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Abstract—This paper presents a simple and theoretically sound
submodule-based model to simulate the characteristics of a PV
array with a series-parallel configuration. The proposed model
can describe the behavior of bypass diodes as well as the full PV
array characteristics under varying irradiance and temperature
conditions. Rather than using the non-linear system of equations
solved with a Jacobian matrix, separate equations are employed
to model the submodule-based PV array, and solved by an easy-
to-implement bisection search method. Consequently, the output
current of the PV array can be readily determined when its
output voltage, the irradiance levels and temperature values of all
submodules are given. The robustness and calculation efficiency
of the proposed computational method are analyzed. Some test
examples allow to exhibit the acceptable accuracy of the proposed
model. Special attention of this work is paid to the simulation
approach to evaluate the electrical mismatch losses in large-scale
PV arrays with nonuniform aging after several years of field
operation and exposure.

Index Terms—PV array, Modeling, Bisection method,Partial
shading, Mismatch, Submodule

I. INTRODUCTION

The series-parallel (SP) architecture is widely used to large-
scale gird-connected photovoltaic (PV) systems for configura-
tion of modules. Ideally, if a PV array works under a uniform
irradiance and all cells have an identified current-voltage (I-V)
characteristic, most of maximum power point tracking (MPPT)
algorithms can detect an unique peak of the power of the PV
array. Unfortunately, mismatches arising among different parts
of the PV array, are ubiquitous due to manufacturing variances,
partial shading, aging, soiling, temperature variations, cell
damaging, non-uniform irradiation, etc [1]. As a result, the
mismatches will cause power losses of the PV power plant [2].
Power yielded by reversed biased cells should be dissipated
in hot spot conditions [3]. Therefore, to make a compromise
between high reliability of the PV modules throughout their
lifetime and increase on the cost due to the extra p-n junctions,
one bypass diode connected in anti-parallel with each group
of series connected cells, is utilized externally. A submodule
in this context is referred as a group of series connected cells
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and an anti-paralleled bypass diode serving the group of cells.
Although the precaution using the bypass diode in parallel with
each submodule can mitigate this mismatch to some extent, the
power-voltage (P-V) characteristic of a PV module exhibits
more than one peak when the PV cells operate at different
illumination levels at mismatch conditions.

Modeling and simulation are the effective techniques com-
monly used to evaluate the mismatch losses caused by the
uniform aging, and to assess the economical feasible of rear-
ranging the modules in the large-scale PV plants after some
years of operation. As example, a submodule-based model
is suitable for theoretical analysis of efficiency improvement
of non-uniformly-aged PV arrays using a PV module recon-
figuration strategy without significant investment in [4]. This
motivates the development of a new and simple simulation
tool allowing submodule-level modeling of partial shading or
electrical mismatch in PV arrays.

The electrical behavior of mismatched PV cells in the
presence of bypass diodes can data back to the work of Bishop
in 1988 in [5]. Although the initial and complete model given
in [5] has also been applied and experimentally validated to
study the reverse characteristics of shadowed PV cells in [6],
parallel combination of bypass diode and series submodule
I-V curves is difficult to obtain common voltage values by a
simple algebraic calculation, hence, instead by an interpolating
procedure. For reducing the computational burden and circum-
venting the convergence problem when a large PV structure
is modeled, the Lambert-W function has been used to express
the PV string voltage as an explicit function of its current in
[7-10]. However, the term in the Lamber-W function is usually
too large, which results in the numerical calculation problem.
By modeling the bypass diode as an ideal switch, the concept
of the inflection voltage has been introduced to the PV string
model with the bypass diodes in [11]. A novel technique to
directly relate the power peaks of PV arrays has been presented
in [12]. However, only the power peaks are predicted. More
recently, a simple relationship equation between I and V for
a PV cell has been presented to analyze the characteristics
of a PV module under partial shading conditions in [13].
Nevertheless, the simplified equation can lead to the large
voltage calculation errors when the current is large. While the
submodule-based PV system simulations have been reported in
PV*SOL Expert’s software documents, the detailed simulation
method cannot be publicly available due to some commercial
considerations. If the models are formalized by a set of non-
linear implicit equations, as shown in [6,7,11,14], the Newton-
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Raphson method is usually employed to solve the equations.
In this case, the determination and inversion of the Jacobian
matrix are the most computationally intensive task. Moreover,
a good initial guess point is critical to prevent convergence
failures. In addition, the states of bypass diodes are usually
failed to judge, as pointed out in [13]. The minimum real
root of an equation with higher degree for PV array modeling
with the Lambert-W function, as shown in [15], has to be
solved. In [16], a method for calculating the strings voltage
for a given current value, has been proposed by pre-calculating
the complete characteristics of all the strings at a given voltage.
Hence, the implementation of this method remains tedious. A
comprehensive review can be found in [17].

Based on the bucket effect of maximum short circuit current
of the PV submodule, we introduce a submodule-based PV
array model using the separate equations in this paper, instead
of the nonlinear system of equations usually solved by the
Newton-like methods characterized with the Jacobian matrices.
The proposed model can describe the behavior of bypass
diodes as well as the full PV characteristics under varying
irradiance and temperature conditions. The contributions of
our work are as follows:

(1) Based on the continuity and monotonicity of the current-
voltage function related to the bypass diodes, the bisection
method is employed to find the output current of the PV
array. Although the bisection method has been applied for the
MPPT in [18] and the numerical solution of the nonlinear I-V
equation in [19], to the best of our knowledge, we present
an application of the bisection method for partial shading
conditions for the first time.

(2) We provide a method to evaluate the electrical mismatch
losses of the large-scale PV array with nonuniform aging after
several years of field operation and exposure. When checking
a large amount of PV modules is a non-practical solution for
a large-scale PV plant, the degraded electrical parameters and
their statistical distributions are obtained from some randomly
sampled PV modules. Based on Monte Carlo simulation with
these distributions, the proposed method can investigate the
benefits of arranging the PV modules using some standard
procedures.

(3) We analyze the robustness and calculation efficiency
of the proposed computational method. The accuracy of the
proposed model is validated by some test examples.

The rest paper is organized as follows. In Section II, we
present the submodule-based PV array model under partial
shading or mismatch conditions. In section III, we provide a
computational method for the submodule-by-submodule PV
array simulation. Then, in Section IV, the proposed model is
validated by some experimental results, with special attention
to the simulation and evaluation of a large-scale PV array un-
der mismatch conditions caused by nonuniform aging. finally,
we conclude our work.

II. MODELING

In a SP PV array as shown in Fig.1, N, PV modules are
first connected in series to get a PV string and then N, PV
strings are connected in parallel to construct a PV array. A

Np strings

Nm modules per string
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-3

" Nd submodules per module
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E

Fig. 1. Series-parallel PV array formed from PV cells.

blocking diode connected in series to one PV string is usually
used to block reverse current through the PV string, which
is not taken into consideration in this study. Furthermore, a
PV module, also known as a PV panel, is composed of Ny
series connected submodules. A submodule is made of N
series-connected cells and one bypass diode (Db) placed in
anti-parallel with the cells.

For a PV power generation system, the output voltage value
of the PV array is supposed to be specified because it is
generally adjusted by the power converter tracking the MPPs.
Hence, given its output voltage V4 and the irradiance levels and
temperatures of all submodules included to the PV array, its
output current /4 should be determined to construct the array I-
V characteristics. The PV array current is calculated by a sum
of all the PV strings terminal currents, while the the PV array
voltage is equal to that the terminal voltage of any PV string.
For the i-th PV string with the given output voltage V;, since
the string current I; is equal to that one of any submodule and
the implicit relationship between the submodule current and
voltage, the string current /; can be obtained by numerically
solving the equation F;(I;) = 0, where

Nm Na

Fi(l;) =V, - Z Z Vijk i jk) (1

j=1 k=1

and V;; is the terminal voltage of the k-th submodule of
the j-th PV module contained in the i-th PV string, which is
the nonlinear function of the current /; j x flowing through the
submodule. Each submodule has three elementary flag num-
bers, as the subscript, that determine uniquely its configuration
information in the PV array: the first flag denotes the specific
PV string that contains the submodule, the second flag the
specific PV module and the third flag the submodule [20].
Obviously, I; jx = I;; = I;, where I;; is the current flowing
through the the j-th PV module contained in the i-th PV string.
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Fig. 2. Equivalent circuit of the submodule.

The circuit model of the the k-th submodule of the j-th
PV module contained in the i-th PV string is given in Fig.2.
The group of N series-connected cells in the submodule is
electrically modeled by the most widely used single-diode
circuit (or five-parameter model):

Vl,Jk ljk'fj,k
§ _qph —IO e N Vi TigoAige _
ik = T = Tigale ) )
_Vl 7, I\+Rl 7. kIt,_/,k
P
Rt/k
0 s P
In (2), terms I]k, I”k, Ajjks sz,k’ Rl.,j’k are the five

parameters of the model. Vg Ig are the terminal voltage
and current of the group, respectrvely V k(Tl j.k) is the
junction thermal voltage at the temperature Tl ik (in Kelvin)
of the p-n junction
k-T: -
Vi o(Tja) = —28 (3)
q

where ¢ is the electron charge (1.60217646x1071°C), k is the
Boltzmann constant (1.3806503 x 107237 /K). The relationship
of model parameters analytically as functions of PV irrandi-
ance G; ;i and temperature T; ;, is shown in our previous
work [21].

By using Kirchhoff voltage and current laws, the relation
between the current /; j and voltage V; ;i of the submodule
is given as the following equations:

Ljk =1, I;Ij’k, “
Vi,j,kzvz,k_vlgjk o)

The relation between the current / d,bk and the voltage de of

the bypass diode can be expressed as follows:

db db
O e CRAAGE ) (©6)

where 16”’ and thb are the bypass diode’s saturation current
and thermal voltage, respectively.

Obviously, the models of the N series-connected cells
and bypass diode are coupled by the voltage V; ;x, which
impose a complex computation. However, the bypass diode
has an impact mainly at negative voltages, whereas it can
be negligible at positive voltages. When some submodules
are unevenly illuminated during partial shading, the negative
voltage of the group of cells whose short current ISC
smaller than the current flowing through the submodule can
occur. Therefore, an alternative approach for decoupling the
nonlinear and complex relationship between the group of cells
and its antiparallel-connected bypass diode, as introduced in

8 ‘ ‘ ‘ ‘ |
. o MPP

Voltage(V)

Fig. 3. An example of typical I-V characteristics for the submodule.

[9] and [10], is employed. Given the submodule current /; j ,
its voltage V; ; x(/; jx) can be calculated as follows:

M IFO0 < L < IS & in this case the reverse current
flowing through the bypass diode is negligible, the voltage
V;j.k and the current I; j ; are equal to the voltage Vg and
the current Ig . Of the group of cells, respectively. Therefore
given the current I; j k., the voltage V; j x(I; j x) can be obtained
by using the Newton-like method at a well-chosen initial itera-
tive point B- ln(l+(1p -1, k)/IO RS ;o 1ijk from the im-
plicit relationship (2) by neglectrng the current ﬂowrng through
the parallel resistance R,, where B = NS‘/i’j,k(T'l,j,k)Al,j,k~
Empirically, that the maximum iteration number Nl.‘[/e";“x is set
to be 5, is enough for satisfying the precision requirement.

) If ISJC < I; j k, in this case the current flowing through
the PV submodule is assumed to be clipped at the short circuit
current Il.‘j’ «» the voltage is obtained from the explicit (6)

Vi = _thbln(M

db
IO

The setting of coefficients /§” and V> can be based on the
characteristics of the diode [9] In this study, I‘”’ and V‘“’
are set to be 1.6 x 107°(A) and 0.0468(V). As an example,
an example of typical I-V characteristics for the submodule is
shown in Fig.3.

+1) )

III. SIMULATION USING BISECTION ALGORITHM

It is easy to prove that the function V;;«([; ;) is mono-
tonically non-increasing on an interval [0, co). That is to say
, by defining Al;;; and AV, as the current increment of
the submodule to the current I; ;; € [0,00) and the corre-
sponding voltage increment to the voltage V; ; x, respectively,
if Aljjx > 0or Al;;x < 0, then we have AV, < 0 or
AV, i 2 0.

Therefore, a bisection search method can be applied to solve
the nonlinear equation F;(I;) = 0, where F; is defined on an
interval [I;(’)’i", 1179]. The left end point 1;6”" of the interval
can be set to 0, i.e., I"g’” = 0, meaning that the PV string
circuit is open. In turn, the given voltage V; should less than
a sum of open-circuit voltages of all submodules as:

Nm Ng

Vi <y =y Z VO (G Tijic) (8)

j=1 k=1
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Fig. 4. Flow chart for the numerical computation of the string current I; by
using the bisection algorithm.

otherwise, we can give the solution directly as I; = 0. The right
end point Ij“* of the interval can be set to the maximum value
among the short-circuit currents as:

L™ = max(F] (Gi1s Tina) -5 15 (G Tk

sc

T Ii,Nm,Nd (Gi,Nm,Nd, 7wi,[\/m,]\]d ))

€))

Consequently, the voltage V; of the PV string with the
current Il.'(’)’ax is less than Vl.m“". Obviously, we have
F (I Fi(115%Y) < 0 when V; € [0, V™).

The string current [; is solved by means of the bisection
algorithm detailed in the flow chart shown in Fig.4: given
the PV array voltage Va(or V;), for any i = 1,---,Np,, the
algorithm numerically searches for the string current /; such
that the equation F;(I;) = O is satisfied. The flow chart of
calculating F;(I;) is shown in Fig.5. For identifying the global
maximum of the output power of the PV array, the algorithm
should be repeated varying the output voltage V4(or V;).

In the algorithm, ey and g; are the acceptable tolerances.
Generally, that gy is set to be 0.01(V) and &; to be 0.001(A) is
enough to simulation of the large-scale PV array. The number
Niter of iterations required to obtain an error smaller than &;

should have:
In(I™) — In(er)
In(2)

Alternatively, the maximum number Nl.ItZ’r“" of iterations
can be chosen as the convergence criterion. For the PV array
simulation, that Nilt';’r“x is set to be 20, is enough to obtain a
satisfied tolerance because the maximum string current 737"
is less than 10(A).

(10)

iter
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Fig. 5. Flow chart for the numerical computation of Fj([;).

Remarks. For the modeling method and solving technique,
the accuracy, ease of implementation, robustness and calcula-
tion efficiency are key performance assessment indices. The
proposed model has quite strong theoretical foundation for the
use of bisection algorithm. The proposed simulation procedure
is readily implemented, and the parameters and mathematical
expressions are easy to manipulate by any researcher. Due
to the use of separate circuit-voltage equations for all sub-
modules, the proposed solving method presents the increased
robustness and the reduced calculation time when compared
with the methods using standard circuit simulation softwares
and their improved methods using system of equations solved
by the Newton-like methods, as highlighted in [17]. The
convergence issue of calculating the voltage in (2) has be
fully addressed because of the well-chosen initial iterative
point of the iteration procedure. When a Newton-like method
is employed to solve the system of equations consisting of
(4) and (5), its computational complexity for each PV string
simulation is O(NNe¥om x (N,, x N;)3) because it involves

inversion of a Nm]\lf;e; NNy Jacobian matrix, where NYewion
is the maximum number of iterations. In contrast, the proposed
computational method has the computational complexity of
O(Nl.lt’;r“" XNX;':“X X Ny X Ng). The calculation time of solving
the nonlinear implicit equation (2) using the Newtown-like
algorithms for each submodule is almost constant because of
the well-chosen initial iterative point and the limited maximum
iteration number Ni‘t/e"r’“x. Therefore, the proposed method has
significant improvement in the calculation efficiency when the
PV system is large, namely, large N,,, X N; value. However, the
accuracy of the proposed model can be acceptable, which is
validated by the following simulation and experimental results.

The step of the PV array voltage V4 is set to be 1(V) for finding
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TABLE I
EXPERIMENTAL AIDE PV MODULE CHARACTERISTICS
Parameters  Isc(A)  Voc (V) VippV) Lpp(A)
Values 9.228 45.278 36.635 8.700

I _| one shaded cell in the second submodule

Fig. 6. Shading scenario of the module.

the MPPs of large PV strings by sweeping all specific array
voltage values.

IV. EXPERIMENTAL AND SIMULATION RESULTS

A. Results for A PV Module Composed of Three Submodules
Under Partial Shading Condition

To validate the accuracy of the proposed approach, the first
simulation has been conducted by considering a multi-silicon
PV module produced by Aide solar energy technology co., Itd.
The module can be viewed as a submodule-based PV array
with parameters N, = 1, N;, = 1, Ng = 3 and N; = 24. The
experimental PV module characteristics at STC are shown in
Table 1. The shading scenario is shown in Fig.6. One cell
of the second submodule was shaded. The irradiance of the
shaded cell was set to be 50W/m?. Both the I-V and P-
V curves were recorded. The FS method [14], standing for
the method using trust-region dogleg method without explicit
Jacobian matrix, which can be available in Matlab through
the fsolve function to the nonlinear equations (4) and (5), is
utilized to compare the accuracy of simulations. Fig.7 and
Fig.8 illustrate the I-V and the P-V characteristics obtained
from the experimental data, the FS method and the proposed
method, respectively.

The relative error of the generation power defined as

Pv,s_

Py
= —— x 100%

Opyv = 11
p.v P (1)

is used to evaluate the accuracy of the simulation methods
[13]. The subscript v denotes a given voltage V4. P, s and Py, .
are the simulated and experimental power at the voltage Vy,
respectively. As illustrated in Fig.7 and Fig.8, the simulation
results using the proposed method are very close to the
experimental results when one bypass diode is active, while the
results using the FS method are lower than the experimental

Experimental data
----- FS method
= = = The proposed method

Current(A)
o

[} 5 10 15 20 25 30 35 40 45
Voltage(V)

Fig. 7. Comparison of I-V characteristics among experimental data, the FS
method and the proposed method.
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Fig. 8. Comparison of P-V characteristics among experimental data, the FS
method and the proposed method.

data. The calculated mean relative errors of the generation
power for the proposed method and the FS method are 1.58%
and 6.88%, respectively. When all bypass diodes are inactive,
the results of two simulation methods show large relative errors
of the generation power. But the estimated current values of the
proposed method are nearly identical with that of FS method.
A possible explanation is that measure errors are relatively
large when the currents flowing though all submodules are
very low.

B. Results for a PV Array With the SP configuration Under
Partial Shading Conditions

The second experiment was performed on the solar genera-
tion system installed on the rooftop of No.8 building, Fengxian
district of East China University of Science and Technology
(ECUST), Shanghai, China. The system is composed of 48
230W multi-silicon modules, a 12kW grid-connected inverter
and an automatic weather station, as shown in Fig.9. The SP
configuration parameters of the PV array are N, = 3, N, = 16,
Ng = 3 and Ny = 20. After 5 years of operation, these
modules have suffered severe power degradation. In addition,
during last hours of the day, some modules are subjected to
shadows produced by the wall. Therefore, by isolating one
module temporarily from the array, real I-V characteristics of
the module were first measured using an electronics load, and
then five electrical model parameters were estimated.
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Fig. 9. PV array installed at ECUST, Shanghai.
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Fig. 10. Shading scenario 2.

String 2

String 3

String |

Fig. 11. Shading scenario 3.

Four experimental scenarios with different partial shading
conditions are defined as:

Scenario 1: no shadow;

Scenario 2: four modules and two submodules in the string
1 are partially shaded by covering a rubber carpet on the 60%
surface of the modules. Fig.10 shows the architecture of the
PV array and the shading scenario;

Scenario 3: four modules and two submodules in the string
3 are partially shaded with horizontal shading profile produced
by the wall, as shown in Fig.11;

Scenario 4: seven modules and one submodule in the string
3 are partially shaded with horizontal shading profile produced
by the wall. Three modules and two submodules in the string
2 are also shaded. Fig.12 shows the shading scenario.

The voltage and current values of the PV array were read
from the DC input values of the grid-connected inverter. The
temperature and irradiance values were also read from the
weather station. Fig.13 shows the irradiance level for each
minute from 12:49 to 15:30 on April 13, 2017, excepting
a few minutes for changing shading scenarios. Besides, we
disconnected a module from the PV string to obtain the

String 2

String 3

String |

Fig. 12. Shading scenario 4.

module parameters. A direct current electronic load was used
to capture a few of I-V characteristics of the module. Some
key operating points, such as the short-circuit current, the
open-circuit voltage and the MPP voltage and current, were
extracted from the I-V characteristics. Then, the parameters
of the submodules of the PV array were derived by using the
key operating points and the approach in [21]. Finally, the
extracted parameters were validated and adjusted using the
I-V characteristics.

Fig.14 presents the estimated generation power obtained
for each sampling point with the recorded irradiance level,
the temperature value and the voltage given by the MPPT of
the inverter. Four scenarios were performed on five different
time intervals, as shown in Fig.14. It is observed from Fig.14
that the power curve estimated by using the proposed method
follows with the real power curve. The calculated mean
relative error of the generation power for the proposed method
is 2.15%. Taking into account the uncertainties about the
field data and nonuniform aging of the modules, the mean
relative error value shows high simulation accuracy of the
proposed method. An interesting observation in Fig.14 is that
the generation power has significant increase at the middle of
scenario 2 although the irradiance level gradually decreases.
It can be inferred that the MPPT algorithm finally finds the
maximum power point after minutes of calculation when the
partial shading occurs suddenly.Therefore, if a model can
infer the occurrence of partial shading and accurately estimate
the generation power with the help of a monitoring system
for a PV generation power plant, the global MPP could be
theoretically obtained by performing the voltage sweeps on
the PV array. It is our next work using the proposed model.

C. Simulation Approach to Evaluate the Electrical Mismatch
Losses in Large-scale Photovoltaic Arrays With Nonuniform
Aging

Nonuniform aging of the cells belonging to the same PV
module can decrease the efficiency, reliability and lifetime
of the PV plants and as a result the return on investment
is reduced. With aging, nonuniform thermal and mechanical
fatigue among the cells increase series resistances of the cells
nonuniformly. The parallel resistances of the cells vary with
the humidities and levels of corrosion at the corners of the
cells [22]. Nonuniform cell delaminations involve inconsistent
decreases of the short-circuit currents of the cells. Therefore,
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Fig. 13. Irradiance profile from 12:49 to 15:30 on April 13, 2017 at ECUST,
Shanghai.
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Fig. 14. Estimated power using the proposed model and the field power data

the nonuniform aging among the PV cells generates the differ-
ent I-V characteristics. When the cells with these different I-
V characteristics are interconnected, the mismatch loss arises.
Moreover, as pointed out in [23], a closed-loop link between
the nonuniform aging and the mismatching among the cells
can exacerbate the power degradation of PV modules.
Although the impact of manufacturing I-V mismatch is
negligible with the usual tolerance, as shown in [24] and
[25], it is not clear if the same conclusion can be applied
for the mismatch caused by the aging of modules. How-
ever, severe mismatches have been usually assumed in many
research papers about control of mismatch power loss in
PV arrays by using some reconfiguration strategies. In [26],
currents at maximum power, voltages at maximum point,
short circuit currents and open circuit voltages of modules
have been assumed to follow Gaussian distributions with the
standard deviations of 10% of their datasheet values. In [4],
the short-circuit currents were uniformly chosen within the
range between 30% and 90% of the datasheet value. Large
deviations of the short-circuit currents have also shown in
[27]. Obviously, the parameters dispersion of these papers is
significantly larger than that of aged large-scale field PV arrays
given in [28-33]. Moreover, modeling and simulation are the
effective techniques commonly used to evaluate the mismatch
losses caused by the nonuniform aging, and to assess the
economical feasible of rearranging the modules in the large-
scale PV plants. Several mathematical modeling approaches
of the PV array with uneven mismatch conditions have been

reviewed in [10]. However, very few of them are applicable to
the large-scale PV arrays whose equivalent electrical models
are characterized with numerous nonlinear equations bringing
heavy computation burden. Therefore, the attention of this
experiment was focused on providing a simulation approach
to evaluate the electrical mismatch losses in large-scale PV
arrays with reasonable degradation parameters. Some simple
and easy reconfiguration strategies only by sorting modules in
the middle and late lifetime of the PV arrays were evaluated.

A 250kWp series-parallel PV array with parameters N, =
50, N,, = 20, N; = 3 and N, = 20 was simulated. Datasheet
values of the module TSM-PDO05.05(250W) were utilized
to obtain the parameters of the submodule at the STC as
Vee = 12.6667(V), I*¢ = 8.79(A), V"™P = 10.1(V) and
[mPP = 827(A). The global number of modules is 1000.
The degraded electrical parameters V7, and [, ‘J‘ of each
submodule at the STC were assumed to follow Gaussian
distributions as:

V2 ~ N((V9),0.005(V7¢)) (12)
I ~ N(({I5),0.08¢1°¢)) (13)

where ((V°¢) = 0.98V°¢ and (I°¢) = 0.92]°¢ are the mean
values of the parameters V.”J‘k and If; «» Tespectively. The
numerical coefficients such as 0.98 and 0.92, were chosen
to simulate the degradation performance after about 15 years

of operation. The sample values of I“ ik larger than the

value of I°¢ were discarded. Larger standard deviation in the
short-circuit current losses of the submodules indicates higher
nonuniformity in heterogeneity submodules behavior affected
by nonuniform aging processes.

The parameters V" TP and Il.";.p U were generated by:
oc
VAR ‘;”‘ X (1-0.02%7r) (14)
' = [mep ”"x(1—005><r) (15)

where r and r’ are random numbers generated from an
uniform distribution in the interval [0, 1]. The coefficients
0.02 and 0.05 were chosen to simulate the degraded fill
factor (FF=P™PP [(V°¢ . I°°)) due to the degradation of cell
interconnections.

In all, using the stochastic random calculation method
n [34], average losses in the parameters are theoretically
as follows: V°¢ : 2%, I°¢ : —8%, P™PP : —13%, and

FF : =7%, respectively. In a sample of 3000 submodules, the
total P duies Of the maximum output power at the STC

from each of the submodules is 213.96 kWp, denoting a power
loss of about —14.4% with respect to the rated power value.
The probability density functions of electrical parameters of
all submodules are reported in Fig.15.

After extracting equivalent circuits parameters of all sub-
modules using the approach in [21], we compared the output
power of the PV array under the STC, with application of
different sorting methods. It should be noticed that we only
sorted the modules and the submodule configurations in the
modules were not changed. The methods sorting modules by
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Fig. 15. Probability density functions of electrical parameters of submodules.

I°¢ and I"PP used the minimum short-circuit current and
the minimum current at the maximum power point among
the submodules belonging the same module, respectively. The
methods sorting modules by PP used the the maximum
output power of the module from each of the submodules
at the STC. The maximum output power P57, of the PV
array sorting the modules according to the selected sorting
parameters [°¢, I"'PP and P™PP are 209.54 kWp, 209.60 kWp
and 206. 98 kWp. Therefore, the resulting circuit mismatch

(CMM) losses calculated by [35]:

max
array

CMM = -1 (16)

max
allsubmodules

for the three methods are —2.066%, —2.038% and —3.262%.
Obviously, sorting of modules according to I"PP is the most
efficient method to reduce circuit mismatch among the three
methods. The performance of the method sorting of modules
according to I°¢ is very close to that of the method sorting of
modules according to I™PP.

In the non-sorted case the average value and standard
deviation of the maximum output power of the PV array from
1000 simulation runs randomly placing the modules are 202.68
kWp and 0.164kWp, respectively. Therefore, compared to the
non-sorted case, the maximum output power of the PV array
of the methods sorting modules by 7°¢ and I"PP increased
by about 3.41%. However, the techno-economic analysis of
these sorting techniques should consider the fee of the I-
V measurements, labor cost of sorting the PV modules and
electric price during the residual lifetime of the PV system
[26,27].

This simulation codes were programmed by C language
and compiled by GCC. The simulation calculations were
performed on a laptop with a 2.4 GHz Intel CPU and a 16 GB
memory. The running time of finding a current value by using
the proposed bisection algorithm for a given voltage value
was about 0.04(second). The method using the Lambert-W
function in [10] was also programmed by C language. The
running time for the same simulation task using the method
in [10] was about 0.063(second), which is 1.5 times the
calculation time of the proposed method. It is worth noting
that the methods using the Lambert-W function, as shown in

[7-10] and [36], are easy-to-use because of avoiding the need
for iterative solution.

V. CONCLUSION

A simplified submodule-based model was introduced in the
paper to simulate the nonlinear characteristics of the mis-
matched PV array equipped with the bypass diodes, dispensing
with the need to resort to tedious cell-level modeling. Although
the current flowing through the partially shaded PV submodule
was not taken into consideration in the proposed model with
the state of conducting the bypass diode, a simple, easy and
robust computational method using the bisection search has
been devised. However, its accuracy can also be acceptable,
which has been validated and compared with other methods
in some test examples. Moreover, the proposed simulation
procedure can be utilized to evaluate the mismatch losses in
aging PV arrays by arranging modules.
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