showing module indexing.
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Ly = f(Vig; IL(1,2), Voc(1,2),
Rs(1,2), Rp(1,2), ekt(1,2)) (13)

Ly = f(Vay: IL(2,1), Voc(2,1),
Rs(2,1), Rp(2,1), ekt(2,1)) (14)

Ly = f(Van; 1.(2,2), Voc(2,2),
Rs(2,2), Rp(2,2), ekt(2,2)) (15)

For the series block configuration, the array voltage
Vr produced at array current /; can also be determined
by the solution of a system of nine simultaneous non-
linear equations for nine unknowns (Vr, 1,,, L1, 112,
Lo, Vi, Vau, Vig, Voo

Liy+L,-151=0 (16)
Ly+5L,—-I=0 (17)
Vl,l + V2'| - VT = 0 (18)
Vl‘l - Vl.z =0 (19)
VZvl - Vz.z =0 (20)

Via = g5 IL(1,1), Voc(1,1),
Rs(1,1), Re(1,1), ekt(1,1)) (21)

Vie = g IL(1,2), Voe(1,2),
Rs(1,2), Re(1,2), ekt(1,2)) (22)

Var = g5 IL(2,1), Voc(2,1),
Rs(2,1), Re(2,1), ekt(2,1)) (23)

Var = gl 1L(2,2), Voc(2,2),
Rs(2,2), Rp(2,2), ekt(2,2)) (24)

3.2 Distribution of array power

The 192 modules tested were randomly selected
and arranged into 200 four-module sets. This random
subsampling provided modules that exhibited the ob-
served variation in module characteristics, including
the correlation among module parameters. Each of
these sets was configured as both a parallel string
and a series block array. Neglecting module position
within the array, over 50 10° distinct four-module
arrays can be created from the 192 modules. The maxi-
mum output power, P, (W), for each array configu-
ration was calculated using the parameter estimates
available for each module and the appropriate array
model presented above. Using the calculated I-V
curve for each array configuration, the output power
was calculated at 0.01 V intervals until the maximum
was determined.
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Fig. 8. Normal probability plot of maximum output power
(P from parallel string array.

Figures 8 and 9 show the cumulative distributions
of P for the parallel string and series block array
configurations, respectively. These two distributions
are indistinguishable at the 5% significance level
based on the Kolmogorov—Smirnov test as described
by Benjamin and Cornell (1970). Table 4 summarizes
the statistical characteristics of the maximum output
power produced by the random module arrays in the
parallel string and series block configurations. Clearly,
the statistical properties of P, are very similar for
the two configurations.

Figure 10 compares the maximum output power
from the parallel string and the series blocks arrays
and shows that the maximum output power does not
depend on the array configuration but only on the
modules selected. Table 4 provides a summary of the
difference in maximum output power (AP,.) pro-
duced by the parallel string and series block arrays
for each of the 200 sets of four randomly selected
modules. The median and mean difference in P, was
only 0.01 W and ranged from —0.52 W to 0.60 W
relative to the median value of P, of 159 W.

The percent mismatch loss (MML) for each array
was calculated based on the total of the maximum
output power from each of the modules in the array
and the calculated maximum output power of the array
(Prar):
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Fig. 9. Normal probability plot of maximum output power
(Pmax) from series block array.
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Table 4. General tendency and variation in maximum output power and mismatch loss
in random module parallel string and series block arrays

Standard
Variable Minimum Maximum Median Mean deviation
P ax Without mistmatch (W) 155.27 162.94 159.47 159.40 1.6
Parallel string Py, (W) 154.76 162.87 159.30 159.26 1.6
Series block P, (W) 155.07 162.88 159.26 159.24 1.6
AP gy (W)* -0.52 0.60 0.01 0.01 0.14
Parallel string mismatch loss (%) -0.00 0.53 0.06 0.08 0.08
Series block mismatch loss (%) 0.01 0.45 0.07 0.09 0.08

* APpax = Prad{parallel string) — P, (series block).
2 2
(E 2 max(li,j' ‘/1_]) - Pmax)' 100
MML = =l (25)
= 2 max(h;- Vi)
= =1

i=1 j=
Table 4 summarizes the observed percent mismatch
losses for the two array configurations. The largest
percent mismatch loss was only 0.53% and the mean
values were less than 0.1%. Figure 11 presents the
cumulative distribution of mismatch loss for each
array configuration.

4. DISCUSSION

The five-parameter I-V curve model, eqn (1), pro-
vides an accurate basis for predicting module response
and also provides precise estimates of the module I—-
V curve parameters: /, , Voc, Rs, Rp, and ekt. Module-
to-module variation in the I-V curve parameters was
more than 10 times greater than the uncertainty in
the corresponding module estimates. For example, the
estimates of Voe had a median coefficient of variation
of 0.04%, while the coefficient for module-to-module
variation in Ve was 0.72% which is 18 times greater.
Consequently, the uncertainty in the module parameter
estimates does not substantially obscure the variation
from module-to-module.

The maximum output power at NOCT for the mod-
ules ranged from 37.5 W to 42.4 W with a coefficient
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Fig. 10. Relationship between maximum power output

(Pmax) from parallel string and series block arrays. Line

shown represents equal maximum output power from the two
array configurations.

of variation of 2.1%. I, ranged from 3.17 A to 3.47
A with a coefficient of variation of 1.3%. This varia-
tion is considerably less than that assumed by Bucciar-
elli (1979) and Gonzalez and Weaver (1980) in their
analyses of mismatch losses.

The discrepancy between the nameplate ratings of
the modules tested and the observed maximum out
power at NOCT may be in part explained by the varia-
tion in the spectral characteristics of the natural insol-
ation during the field tests and by other deviations in
testing conditions. But the 14% average difference
observed is consistent with the 5-13% discrepancy
reported by Jennings (1987) and the 9% discrepancy
reported by Russell and Bergman (1985).

As with the individual modules, the maximum out-
put power from the four module arrays was 14% (27
W) less than would be expected from the nameplate
ratings: 159 W versus 186 W. But the coefficient of
variation in maximum output power in the random
module arrays was only 1.0% or 1.6 W with the range
in maximum output power only from 155 W to
163 W.

No substantial difference in maximum output
power or mismatch losses between the parallel string
and series block array configurations was observed.
This contradicts Green (1982) and Gonzalez and
Weaver (1980) who concluded that series block con-
figurations should exhibit less severe mismatch losses
than parallel strings. However, the earlier work fo-
cused primarily on cell-to-cell variation within a mod-
ule rather than module-to-module variation within an

0.6 $ }
0.5 - - /o +
—©— % Series Mismatch Loss
0 —&— % Parallel Mismatch Los
g 0.4 -
-
F
L2
I} 0.3
E
2
= g
® 0.2 S SRS S WS -5
0.1 [F ~ WS- =
0 1 =+t
.01 1 1 510 2080 50 70809095 99 99.999.99

Percent

Fig. 11. Normal probability plot of mismatch loss from paral-
lel string and series block arrays.
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array and addressed more substantial differences in
cell (or module) characteristics.

Based on this investigation, arrays composed of
undamaged production-run modules of a single model
and manufacturer do not exhibit significant mismatch
losses. The discrepancies between actual and expected
array performance are overwhelmingly the result of
deviations from the nameplate ratings. No significant
gains in array performance can be obtained by use of
series block versus parallel string configurations, or
by selective ordering of modules within the array.

This investigation has not considered the effect of
inclusion of damaged modules, modules operating at
substantially different temperature or insolation, or
different kinds of modules within arrays. Under such
conditions, array configuration and module ordering
may yield substantial gains in performance.

5. CONCLUSIONS

1. The five-parameter [-V curve model given by eqn
(1) provides an accurate basis for predicting mod-
ule response and also provides precise estimates of
the module I-V curve parameters: /,, Voc, Rs, Rp,
and ekt.

2. The 192 production-run ARCO Solar M75 Solar
Electric Modules exhibited small variation in P,,,,,
11, and Ve with coefficients of variation of 2.1%,
1.3%, and 0.72%, respectively. The modules
showed much higher variation in Rs, Rp, and ekt
with coefficients of variation of 33%, 48%, and
18%, respectively. Most module parameters were
statistically significantly correlated with other pa-
rameters.

3. The observed maximum output power from the
modules averaged 14% less than the nameplate rat-
ing at NOCT.

4. No discernible difference was observed in the max-
imum output power from parallel string arrays and
series block arrays.

5. Mismatch losses were very small, averaging 0.1%
and always less than 0.53%.

6. Consideration of mismatch losses is unwarranted
in the design of arrays composed of undamaged,
production-run modules of a single model op-
erating at a uniform temperature and insolation.
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