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The arrangement of diodes in a solar cell array affects the Maximum Power Point (MPP) of the solar cell
system. Thus, a pre-wiring method for determining the optimal arrangement of the diodes, which
results in the highest MPP, is desirable. This paper proposes a numerical algorithm that predicts the
optimal diodes arrangement. A computer program, written in 'Spice', measures the MPP of many
different combinations of diode arrangements in a Photovoltaic (PV) array. The program then evaluates
the array power harvesting efficiencies. By using the statistics of these results it can then point to the
best arrangement of diodes for optimal MPP. A pre-requisite for this method is the knowledge of the
electrical characteristics of each photodiode. Simulations and measurements indicate that for an array
of 15 diodes (3 parallel columns of 5 diodes in series) the relative improvement achieved by using this
method is 15% when compared to the average efficiency of an arbitrarily configured array. One
application is for high power PV arrays in which the wiring and optimum arrangement is fixed and the
optimal diode arrangement may then be found. Alternatively, for small scale low power PV arrays
dynamic real time reconfigurable PV arrays may be realized.

Key words: Photovoltaic (PV) array, Maximum Power Point (MPP), spice, Monte-Carlo, module-mismatch.

INTRODUCTION

P-N junctions of solar cells can be modeled as a current
source in parallel to a diode and two resistors as shown
in Figure 1 where Rs is the cell series resistance and Rp
is the shunt resistance (Nelson, 2003; Cooper, 2008).
The output current is then described by the equation:

@V IR V + I R
I = Ipp— :5(9( G 1) _—= =

7 (1)

Where: lo - Output current; Rs - Cell series resistance;

Iph - Photo generated current; n — Diode ideality factor; Is
- Diode’s saturation current; K - Boltzmann constant; q -
Charge of an electron; T — Temperature; V - Voltage
across the PV cell and Rp - Cell shunt resistance. For a
given temperature the characteristics of each individual
diode are defined by the parameters; Isc, n, Is, Rs, Rp
and the Maximum power point (MPP) that can be
extracted from its |-V curve. An Optimal array would be
one where all of the diodes in the array are identical and
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Figure 2. Diodes connected in series.

have the same parameters.

The MPP of such an array would be the sum of the
MPP's of each diode separately. This is the maximum
theoretical MPP that can be achieved.

In practice, due to process variations a mismatch exists
between any two photodiodes. Even if two manufactured
photodiodes show a close value in one parameter, they
may have large differences in other parameters. As a
result, the performance of each photodiode module is
different. It is assumed that the performance differences
between the modules have a normal distribution. It
follows that the maximum power output of an entire PV
array is always less than the sum of the maximum
outputs of the individual modules. This degradation is due
to slight inconsistencies between the various module
performances and is termed module mismatch. Losses
due to module mismatch amount to at least 2% loss in
array power harvesting (Endecon, 2001; Henze et al.,
2009).

Some solar cell module manufactures provide micro
inverters or other power management electronics to
improve and optimize the overall power output from their

solar cell modules (Lee et al., 2013). However, with a
standard solar cell array the cell wiring typically cannot be
reconfigured to achieve better power efficiencies nor can
its cell arrangement accommodate the particular
conditions at the installation site. Even when power
management electronics are added this does not really
solve the problem for a number of reasons; it increases
the cost of the systems' components, it requires
additional installation and maintenance and is also limited
to the hardwired fixed cell arrangements of the solar cells
in the panel (Sager, 2014).

Another typical industry approach when dealing with
module mismatch loss is to sort the diode cells into
groups of 10, 20 and 30, where o is the standard
deviation of the diodes' performances. Following the
sorting step, PV arrays can be built which are then sorted
into three classes of performance and efficiency; best,
medium and poor. The cost of the PV array can then be
respectively determined by the vendor. The total power
supplied from the PV arrays is higher using this method
than in the case of building the PV arrays with randomly
selected diode cells (Webber and Riley, 2013).

In this article we present a numerical solution for the
module-mismatch problem. Before wiring the PV array,
each diode is electrically characterized and its major
parameters are extracted. The diode parameters are then
loaded into a computer program (written in 'Spice’)
(Pongratananukul and Kasparis, 2004). A large number
of arrangement combinations for these diodes are then
sampled by the program. In each iteration, the program
calculates the theoretical MPP of the specific array
arrangement. Assuming the distribution of the resulting
MPPs is Gaussian, the program finds an arrangement
that is closest to the optimal arrangement after a
reasonable number of iterations. The exact number of
iterations depends on the runtime of the program. The
limitation of the program runtime on the number of
iterations will be analyzed later in this article.

The program can be realized with off-chip software for
a pre-sorting phase, or implemented in on-chip hardware
to enable dynamic configuration settings that reach
system specifications like a specific required power value
(Gaul, 2012) or an optimized power conversion efficiency
(Dzung and Lehman, 2008; Kaushika and Gautam, 2001;
Picault et al.,, 2010). An implementation for on-chip
dynamic switching applications is suitable for small low
powered solar panels (Sol-chip, 2013).

Module-mismatch loss

When diodes are connected in series, as illustrated in
Figure 2, they are all forced to have the same current
flow. If all of the diodes are identical, then they supply the
same current and also drop by the same voltage.

Yet, due to process variation, the solar cells' diode
parameters are not identical. Since the diodes are forced
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Figure 3. Diode |-V curve (the blue arrow demonstrates the error shift

to lower current).
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Figure 4. Diode |-V curve (the blue arrow demonstrates the error shift to

higher current).

to conduct the same current, a difference exists between
the Imparay (Photo current at maximum power point) of
the whole vector to the Impsinge Of each individual diode.
Figure 3 illustrates how diodes that have an Impsige
higher than Impgry Must increase their voltage drop to
reach the lower level of the total Imp,pay.

The opposite holds for diodes that have an Impsinge
lower than the Impgry value, as illustrated in Figure 4.
Such diodes decrease their voltage Vmp to reach the
desired current. As a result, the diodes in the vector will
not work at their intrinsic MPP.

When diodes are connected in parallel as illustrated in
Figure 5, the current on the load is the sum of all of the

diodes’ currents, and all of the diodes are forced to drop
by the same voltage. The differences between the diodes
cause each diode to have a different Vmp (maximum
power voltage) value. As a result a difference exists
between Vmpg.ay Of the whole system to Vmpsinge Of each
individual diode, thus causing the diodes to work at a
different power point than their intrinsic MPP. Diodes with
lower Vmpsingie Will increase their voltage to Vmpgp,y level,
while their current will decrease as is shown in Figure 6.
For the case of diodes with higher Vmpsinge Figure 7
shows that they will decrease their voltage value to reach
the Vmparay level and will generate a higher current. As in
the case of diodes in a series, when combined in parallel
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Figure 6. Diode I-V curve (the blue arrow demonstrates the error
shift to higher voltage).
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Figure 7. Diode I-V curve (the blue arrow demonstrates the
error shift to lower voltage).

each individual diode in the array, and therefore the array
as a whole, does not reach its ideal MPP value. The PV
array performance will be affected by the parameter
mismatches in any connectivity or cell arrangement.

Figure 8 illustrates an arrangement in which for each
serial vector all of the diodes are forced to flow with the
same current and the parallel vectors are forced to drop
by the same voltage, regardless of their ideal intrinsic Imp
and Vmp. It is important to note that from an electrical
point of view a vector can be effectively treated as a
single diode, having a single I-V curve and a single Vmp
and Imp (Solmetric, 2010). Consequently, the MPP of the
whole array is always lower than the sum of the MPPs of
each individual diode.

The numerical solution

The numerical solution for the module-mismatch problem
is based on a large number of simulation measurements,
which calculates the MPP of different diodes'
arrangement in the PV array. A photovoltaic array is
constructed from 'm' parallel columns of 'n' diodes in
series. Taking into account that each diode can be placed
at every array node, there are (nxm)! possible diode
arrangements in total. For a 5x3 PV array, for example,
there are 15! = 1.3x10" possible diode arrangements.
Assuming the distribution of the MPP of all possible
configurations is Gaussian, the desired diode
configuration then, is the one that yields the highest MPP
or, equivalently, the Gaussian maximum value.

The order of the diodes within each vector does not
affect the panel efficiency. This is due to the fact that the
vector voltage is the sum of all of the biases of the diodes
in the vector which are determined by the current. The
current itself is determined by the weakest cell in the
vector, regardless its exact location in the vector.
Considering this then it is possible to reduce the number
of configurations that need to be tested.

As indicated, the number of all possible configurations
is (nxm)!. For each given arrangement of diodes in the
PV array there are (n!)" arrangements that will result with
the same MPP since the diodes positions will simply be
shuffled within the same vector. Thus, there are in fact
only (nxm)!/ (n)™ arrangements that need to be tested.

In addition, a swapping between the vectors will not
affect the panel efficiency since the wiring connections
remain the same. Thus, it is possible to divide the
number of meaningful arrangements by m!. Therefore, in
total there are (nxm)!/ (n))"/m! configurations to be
tested.

The first step of the computer program is to extract the
diodes five reference parameters that were mentioned
above. The extraction procedure is also explained in this
study. After determining the diode parameters the
program then creates many arrangement schemes for
the diodes. For each arrangement the Spice simulator
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Figure 8. PV array.
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Figure 9. Histogram of the results of simulation 1. X axis represents the
MPP in Watts. Y axis represents the number of permutations whose

arrangements gave this MPP value.

characterizes the |-V behavior (Oldenkamp et al., 2004),
measures the generated power and finds the MPP.
Ideally, all of the relevant permutations would be
tested. However, considering the iteration of the program
is time consuming (in the suggested technique each
iteration lasts 2 seconds), the simulation of all
permutations may last an unreasonable amount of time.
In order to overcome the runtime problem it is possible
to simulate random configurations until a pre-defined stop
condition is reached. A stop condition can be, for
example: 1) A configuration that shows an improvement
of 15% in MPP in respect to the average. 2) A limit on the
total number of iterations allowed (equivalent to a limit on
the program's running time). When the stop condition is

reached the output of the program gives the maximum
MPP of all the configurations that were tested and the
diode arrangement in the optimal configuration.

It would be worthwhile to evaluate if, when using this
method, arrays whose cells were pre-sorted to 10, 20
and 3o classes provide better MPPs than arrays whose
cells were not sorted. In simulation 2 it is shown that the
sorting process does not improve the MPPs when used
with this method.

Simulation 1: All permutations

In a 5x3 PV array (3 vectors of 5 diodes in each vector),
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there are (5x3)!/(5!)*/3! = 126,126 relevant permutations
to test. The execution of one lasts about 2 seconds. In all
this translates into about 70 hours for the testing of all of
the relevant permutations.

The relatively small size of this array enables the
characterization of the overall MPP distribution. For larger
arrays, such as a 34x3 PV array, there are 6.2x10*
iterations and the characterization of the MPP distribution
is not feasible. In this case the only option is to use a stop
condition as mentioned in the numerical solution. As
such, the program will run random permutations until the
pre-defined stop condition is achieved.

For the simulation of the 5x3 PV array, in order to
ensure a normal distribution for the various diode
parameters, a Monte-Carlo function was used. In real
cases, a characterization step will measure the
parameters of each diode and load the cell parameters
into the program. In this case study the nominal values
set for the diodes parameters were: Iph = 0.71 [A]. n =
15. Is = 1le-14 [A]l. Rs = 0.12 [Q]. Rp = 800 [KQ]. The
relative variation of 10 class was set to 20%.

The MPPs of the simulation results for the 5x3 PV
array are shown in the histogram in Figure 9. The
average MPP value was 8 Watts, the minimum MPP was
6.8 Watts and the maximum MPP was 9.2 Watts.

Statistically, the MPP of an arbitrarily ordered PV array
will approach the average value. Thus, the relative
improvement of the suggested technique is 14.8%. The
absolute improvement, however, depends on the
efficiency of the given PV system. For example, for a PV
system with efficiency of 17%, the absolute improvement
is 2.5%.

Simulation 2: Sorting the diodes

The second simulation presented here determines if
advantage exist for pre-sorting the cells into classes over
random selection when using the proposed method. A
Monte-Carlo function in Spice was used to produce 1500
random values for each diode parameter (Iph, n, Is, Rs,
Rp) with a normal distribution. The nominal values and
relative variations were set in the Monte-Carlo function.
Using these parameters, 1500 independent "diodes" were
arbitrarily built. For each diode the MPP value was then
evaluated. From these 1500 diodes, 90 were then
selected and used to build 6 simulated panels of 5x3
diodes in two different manners:

(1) The 90 diodes were randomly selected from the 1500,
from these 90 diodes 6 panels of 15 diodes each were
built.

(2) The 1500 diodes were pre-sorted to three groups by
their MPP value - 'Worst' [-infinity, -10], which were
15.9% of the diodes, 'Medium' [-10, 10] making up 68.2%
of the diodes and 'Best' [10, infinity] which made up
15.9% of the diodes. Six PV panels were simulated: one

panel was made up of diodes randomly chosen from the
‘Worst’ group, four panels used diodes that were chosen
randomly from the ‘Medium’ group and the last panel was
from the ‘Best’ group. This partition was chosen because
68.2% is approximately 4/6, and 15.9% is approximately
1/6.

For each simulated panel, the program evaluated the
MPP of 200 different diode arrangements. This number
was determined as a stop-condition of the program, as
mentioned in the numerical solution. Table 1 summarizes
the evaluated MPP's for the sorted and non-sorted
arrays.

The sorting process increased the average MPP from
44.3W to 47.4W (average vs. average) an improvement
of 6.9%. Using the suggested computer program on
random arrays, the overall MPP increased to 50.6W an
improvement of 14.2%.

Yet, it is worthwhile noting that the overall MPP of the
best arrangement for the sorted panels is less than the
MPP value of the best arrangement that was achieved
when applying the program on the 6 non-sorted panels.
The conclusion is that the sorting process is needless.
There is no benefit to sort and classify the diodes into
classes when using the program presented here for
optimal diode arrangement.

Moreover, as can be seen in Table 1 and Figure 10 a
larger deviation in the diodes' MPP exist when using
panels that are built from the sorted diodes than the
deviation in diodes' MPP when using panels which are
built from randomly chosen diodes. This benefit, of using
the random process over the sorted process, remains
also after applying the optimization program.

The program achieved the efficiency improvement in
only 200 iterations, an operation that takes less than 7
min. The average relative improvement of the program
output is 14.2%. On a PV array with an efficiency of 15%,
this is a 2.1% absolute improvement.

Measurements and comparison

This study presents a comparison between simulations
and actual measurement results from 8 commercial PV
panels. The configuration being tested is made up of 2
vectors in parallel, in which each vector has 4 panels in
serial (4x2 array).

Each panel is a serial connection of 8 diode cells.
However, as mentioned in M-mismatch loss, from an
electrical point of view a serial module can be treated as
a unified diode that has a single |-V curve, with a single
MPP (Solmetric, 2010). The area of an individual diode is
3x2 cm? so the overall area of the PV panel
(representing an "effective diode") is 48 cm?.

Based on simulation results, the expected improvement
for 5x3 array was in the range of 10 to 20%. According to
the expression for relevant permutations given in
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Table 1. Simulation 2 results for random and sorted diodes.

Results: Random —

Average[W] Min[W] Max[W] Improvement (%)
7 5.5 8.3 18.6
7.7 6.4 8.7 13
8.1 7 8.9 9.9
7 6.3 8 14.3
6.7 6.1 7.4 10.4
7.8 6.3 9.3 19.2
Total 44.3 37.6 50.6 14.2
Sorted -
Average[W] Min[W] Max[W] Improvement (%)
3.8 3.3 4.4 15.8
7.7 7 8 4.2
7.6 6.6 8.3 9.5
8.9 8.1 9.5 6
7.3 6.8 7.9 7.8
12.1 11.7 12.5 3.1
Total 47.4 43.4 50.5 6.6
50.6W 50.5W
—47.4W — —
44 3W
Average Average
Random Sorted

Figure 10. Simulation 2 results: Improvement of 6 PV arrays, for
random and sorted diodes, using the suggested technique.
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Table 2. Electrical measurements of 8 commercial PV panels.

Panel Isc [mA] Voc [V] l1oka [mA] V1oka [V]

pl 409 2.5 181 2

p2 406 2.7 202 2.2
p3 405 2.6 187 2.1
p4 419 2 148 1.6
p5 392 2.7 199 2.2
p6 387 2.6 195 2.2
p7 389 2.8 209 2.3
p8 369 2.3 169 1.8

Table 3. Power results from simulation and measurement for a 4x2 PV array.

Average Optimum Improvement (%)
Simulation 3.6 3.9 8.3
Measurement 3.7 4.1 10.8

Simulation 1: All permutations, for an array of 4x2 there
are 35 relevant permutations.

In order to pre-wire the PV array the parameters lgc,
Voc, lioka and Vigka (current and voltage when the load
resistance is 10KQ) were measured for each of the 8
panels. Table 2 lists these measurements. lsc, Voc, l1oka
and Vikq represent three points in the panels' I-V curve:
(O, Isc), (V1okas loka), (Voc, 0). Using a best fit numerical
program, the five reference parameters (lph, n, Is, Rs and
Rp) are extracted for each panel using the following PV
equations derived from Equation 1:

IocRs I..R
Iy =1 — 1 (e( "’r"'?)— 1) —==
Ry )
Viogn Hiognfs Vinern + Inprn R
I, = !ph—fs(e( V) 1) S LR L C R
RD
3)
v, v
Iy =Ly — I (e(ﬁ) - 1) _oe
Ry 4)

Where: 1y, 15, I3 - output currents; ls, lioka, Viokar, Vo -
measured values and V; =KT/q.

Since the effect of Rp on Iy, I, and I3 is negligible, we
arbitrarily set Rp to be 1MQ for all of the panels. Using
these parameters, different 4x2 array combinations were
built in the simulation program and power output was
extracted for all of the 35 relevant configurations.

The simulation results gave an average power of 3.6
Watts and a maximum power of 3.9 Watts - which is an
improvement of 8.3%. Four different arrangements of
industrial 4x2 PV arrays were then built in arbitrary order
with the real panels. Power was measured with a load
resistance of 10 KQ. The results of these arbitrary
configurations were as follows: Arbitrary 1 = 3.9 Watts,

Arbitrary 2 = 3.9 Watts, Arbitrary 3 = 3.6 Watts, Arbitrary
4 = 3.5 Watts. The average was then 3.7 Watts.

A fifth 4x2 PV array was built according to the best
arrangement that the simulation found. The Power value
with a load resistance of 10KQ in this case was 4.1Watts
a 10.8% improvement over the arbitrary configurations.
The results are summarized in Table 3.

The simulation successfully predicts the PV panel
arrangement (connectivity and panel position) that gives
the best power value measured. The differences between
the level of improvement claimed by the simulation and
the actual measurements are mainly due to the effect of
the load resistance conditions on power efficiency and
the limited number of measurements. The five panel
parameters were extracted by using a numerical method
approximation from a limited number of load conditions
(open, short and 10KQ). Nevertheless, the simulation
program found the specific arrangement of the PV array
that achieved the best output power.

Additional methods of finding the parameters of the
diodes can be found. For example, an analytical
calculation of four parameters (Iph, n, Is and Rs) is
presented based on an educated guess approximation
and evaluation according to three points (0, ISC), (VMP,
IMP), (VOC, 0) on the diode's I-V curve (Chenni et al.,
2007). Another approach and technique is the MPP
meter-card, which measures 256 |-V points and enables
an accurate calculation and extraction of the parameters
(Glotzbach and Kirchhof, 2009).

Conclusion

This paper proposes a solution to the power loss problem
which occurs due to the module-mismatch in solar cell
arrays. The number of all possible diodes arrangements



in the solar cell array is huge. Without sorting and
optimization procedures the typical MPP value of the
wired array will approach the average value. However, by
using the program and procedure presented in this article
solar cell arrays can be made with a diode arrangement
that yields the optimal MPP. The relative improvement of
the output power is in the range of 10 to 20%, depending
on the array size which dictates the overall number of
relevant permutations.

It is evident at this point that the program achieves still
finer results with as little as 200 iterations. The
improvement will increase as the number of iterations is
higher. At 200 iterations the program achieved a relative
improvement of 14.2%; at 126,126 iterations (all
permutations of 5x3 array) the program achieved a
relative improvement of 14.8%.

The absolute improvement depends on the efficiency
and size of the given PV system. If the efficiency of the
PV system is, for example, 15% then the absolute
improvement will be 2%. The program and procedure
presented here can be realized with off-chip software for
finding the optimal diodes arrangement in the solar array
for optimal pre-wiring the diodes. Another application of
the suggested program is to implement it with on-chip
hardware, to enable dynamic configuration settings that
reach a specific required power, voltage or current
values, or optimized power conversion efficiency.

On-chip dynamic configurations are suitable for small
solar power based applications and self-sustained low
power consumption systems. Such systems or
accessories are remote controls, reconfigurable mobile
tags and sensors for irrigation and farming or any module
that can be powered by a small sized photocell array.

In order to reconfigure the array arrangement in
response to environmentally varying conditions, for
example, temperature or triggering events (which may
need a different voltage/current in different conditions to
operate efficiently), additional integrated switching
devices need to be realized. Nevertheless, as the typical
generated photo current of such systems is relatively low,
the requirement for low resistance of these switches is
respectively not severe as in the case of large area solar
arrays. The additional voltage drop and dissipated power
penalty due to these switching devices can be low as
well. It may be negligible in comparison to the added
power efficiency achieved by the on-the-fly configuration
optimization. This makes such systems particularly
suitable platforms to implement the proposed dynamic
procedure.

For large area photocells, which produce high currents,
the proposed procedure and algorithm is more suitable
for pre-sorting followed by fixed wiring of the selected
optimal array arrangement.
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