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Abstract - This paper proposes an adaptive reconfiguration
scheme to reduce the effect of shadows on solar panels. A
switching matrix connects a solar adaptive bank to a fixed part of
a solar PV array, according to a model based control algorithm
that increases the power output of the solar PV array. Control
algorithms are implemented in real-time. An experimental
reconfiguration PV system with the battery load is presented and
is shown to verify the proposed reconfigurations.

Index Terms—Adaptive, Model-Based,
Photovoltaic.

Reconfiguration,

I. INTRODUCTION

ASS production and use of electricity generated from

solar energy has become more common recently,
perhaps because of the environmental threats arising from the
production of electricity from fossil fuels and nuclear power.
However, in many applications, such as solar power plants,
building integrated photovoltaic, or solar tents, the solar
photovoltaic arrays might be illuminated non-uniformly. The
cause of non-uniform illumination may be the shadow of
clouds, the trees, booms, neighbor’s houses, or the shadow of
one solar array on the other, etc. For example, Fig. 1 shows a
portable, flexible solar array that is embedded into fabric.
These new generation solar arrays can be folded and carried
by campers and soldiers to remote locations. Often, they are
left alone to charge batteries near trees, fences, and have been
reported to even be wrapped around telephone poles or trees
[1]. For these new applications, it has been especially
important to optimize performance of the arrays in shadowed
conditions.

Because of the nature of the electrical characteristics of
solar cells, the maximum power losses are not proportional to
the shadow, but magnify nonlinearly [2]. The shadow of solar
PV array can cause many undesired effects:

* The real power generated from the solar PV array is
less than designed, so that the loss of load probability
increases [3].

* The local hot spot in the shaded part of the solar PV array
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can damage the solar cells [1].

There are several approaches that have been proposed to
reduce the effect of the shadow on the solar PV array output
power:

1. Bypass diodes are connected across shadowed cells to
pass the full amount of current while preventing damage to the
solar cell [4], [5]. This method usually requires a great number
of bypass diodes that are integrated in the solar arrays. The
production of solar arrays with bypass diodes is more costly.
Furthermore, the power losses of solar PV array are not
prevented completely because of the power losses of the solar
modules sorted by bypass diodes.

2. Alternatively, in large systems, each of the solar sub-
modules can be connected to its own maximum power point
(MPP) tracking DC-DC converter and can individually operate
near its own MPP. Thus, the efficiency of the whole system is
increased [6], [7], [8], but the method requires a large number
of DC-DC converters (equal to the number of solar modules).

3. An emerging research field, and the focus of this paper, is
to adaptively reconfigure solar array connections in real time
in order to track maximum output power. Traditionally fixed
solar PV arrays have hard wired interconnections between
their solar cells. These connections are not changed after
installation. However, it is possible to continuously rearrange
solar cells in series and parallel connections [9] to facilitate
the photovoltaic system to work more as a constant power
source in even in different operating conditions (i.e. insolation,
temperature, loads,...etc). Recent research studies in [10], [11]
have started to develop methods to reconfigure solar cells to
improve power output in shaded conditions. This research
[10], [11] focus mostly on how to build the arrays, and does
not propose real-time implementable control algorithm (the
focus of this paper). Because of this, the methods proposed
have unrealistic number of switches and sensors that must use
complex control algorithms to determine when it turns the
switch ON or OFF.

This paper develops new approaches for category 3 for
adaptive reconfiguration of solar arrays that requires
significantly fewer switches and voltages or current sensors
than [10-11]. Further, for the first time published, simple
control algorithm to determine how and when to adaptively
reconfigure have been developed and experimentally tested.
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Fig. 1. Shadows on latest generation portable, flexible solar arrays

Specifically, this paper presents the following research
contributions:
(i) A new method for reconfiguration of solar PV arrays in
real time under shadow conditions is presented. Solar cells
from a (smaller) solar adaptive bank will be connected to the
(larger) fixed part of the solar array. The maximum power
point (MPP) of the whole array can be tracked by a single
common maximum power point tracker (MPPT), instead of
many MPPTs as shown in [5], [6], [7]. Since only a small
percentage of the solar arrays are reconfigurable, fewer
switches and simplified control algorithms are possible. In the
uniform illumination conditions, all these adaptive solar cells
will be equally connected to all rows of the fixed part of solar
PV array. In non-uniform illumination conditions, the number
of the adaptive solar cells connected to the shaded submodules
depends on the shaded area of submodules. The
reconfiguration is executed through the proposed switching
matrix.
(i) Simple control decision algorithms are presented to
determine when and how to open and close switches between
the fixed part and adaptive bank of the solar PV array. One
control algorithm relies on a trial-and-error bubble sort to
increase solar PV array power. A second algorithm proposes
to rely on model predictions. Both can be implemented in real-
time by a micro-controllers or DSP and, to our knowledge, are
the first time that such adaptive and implementable algorithm

have been published.
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(iii) An experimental adaptively reconfigurable solar PV has
been built and tested to verify proposed reconfigurations. It is
shown that the approach proposed is able to increase output
power of solar PV array in real-time under shaded conditions
by 30% for a typical experiment.

II. DIFFERENT CONFIGURATIONS OF SOLAR PV ARRAYS AND
THE MAXIMUM POWER LOSSES OF THE SHADOW

Fig. 2 shows the two common solar PV array configurations
that utilize the combinations of the connections. In this figure,
each PV j is an individual solar cell.

The solar cells are connected in series and parallel to create
a solar array.

Simple series-parallel (SP) array:

All solar cells, for example, PV, PVyy, ..., PV, PV,
are connected in series creating strings. Then all these strings
are connected in parallel, as shown in Fig. 2(a).
Total-cross-tied (TCT) array:

All solar cells are connected in parallel, for example PV, ,
PV, ..., PV .1, PV, creating modules. Then these modules
are connected in series, as shown in Fig. 2(b).

Fig. 3 shows a typical result of calculation of the power
loses for SP and TCT for an array with 100 solar cells.

For SP connection, each solar cell in a different column
completely shaded will cause 10% extra loss when shaded.
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(a) Series-parallel interconnection (b) Total-cross-tied interconnection
Fig. 2. Solar PV array’s common interconnections
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Fig. 3. The losses of maximum power depend on the shaded area. In SP one
cell in each column is fully shaded. In TCT, one cell in each column, but in
the same row is fully shaded.

If two solar cells in the same column are shaded, the power
loss is still 10%.

For TCT connection, each solar cell in the same row
completely shaded will cause 10% extra power loss. If two
cells in different rows are shaded, the power loss is still 10%.

In the worst case of 10 fully shaded solar cells (10% of the
total number of solar cells in the solar PV array), the
maximum output power can be reduced more than 90%. The
result is the same for both SP and TCT.

III. PROPOSED AN ADAPTIVE RECONFIGURATION METHOD

This section proposes a system architecture that permits
adaptive reconfiguration of the connections between solar PV
arrays. A switching matrix that connects a small
reconfigurable bank of PV arrays with a larger non-
reconfigurable bank of solar PV arrays is proposed. Because
only the adaptive bank is being reconfigured, the number of
switches and reconfiguration time seems tractable. We
propose two different adaptive reconfiguration algorithms for
the arrays, each of which will eventually produce the same
increase in power under shadow conditions. The first method
is simpler, and it relies on a serial bubble sort approach, which
switches the adaptive PV arrays in one at a time. After each
switching the power of the total system is analyzed and the
next sort is implemented. In the second method, a model
reference approach is proposed that is able to predict power
levels in each of the rows of the fixed solar arrays and uses
this prediction to simultaneously switch the connections of the
adaptive bank.

In either case, the two different approaches eventually will
produce the same increased power of the entire solar PV
system, and both are implementable on a DSP in real time (see
experimental results). However, the second approach is
quicker, as we later experimentally demonstrate.

Fig. 4 shows the operation principle of the proposed method.

The fixed part: The fixed part is the main part of the solar
array and has most number of solar cells, as shown in the Fig.
6. The fixed part contains of (m x n) solar cells (the solar cells
1, 1), (1, 2),..., (m, n-1), (m, n ).
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Fig. 4. Practical circuit of the proposed reconfiguration

All solar cells in the fixed part are connected by hard wire
and have fixed configuration, with TCT, the total-cross-tied
interconnection. We can consider that the fixed part of solar
PV array has m PV “modules” connected in series.

The solar adaptive bank of solar cells: In this paper, the

adaptive bank has m solar cells (the solar cells A, A, ..., An)
not connected together. These adaptive solar cells can be
connected in parallel to any PV module, from PV, to PV,,, as
seen in Fig. 4.
The switching matrix: The fixed part and solar adaptive bank
are connected together through the switching matrix. The
switching matrix, as shown in Fig. 5, contains switches S(1,
1), S(1, 2), ...S(m-1, m-1), S(m, m) connect each solar cell in
the adaptive bank to any row of solar cells in the fixed part of
the PV array. When the switch S (i, j) is ON the solar cell Ai
from adaptive bank will be connected to row j of a fixed part.
Thus, only one set of switches in a column can be ON at a
time.
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Fig. 5. The switching matrix
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Fig. 6. The flowchart of two control algorithms

First method:

The flow chart of the first method is shown in Fig. 6(a). In
general, the solar array is reconfigured by the following
principle: if the voltage of one row is smaller than voltages of
the other rows, it indicates that this row is the most shaded
row. One solar cell from the adaptive bank will be switched in
parallel to this row. The process will continue until all the
solar cells of the solar adaptive bank are connected in parallel
to the rows of the fixed part.

Step 1: The solar adaptive bank and fixed part of the solar
array are connected together in the original configuration as in
Fig. 4. The voltage V| and Voyr are monitored, where V is
the voltage produced by row 1 of the solar array. In the
uniform illumination, the output voltage: V. =mxV;.

In the non-uniform illumination, two situations can occur:

The first case occurs when the first row is shaded and the
other rows are non-shaded. In this case, the voltage of first
row is reduced and it is less than the threshold voltage:
V, <0V , the adaptive reconfiguration starts.

The second case occurs, when the first row is non-shaded,
and at least one of the other rows is shaded, the output voltage
of the solar array is not equal tom XV, , but much less than

that: V,,, —(m—1)XV, <6V . In this case also the

adaptive reconfiguration starts.

Step 2: By opening all switches S(1,1), S(2,2), ..., S(m, m) ,
all the solar cells in the solar adaptive bank are in the open
circuits. Define and sort in decreasing order the open circuit
voltages of all solar cells of the adaptive bank:

VOAI > V0A2 > > VOAm
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Step 3: Define the number of adaptive solar cells connected
parallel to the shaded solar submodules in the fixed part.

Sorting: First, measure the voltages of all submodules of the
solar fixed part. Next, the voltages of all submodules of the
fixed part are sorted in

increasing order: V, <V, <..<V

. » the voltages of the fixed
part. Thus, the rows of the fixed part and each adaptive solar
cell have been renumbered according their sorting voltages.

Adding: Connect the solar cell with the maximum open
circuit voltage of the solar adaptive bank in parallel to the
most shaded sub-module of the fixed part, which has the
smallest voltage. For example, if we switch solar cell Al in
parallel with the sub-module in row 1, then after the first
switching, the solar adaptive bank becomes:

Voar > Voas > > Voum
The fixed part might become:
V, <V, <...<V,

Then the second switching occurs and the solar cell A2 is

connected in parallel with the sub-module in the row 2. We
continue the reconfiguration process until all the solar cells of
the solar adaptive bank are connected parallel to the rows of
the fixed part.
Step 4: When the shadow changes direction or shape, the
voltage of the first row and the output voltage are
continuously being measured and compared, and give the
command to repeat the reconfiguration process, if the
difference between them is above the fixed range, the control
circuit repeats the procedure in Steps 2-3.



Second method:

The flow chart of the second method is shown in Fig. 6(b).
The control algorithm to determine how to connect and
reconfigure the solar cells is based on a model-based control
method and contains the following steps:

Step 1: It is the same as Step1 in the first method

Step 2: Define the photo generated currents of all solar cells
of the solar adaptive bank and of all submodules of the fixed
part.

We can use model-based method to calculate the photo
generated currents in Step 3. The benefits of this approach
over the previous method is it defines photo generated currents
of all solar cells of the solar adaptive bank and of all
submodules of the fixed part, so all switches can be controlled
synchronously at the same time.

The photo generated currents of the solar adaptive bank:
By the opening all switches S(1,1), S(2,2), ..., S(m,m), all the
solar cells in the solar adaptive bank are in the open circuits.
By measuring the open circuit voltages of solar cells {Vocai,
Vocaz, -» Vocam}, the photo generated currents Ipya; are
estimated by the following equation:

Vocui Vocai
Ly =28 4 g+ exp L2y (1)
Rgy akT
Here, Rgy - shunt resistance of solar cell, submodule, Ig -

saturation current of the diode,

The photo generated currents of the fixed part: All
submodules of the fixed part are still working with load. Their
photo generated currents are calculated by the equation:

V, +louR
q ourtsm
Iy =Lpyr+nl {exg{a—kT v, +10UTRSM)j— I}F[WJ ®)

where, Vj={V,, V,, ..Vn,} - measured voltages of
submodules, Ioyr — the output current of solar array, Rgy -
series resistance of solar cell, submodule, Rgym - shunt
resistance of solar cell, submodule, Ig - saturation current of
the diode, n — number of solar cells in submodule. These
parameters of solar cell or solar submodule are received from
manufacturers or extracted based on experiment by V-I curve
fitting [16]. By updating temperature and voltage parameters
in the model (in real-time) it is possible to estimate photo

> SN S SR
9 [P0V
\NY SIS
W[ VDDD DY
NY > S S S S
®| @ \QD\\SZ\\ DO DD D
N NERNE Y > > ~
¥ % \é@\ XZ\\SD\ @\\@D\ ¥ \\@\63\\@
} } } The solar fixed} } } } }
e
N N\ o N5 N
@] [PDDDORD DD DG
bank\>
P [PV DDPDD DD
N N

\%4

a

A AAAANANAE
\\Gz DD D@D XZ\FSD\PSD\@ DG

a) Before configuration

AN

generated currents Ipys; and Ipyg of each solar cell or
submodule by using [12], [13] and their dynamics multi-
physics models [17].
Step 3: Define the number of adaptive solar cells connected
parallel to the shaded solar submodules in the fixed part
Sorting: First, the photo generated currents of all solar
cells of the solar adaptive bank in the decreasing order:
Iy >14,>....>1,, ,the current of the adaptive bank

Next, the photo generated currents of all submodules of the
fixed part are sorted in increasing order:

I, <1, <..<lI, the currents of the fixed part.

Thus, the rows of the fixed part and each adaptive solar cell
have been renumbered according their sorting predicted photo
generated current.

Adding: Connect the solar cell with the maximum predicted
photo generated current of the solar adaptive bank in parallel
to the most shaded sub-module of the fixed part. For example,
if we switch solar cell Al in parallel with the sub-module in
row 1, then after the first switching, the solar adaptive bank
becomes: [, > 3>..>1,,

The fixed part might become:

Ipy <Ip +1y<

Then the second switching occurs and the solar cell A2 is
connected in parallel with the sub-module in the row 2. We
continue the reconfiguration process until all the solar cells of
the solar adaptive bank are connected parallel to the rows of
the fixed part.

Step 4: When the shadow changes direction or shape, the
voltage of the first row and the output voltage are
continuously being measured and compared, and give the
command to repeat the reconfiguration process, if the
difference between them is above the fixed range, the control
circuit repeats the procedure in Steps 2-3.

One example of the reconfiguration method is shown in Fig. 7.
The solar PV array from 10x10 solar cells in the fixed part, 10
solar cells in the adaptive part has the interconnection in Fig.
7(a) — in the uniform illumination, in Fig. 7(b)- in the non
uniform illumination.

W <lIp,
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b) After reconfiguration

Fig. 7. Solar array’s reconfiguration under non uniform illumination
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Fig. 8. Solar PV array indoor test platform

Fig. 7 shows that by using the proposed adaptive
reconfiguration method, when the number of shaded solar
cells is less than the number of solar cells in one row, the
maximum power loss is at most equals the power of the one
row. If no adaptive bank and TCT connection, the shade
would have up to 30% reduction in maximum output power (3
rows). With the adaptive bank, there is only 10% reduction in
power.

IV. EXPERIMENT RESULT

Fig. 8 shows the solar PV array test platform. The
experiment includes the following: The fixed solar array is
from 12 solar cells, three rows and four columns (TCT
connection). The solar adaptive bank combine from 3 solar
cells (one string) connected to the fixed part (three strings),
The 8 x 4 switching matrix, controlled by Agilent Data
Acquisition/Switch Unit 34970A, is connected between the
fixed part and the solar adaptive bank.

The voltages of solar cells in the solar adaptive bank and
solar submodules in the fixed part are continuously measured
and sent to PC running real-time MATLAB software. The
sorting algorithm previously described is implemented by the
PC in real-time.

First method: Fig. 9(a) shows the output voltage of the solar
cells when 4 solar cells are partially shaded for first method.
From time equal O to T}, the output voltage is under uniform
illumination. From T}, solar PV array is shaded. The interval
T;-T, is time for measurement and control. After T;, output
voltage of solar array has been optimized and the
reconfiguration has been completed. The changing output
voltage from T; to T, is due to clouds moving across the array
in this outdoor experiment (but the array has properly
reconfigured to produce increased power). From T,-Ts, the
solar PV array is shaded by another shadow. The
reconfiguration process is repeated as explained interval T;-Ts.

The reconfiguration takes about 18 seconds. After the
reconfiguration, the output voltage increases indicating
increasing the power to the resistive load. In practice, the
shadow of the object to the BIPV is slowly changed so that
this reconfiguration control algorithm is fully applicable. In
this experiment, the load resistor is 10 Q. Thus, in the first
shadow case, there is a 30% increase in output power after the
reconfiguration.
Second method: Fig. 9(b) shows the output voltage of the solar
cells when 4 solar cells are partially shaded for second
method. From O to T;, the output voltage is under uniform
illumination. From T, solar PV array is shaded. The interval
T;-T, is time for measurement and control. After T,, output
voltage increases of solar array after reconfiguration. Notice
that the voltage across the load is increased from T,, by 20%
indicating a 46% increases in power due to reconfiguration.
The output voltage of solar array initially drops during real
time reconfiguration (between T, and T,). This is because the
solar adaptive bank is disconnected from the load for short
time to measure and sort. During the transition, though, the
fixed part is still supplying power for the load.

From T;-T4, the solar PV array is shaded by another
shadow. The reconfiguration process is repeated as explained
interval T;-T,.
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@I_::I:; | | e | 1 L +
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EESEE TR T g G M g g . =S| T2 ; T3 &+ T4
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a) First method

b) Second method

Fig. 9. Output voltage of solar PV array before and after reconfiguration:
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Comparison between first and second methods

The second reconfiguration method takes about 8 seconds.
This method is faster because all switches can be controlled
synchronously at the same time, when the first method
switches one at a time instead of all at once.

V. CONCLUSIONS

A new approach for adaptive reconfiguration of solar PV
arrays under shadow conditions is described. A matrix of
switches is used to connect a “fixed” total- cross- tied array
with an adaptive array that can be reconfigured. Simple
control algorithms are presented that determine how to control
the switches to optimize output power. An experimental
adaptively reconfigurable solar PV array has been built and
tested to verify the proposed configurations.

The switching matrix is working in at relatively low
switching frequency, so the electromechanical relays can be
used to increase the current going through panels. The number
of voltage sensors can be increased if it is desired to reduce
the calculation time. The simple sorting algorithm is applied to
reduce the calculation time.

The proposed reconfiguration method helps avoid the local
maximum power points of solar PV arrays, thus the central
maximum power point tracker can be used to track the
maximum output power of the whole solar PV array.
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NOMENCLATURE
Ly photo generated current of solar in the adaptive bank
Vocaj open-voltage of solar cell A;
Ry shunt resistance of solar cell, submodule
I saturation current of the diode,
a ideality factor of bypass diode
k Boltzman’s constant.
T cell operating temperature
q electron charge
I photo generated current of submodules in the fixed part
V; voltages of submodules,
Iour the output current of solar array
Rgy, series resistance of solar cell, submodule
Rsum shunt resistance of solar cell, module
n number of solar cells in submodule
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