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ABSTRACT In the past decades, a huge number of large-scale photovoltaic (PV) plants have been
constructed all around the world. However, the capital and operational costs can be high, which limits their
widespread applications. Because the installed PV modules often operate in harsh environments (i.e. storm,
high temperature, dust, hail, etc.), non-uniform aging phenomena of PV modules cannot be avoided and
it impacts adversely on the performance of PV plants, especially in the middle and late periods of their
service life. This paper develops an offline PV module reconfiguration strategy for the non-uniform aging
PV array to mitigate this effect. In order to maximize the economic benefit, electricity price and labor cost are
considered in the offline reconfiguration. The Branch-and-Bound based optimization algorithm is proposed
to find the highest economic benefit. In order to verify the proposed algorithm, MATLAB software-based
modelling and simulation have been performed in four case studies, in which a typical 42kW PV array with
7× 20 connection is employed in a testing benchmark, and the manpower cost and electricity price in USA,
UK, China and Turkey are considered in the case study. The results demonstrate that the economic benefit
from a non-uniformly aged PV array is further enhanced with the proposed reconfiguration method.

INDEX TERMS Maximum power tracking, non-uniform aging, offline reconfiguration, output characteris-
tics, photovoltaics, solar energy.

I. INTRODUCTION
Thanks to the decrease in cost, solar energy generation is
becoming popular all around the world over the years [1]–[6].
Currently, large-scale PV power plants are gaining popularity
in the global renewable energy market, primarily owing to the
mass production of PV modules with reduced cost and high
energy conversion efficiency [7], [8].

There are three factors that determine the PV generation
system efficiency. They are the PV cell efficiency, PV array
efficiency and energy conversion efficiency. PV cell and
energy conversion have been widely studied to improve the
efficiency. With the improvement of technology, monocrys-
talline silicon and polycrystalline silicon production cost is
decreased obviously. Currently, the typical polycrystalline

The associate editor coordinating the review of this manuscript and

approving it for publication was Huiqing Wen .

silicon PV cell efficiency is 17.7% (Yinli Solar); the
monocrystalline silicon PV cell efficiency is 19.8% (Yinli
Solar) [9]. In energy conversion, a new generation of switch-
ing devices such as super junction MOSFET, silicon carbon
(SiC) MOSFET, and new power electronics topologies
such multi-level DC-AC converter, resonant DC-DC con-
verter have obviously improved the energy conversion effi-
ciency [10]–[12]. Due to the soft switching topology and
high-quality switching devices, the energy conversion can be
over 95% [12]. Therefore, there is limited space in improving
efficiencies in PV cell and energy conversion. However, there
is large room for improving the PV array efficiency.

The non-uniform aging of PV array is a common phe-
nomenon in the long service time, which is caused by dust,
shadow, and water corrosion [13], [14]. Figure 1 is an exam-
ple of aging improvement and global maximum power point
(GMPPT). For aging improvement, changing PV modules

80572 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0003-0275-5856
https://orcid.org/0000-0003-2801-698X
https://orcid.org/0000-0002-1007-1617
https://orcid.org/0000-0003-2616-6722
https://orcid.org/0000-0002-0169-488X


Z. Wu et al.: Cost Effective Offline Reconfiguration for Large-Scale Non-Uniformly Aging Photovoltaic Arrays Efficiency Enhancement

position is needed according to aging information. After
rearrangement, the PV array output characteristic may still
be with multi-maximum power points. GMPPT is the nec-
essary algorithm that find the global maximum power point.
We can see from Figure 1 that before rearrangement the array
GMPPT is 564 W, after rearrangement the array GMPPT is
690W. The whole array efficiency can be improved by 22.3%
when theworking point of the array is the GMPPT. Therefore,
the proposed aging array rearrangement is complementary
with GMPPT.

To increase the effective service time, there are two
important steps. The first step is PV array fault diagnosis;
the second step is PV array reconfiguration. For PV array
fault diagnosis, thermal camera [16]–[21], earth capaci-
tance measurement (ECM) [22], time domain reflectometry
(TDR) [23], and applying voltage/current sensors are four
popular methods for PV fault diagnosis. Due to the non-
uniform temperature distribution of faulty PV array, the
thermal camera can be adapted to locate faulty PV module
in online application background [16]–[21]. ECM can locate
the disconnection of PV modules; and TDR can estimate the
degradation of PV arrays; while both ECM and TDR can only
be employed in offline fault diagnosis [22], [23]. For scale
PV array fault diagnosis, power loss analysis is proposed in
[24], [25]. For PV array reconfiguration, [26]–[29] only give
the small-scale reconfiguration example. Paper [30] proposed
a classical optimization algorithm (COA) to reconfigure a
reconfigurable total cross-tied (RTCT) arrays. The branch-
and-bound algorithm is employed to minimize the cost,
while the COA still needs a strong computational effort.
The look-up table method is developed in paper [28] in
small-scale PV arrays, which is almost impossible to use
for large PV arrays. Paper [31] developed an exhaustive
search algorithm. In order to speed up the selection of a
configuration, paper [32] developed a sorting algorithm based
on the best–worst paradigm. The fuzzy logical algorithm
also proposed to search for the best reconfiguration [33].
Paper [34] gives the summary of the state-of-art online
reconfiguration of PV array.

However, there is no report on large-scale PV array recon-
figuration. Currently, PV array reconfiguration is mainly
implemented by relay networks, which needs a large number
of relays and high system cost. For large-scale PV arrays,
the only feasible solution for PV reconfiguration is swapping
PV modules by human labor offline, as shown in Figure 2.
In order to decrease the labor cost, the key technology is
to develop an optimized reconfiguration strategy to decrease
the swap times and achieve the maximum power at the same
time. In this paper, the optimized reconfiguration strategy
with the minimum swap times and maximum output power
is proposed to decrease the labor cost.

In this paper, in section II, four levels model including
cell-unit, PV module, PV string and PV array are intro-
duced. In section III, two physical methods are illustrated.
In section IV, the lost cost PV array rearrangement strategy
is developed. In section V, simulation and experiment are

FIGURE 1. Without and with rearrangement. (a) without rearrangement
(b) Output character (Without) (c) with rearrangement (d) Output
character (With).
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FIGURE 2. PV array reconfiguration strategy.

presented to verify the proposed method. Conclusions are
given in the final part.

II. MATHEMATICAL MODELING
Non-uniform aging is a common problem in PVs which can
be caused by lasting dust, shading, or water corrosion over a
long time [13], [14].

The electrical characteristics of PVs are influenced by both
temperature and illumination. The electrical model of the PV
cell is expressed by [2].

I = IL − Io[exp(
ε · V
Tm

)− 1] (1)

ε =
q

Ns · K · A
(2)

IL =
G
Gref

[ILref + ki(Tm − Tref )] (3)

Io = Ioref (
Tm
Tref

)3 exp[
q · EBG
Ns · A · K

(
1
Tref
−

1
Tm

)] (4)

where I is the PV module output current, IL is the photon
current, q is the quantity of electric charge, A is the diode
characteristic factor, K is the Boltzmann constant, Io is the
saturated current, Tm is the PV module temperature, G is

FIGURE 3. Schematic diagram of PV module replacement.

FIGURE 4. Flowchart of the proposed algorithm.

the irradiance, V is the output voltage, Gref is the reference
irradiance level (1000 W/m2), ILref , Ioref are the reference
values for IL and Io. ki is the current-temperature coefficient
provided by the PV manufacturer. Tref is the reference tem-
perature, Ns is the number of series-connected cells, Tm is the
PV module temperature. ε is a constant depending on q, Ns,
K , A, and is calculated by the following equation:

Isc_ref −Impp_ref =
Isc_ref

exp( ε·V oc_ref
Tref

)−1
[exp(

ε · Vmpp_ref

Tref
)−1]

(5)

where Impp_ref , Isc_ref , Vmpp_ref and Voc_ref are the max-
imum power point (MPP) current, short-circuit current,
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TABLE 1. Electricity price and labor remuneration in 2019.

MPP voltage and open-circuit voltage at a reference condition
defined by the relevant standard.

A PV string consists of s PV modules, with the terminal
voltage Vstring and current istring. Let the terminal voltage,
current and maximum current from the k th PV module be
Vmodule,k , imodule,k and imaxmodule,k , respectively. The following
relationship can be established.

istring = imodule,1 = imodule,2 = . . . = imodule,s (6)

Vstring = Vmodule,1 + Vmodule,2 + . . .+ Vmodule,s (7)

Similarly, the bucket effect indicates that the maximum cur-
rent in the PV string is limited by the minimum imaxmodule,k

of those non-bypassed modules. That is istring ≤ imaxmodule,k ,

1 ≤ k ≤ s, and the k th module is not bypassed.
In order to calculate the number of reconfigured PV panels

Tst, the following notations are needed. Assume that the orig-
inal PV array has m rows of PV panels connected in parallel,
and each row has n panels connected in series. Define the
reconfiguration function f (k) for k = 1, 2, . . .m ∗ n, so that
the value of f (k) equals an integer from {1, 2 . . .m ∗ n}, and
it represents the correspondence between the original PV
array and the reconfigured PV array. For instance, for any
PV module located in the i-th row and j-th column, then this
module corresponds to a number k = i∗n+j, then this module
will be moved to the location of i′-th row and j′-th column,
where are determined from the relation f (k) = i′ ∗ n+ j′ that
is, j′ = f (k)mod (n) , i′ = f (k)−j′

n .
In the calculation process of Tst , it is crucial to note that

the movement of a panel within one row is not counted as a
movement, since all modules in the same row are connected
in series. It is also helpful to note that swapping two rows
is not indeed a movement, as such a swap does not change
the topological structure—this case usually scarcely happens.
Keep this in mind, and Tst can be calculated as follows.

Tst = min{T lst : l = 1, 2, 3, . . . ,m!} (8)

where T lst is the number of reconfigured PV panels under the
l-th permutation of these rows of the reconfigured solution.

TABLE 2. PV array before arrangement for second case in China.
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TABLE 3. PV array before arrangement for second case in USA.

In simplified approaches, such a permutation can also be
ignored and one calculates the number of reconfigured PV
panels for the reconfigured solution. For simplicity, let us
assume that the first one l = 1 corresponds to the reconfig-
ured solution without row permutation, all other T lst can be
calculated similarly.

T 1
st =

m∑
i=1

|A′i\Ai| (9)

where |.| means the number of elements of a set (i.e. the
potential of a set), set Ai is defined as the set of pan-
els in the i-th row, i.e. the set{n ∗ (i-1) + 1, n ∗ (i-1) +
2, . . . , n∗(i−1) + n};A′i is the set of reconstructed panels
consisting of the images of elements in Ai mapped by the
reconstruction solution, i.e. A′i = {f (n∗(i− 1)+ 1), f (n∗(i−
1) + 2), . . . , f (n∗(i−1) + n)};A′i/Ai means to find the set of
elements in A′i but not in Ai.

III. MODELLING THE COST OF RECONFIGURATION
After the aging map of a PV array is detected, a remedial
measure can be employed to rearrange the faulted PV mod-
ules, prior to the replacement of the faulted modules which
increases the capital cost. For large-scale PV arrays, there
are many reconfiguration routes. Different routes have dif-
ferent line reconnection time and wiring distances that deter-
mine the efficiency and cost of the reconfiguration progress.

In order to propose an optimised reconfiguration solution, it is
necessary to model the reconfiguration cost, which is approx-
imated by the number of reconfigured panels for simplicity.

A. CALCULATION OF PERMUTATION NUMBER BASED
ON BRANCH AND BOUND METHOD
Branch-and-Bound (B&B) algorithm is one of the funda-
menta1 schemes for the combinatoria1 search problems.
It has been widely applied to NP-hard optimization problems
such as intelligent system design, integer programming, SAT
problems, and theorem proving. Many researches concerning
the theory and application of B&B have been reported in
the literature. B&B has four basic components: the rules of
branching, selection rules, selection rules and termination
conditions. Branch rules and termination conditions depend
on the specific search problem, and the selection rules refer-
ring to the slipknot point to identify the table has a better
one or more nodes in order to further expand, elimination
rules for as much as possible will not be able to derive the
optimal solution of a node set to promulgate the point. The
PV array module calculated by GA should be switched on
and off again, and the minimum number of replacements is
required.

It is shown in Figure 3 that the PV array switch replacement
belongs to a wiring problem. Its solution space is a graph, so it
is used as the first extended node from the starting position a.
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TABLE 4. PV array before arrangement for second case in UK.

The feasible nodes adjacent to and accessible to the extended
node are added to the queue of the node, and these squares are
marked as 1, that is, the distance from the starting position
a to these modules is 1. Then, the first node is taken from
the node queue as the next extension node, and the unmarked
position adjacent to the current extension node is marked as 2
and stored in the node queue. This process continues until the
algorithm searches until the target location b or the queue at
the node is empty. Then, a and b are interchanged with each
other.

The specific algorithm is described as follows:
Step1: If the goal of the problem is to minimize, the value

Z=infinity of the optimal solution is set.
Step2: According to the branching rule, a node from a

Fathomed node (local solution) is selected and divided into
several new nodes in the next level.

Step3: Calculate the lower bound for each newly branched
node.

Step4: The insight condition is tested for each node. If the
node satisfies any of the following conditions, the node can
be known and will not be considered: the lower bound of
the node is greater than or equal to the Z value. A feasible
solution with minimum lower bound value has been found in
this node. If this condition is true, it is necessary to compare
the feasible solution with the z-value; if the former is small,
it is necessary to update the z-value, which is the value of the
feasible solution. This node cannot contain a viable solution.

Step5: To determine whether there are still unrecognized
nodes. If unrecognized nodes exist, then proceed to step 2.
If there are no unrecognized nodes, the calculation stops and
the optimal solution is obtained.

Given any PV array with maximum power generation Pb
before reconfiguration, denote Pa the maximum power gen-
eration after the above B&B reconfiguration, then there exits
a functional relationship F to represent this B&B process.

Pa = F(Pb) (10)

The corresponding flowchart is presented in Figure 4.

B. COST ANALYSIS OF PV ARRAY RECONSTRUCTION
According to the survey, it is assumed that the PV array
needs to be reconstructed once a year on average and the
PV array can generate power 8 hours per day. A skilled grid
worker needs averagely 45 mins to swap the PV modules
from one place to another. Through the reconstruction of
PV array, the economic benefit of power generation can
be increased minus the labor cost caused by handling. The
following equations are employed to calculate the labor cost
and the electricity profit. In (11), Mp is the pure profit of the
reconfiguration. In (12),M1 is the labor cost, Tst is the number
of reconfigured PV panels, and Ms is the average salary of
the manpower. In (13), M2 is the additional electric revenue
profit, Pa is the PV array output power after reconstruc-
tion, Pb is the PV array output power before reconstruction,
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TABLE 5. PV array before arrangement for second case in turkey.

Me is the electricity price. The target is to peruse the maxi-
mum value for theMp.

maxMp = M2 −M1 (11)

subject to:M1 = (Tst/5) ∗Ms (12)

M2 = Me ∗ (Pa − Pb) ∗ 8 ∗ 365/1000 (13)

and equations (8)-(10).

IV. SIMULATION AND CASE STUDIES
Take 2019 as a benchmark. Taking China, the United States,
the United Kingdom and Turkey as examples, it is verified
whether the topology reconstruction method of PV array can
truly obtain better economic benefits. The detailed informa-
tion is shown as presented in Table 1.

To demonstrate the validity of the proposed algorithm,
a number of PV arrays with different sizes will be evaluated
on 7× 20 PV arrays. A commercial 300W PVmodule is con-
sidered in the simulation. The maximum power outputs from
these PV configurations, both before and after arrangements,
are determined by employing a PV array model constructed
in Python, which was employed to carry out the calculations
and the corresponding computing times for a 7× 20 PV array
was arranged. Our experimental environment is as follows:
Intel(R) Core (7M) i7-8565u CPU@1.80GHZ/ Windows 10 /
8 GB / 512gb SSD / UHD 620.

The maximum output power in a healthy module is set
as 1 p.u. (STC), where standard test conditions represent
1000 W/m2 irradiance at 25 ◦C module temperature. A typ-
ical large-scale non-uniform aging PV array is employed
as a testing branch, which is presented in the up side in
Table 2 ∼ Table 6, in which each number stands for the
maximum output power due to aging. In each string, PVmod-
ules are in series connection and all the strings are parallel
connected, which is the typical connection method for com-
mercial PV arrays. The down side of the Table 2 is the result
of reconfiguration with the proposed algorithm considering
the manpower cost and electricity price in China. The down
side of the Table 3 is the result of reconfiguration with the
proposed algorithm considering the manpower cost and elec-
tricity price in USA. The down side of the Table 4 is the
result of reconfiguration with the proposed algorithm con-
sidering the manpower cost and electricity price in the UK.
The down side of the Table 5 is the result of reconfiguration
with the proposed algorithm considering the manpower cost
and electricity price in Turkey. The down side of the Table 6
is the result of reconfiguration that only considers additional
electric revenue profit.
Table 2 shows the simulation results that consider the

electricity price and manpower cost in China, in which
eighty manual swapping times are required. Without consid-
ering the maximum economy benefit, the additional electric
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TABLE 6. PV array before arrangement for second case in GA.

revenue profit (M2) is $1192.06, and the corresponding labor
cost (M1) is $693.75. When considering the maximum econ-
omy benefit, the additional electric revenue profit (M2) is
$1059.61, the corresponding labor cost (M1) is $ 330. Com-
paring those two reconfigurations, although the additional
electric revenue profit is decreased by 11.1% in the proposed
method, the labor cost (M1) is decreased by 52.4%, and the
pure profit of the offline maintenance is increased by 46.4%
due to the lower labor cost.

Table 3 displays the simulation results that consider the
electricity price and manpower cost in USA, in which eighty
manual swapping times are required. Without considering
the maximum economy benefit, the additional electric rev-
enue profit (M2) is $1773.90, and the corresponding labor
cost (M1) is $ 1500.00. It is clear that the additional electric
revenue profit and labor cost are higher than that in China
due to the high electricity price and labor cost. When consid-
ering the maximum economy benefit, the additional electric
revenue profit (M2) is $1379.70, the corresponding labor
cost (M1) is $600. Comparing those two reconfigurations,
although the additional electric revenue profit is decreased
by 22.2% in the proposed method, the labor cost (M1) is
decreased by 60%, and the pure profit of the offline main-
tenance is increased by 191.9% due to the lower labor cost.

UK case is similar with the USA in electrify price and
labor cost. Table 4 is the simulation results that consider

the electricity price and manpower cost in UK, in which
eighty manual swapping times are required. Without consid-
ering the maximum economy benefit, the additional electric
revenue profit (M2) is $3632.95, the corresponding labor
cost (M1) is $1612.50. It is clear that the additional electric
revenue profit and labor cost are higher than China due to
the high electricity price and labor cost. With considering the
maximum economy benefit, the additional electric revenue
profit (M2) is $3229.29, the corresponding labor cost (M1) is
$709.50. Comparing those two reconfigurations, although the
additional electric revenue profit is decreased by 11% in the
proposed method, the labor cost (M1) is decreased by 56%,
and the pure profit of the offline maintained is increased by
24.7% due to the lower labor cost.

Table 5 is the simulation results that consider the elec-
tricity price and manpower cost in Turkey, in which eighty
manual swapping times are required.Without considering the
maximum economy benefit, the additional electric revenue
profit (M2) is $2412.50, the corresponding labor cost (M1)
is $ 282.50. With considering the maximum economy ben-
efit, the additional electric revenue profit (M2) is $2375.50,
the corresponding labor cost (M1) is $ 213.75. Comparing
those two reconfigurations, although the additional electric
revenue profit is decreased by 1.5% in the proposed method,
the labor cost (M1) is decreased by 24%, and the pure profit of
the offline maintained is increased by 1.4% due to the lower

VOLUME 8, 2020 80579



Z. Wu et al.: Cost Effective Offline Reconfiguration for Large-Scale Non-Uniformly Aging Photovoltaic Arrays Efficiency Enhancement

labor cost. Due to the low cost of the manpower in Turkey and
high electricity price, the proposed method can only improve
1.4% economy benefit by the proposed method.

According to the calculation from Table 7 and Table 8,
in high manpower cost and low electricity price countries,
the proposed algorithm can decrease the cost of the offline
reconfiguration by decreasing the swapping times, and the
total profit can be increased dramatically. In low manpower
cost and high electricity price countries, although the pro-
posed algorithm can decrease the cost of the manpower, the
corresponding additional electric revenue profit is decreased
as well; there is no clear profit increment.

TABLE 7. Economic benefit analysis considering the minimum handling
times.

TABLE 8. Economic benefit analysis without considering the minimum
handling times.

V. CONCLUSION
Non-uniform aging of PVmodules is a long-lasting challenge
for large large-scale PV arrays, which not only decrease
the output power of the PV array, but also damage the PV
modules if left untreated. Without rearranging non-uniformly
aged PV arrays, typical online global-MPPT schemes can
only track a compromised maximum rather than its potential
maximum power of the Non-uniform aging of PV array. This
paper has proposed a new PV array reconfiguration strategy
considering the lowest cost of manpower and electricity price.
The manpower cost and electricity price in USA, China,
UK and Turkey are considered in the paper to investigate
the different reconfigurations. A 7 × 20 array is employed
to verify the proposed reconfirmation algorithm. Due to the
difference of the manpower and electrify price in differ-
ent countries, for the same non-uniform aging 7 × 20 PV
array, there is about 46.4% increment in the profit for the in
China application scenario in China; there is about 191.9%
increment in profit in USA application scenario; there is
about 24.7% profit in UK application scenario; there is about
1.4% increment in profit in Turkey application scenario. The
proposed method also could be used in other countries to
maintain the aged PV arrays. For the high electricity price and
low labor cost countries, such as South Africa, Turkey, etc.,
the proposed algorithm may not have clear profit increment.
The proposed algorithm will give more finical increment in
the low electricity price and high labor cost countries, such as
USA, UK, Saudi Arabia
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