2644

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 55, NO. 7, JULY 2008

An Adaptive Solar Photovoltaic Array Using
Model-Based Reconfiguration Algorithm

Dzung Nguyen, Student Member, IEEE, and Brad Lehman, Member, IEEE

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
photovoltaic (PV) array, according to a model-based control al-
gorithm that increases the power output of the solar PV array.
Control algorithms are implemented in real time. An experimental
reconfiguration PV system with a resistive load is presented and is
shown to verify the proposed reconfigurations.

Index Terms—Adaptive, model based, photovoltaic (PV),
reconfiguration.

NOMENCLATURE
Ta, Photo-generated current of solar cells in the adap-
tive bank.
Voca; Open-circuit voltage of solar cell A;.
Rsu Shunt resistance of a solar cell, submodule.
Is Saturation current of a solar cell diode.
A Ideality factor of a solar cell.
K Boltzman’s constant.
T Cell operating temperature.
Q Electron charge.
Ik, Photo-generated current of submodules in a fixed part.
1 Voltages of submodules.
Tout Output current of a solar array.
Rsm Series resistance of a solar cell, submodule.
Rsun Shunt resistance of a solar cell, module.
n Number of solar cells in a submodule.

I. INTRODUCTION

ASS PRODUCTION and use of electricity generated

from solar energy has recently become more common,
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 (PV), or solar tents, solar PV
arrays might be illuminated nonuniformly.

The cause of nonuniform illumination may be shadows from
clouds, trees, booms, neighbor’s houses, or even the shadow of
one solar array on the other, etc. For example, Fig. 1(a) shows a
portable flexible solar array that is embedded into fabric. These
new-generation solar arrays can be folded and carried by cam-
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Fig. 1. Shadow configurations. (a) Shadow on portable solar array.
(b) Shadow from one array cast on another array.

pers and soldiers to remote locations. Often, they are left alone
to charge batteries near trees and fences and have been reported
to even be wrapped around telephone poles or trees [1]—[3].
Furthermore, for applications like BIPV and solar power
plants in small spaces, as shown in Fig. 1(b), shadows from
one solar PV array are commonly cast on another array [4], [5].
In conventional solar PV plants, the designer must solve the
complex problem, i.e., the tradeoff between “maximum energy
output” and “minimum produced energy cost,” by varying the
distance between the rows [4].
For these new applications, it has been particularly impor-
tant to optimize the performance of the arrays in shadowed
conditions.
Because of the nature of the electrical characteristics of so-
lar cells, the maximum power losses are not proportional to the
shadow but magnify nonlinearly [2]. The shadow of a solar PV
array can cause many undesired effects, including the following.
1) The real power generated from the solar PV array is much
less than designed so that the loss of load probability
increases [6].

2) The local hot spot in the shaded part of the solar PV array
can damage the solar cells [7].

There are several approaches that have been proposed to re-
duce the effect of shadows on a solar PV array’s output power.

1) Bypass diodes are connected across shadowed cells to
pass the full amount of current while preventing damage
to the solar cell [7], [8]. 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 arrays are not completely prevented because
there are additional power losses when the current passes
though the bypass diodes.

In large systems, each of the solar submodules can be
connected to its own maximum power point (MPP) track-
ing dc—dc converter and can individually operate near
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its own MPP. Thus, the efficiency of the whole system
is increased [9]-[12], but the method requires a large
number of dc—dc converters (equal to the number of solar
modules).

3) An alternate research field, which is also the focus of
this paper, is one that adaptively reconfigures 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 [13] to facilitate the PV system
to work more as a constant power source, even in dif-
ferent operating conditions (i.e., insolation, temperature,
loads, etc.). Research studies in [14]-[16] have started
to develop methods to reconfigure solar cells to improve
power output in shaded conditions. This research [15],
[16] focuses mostly on how to build the arrays and does
not propose real-time executable control algorithms (the
focus of this paper). Because of this, the proposed meth-
ods have an unrealistic number of sensors and switches
that must use complex control algorithms to determine
when it turns the switch on or off [15], [16].

This paper develops research for the third approach. Adaptive
reconfiguration of solar arrays is proposed, which requires
significantly fewer voltages or current sensors and switches
than in [15] and [16]. Further, as published for the first time,
simple real-time executable control algorithms that determine
how to adaptively reconfigure solar cell connections have been
developed. The algorithms have been experimentally tested on
a small-scale solar reconfiguration system.

Specifically, this paper presents the following research
contributions.

1) 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 con-
nected to the (larger) fixed part of the solar array. The
MPP of the whole array is tracked by a single common
MPP tracker (MPPT), instead of many MPPTs, as shown
in [9]-[12]. Since only a small percentage of the solar
arrays are reconfigurable, fewer switches and simplified
control algorithms are possible. In the uniform illumi-
nation conditions, all these adaptive solar cells will be
equally connected to all rows of the fixed part of the
solar PV array. In nonuniform illumination conditions,
the number of the adaptive solar cells connected to the
shaded submodules depends on the shaded area of the
submodules. The reconfiguration is executed through
the proposed switching matrix.

2) Simple control decision algorithms are presented to deter-
mine when and how to open and close switches between
the fixed part and adaptive bank of the solar PV array.
The algorithms rely on model predictions that can be
implemented in real time by microcontrollers or digital
signal processors.

An experimental adaptively reconfigurable solar PV array
has been built and tested to verify the proposed reconfigura-

2645

lout
@26

Fig. 2. Parallel connection.

tions. It is shown that the proposed approach is able to increase
the output power of the solar PV array in real time under shaded
conditions by 30% for a typical experiment.

II. SOLAR CELLS CONNECTION AND
THE SHADOW PROBLEM

A. Parallel Connection

Fig. 2 shows that solar cells PV;,PVy, ... PV, are con-
nected in parallel to create the solar submodule. The output cur-
rent is equal to the sum of the currents of all the solar cells, i.e.,

Tout = ZIZ-. (1)
=1

The output voltage is equal to the voltage in each of the solar
cells, i.e.,

Vout:‘/l:"':vnn (2)

The output power of the solar submodule is given by
n n
Pout = Tout X Vour = Vour X »_Li=> P (3)
i=1 i=1

A single shadow over a solar cell does not affect the power
delivered by the other solar cells in the submodule. Thus, it is
the most robust configuration for a solar array under shadow
conditions. However, the output voltage is very low (~0.5 V).

B. Series Connection

A solar cell has a very low output voltage, which is around
0.5 V. To create a higher dc output voltage, solar cells PV,
PVs,...,PV,,_1,PV,, are often connected in series, as shown
in the parallel connection in Fig. 3. The output voltage and
output power of the string of the series-connected solar cells is

Vour = »_V; “)
=1
Pout :Iout X Vout~ (5)
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Fig. 3. Series connection.

All the solar cells share the same current, denoted by I,ys.
Thus, when one solar cell becomes shaded, it directly affects
the power delivered by the other cells. That is, I, decreases
throughout all the cells, and there is a significant power drop.

C. Different Configurations of Solar PV Arrays and the
Maximum Power Losses of the Shadow

Fig. 4 shows the two common solar PV array configurations
that utilize the combinations of the connections. In this figure,
each PV ; ;) is an individual solar cell.

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

1) Simple series—parallel (SP) array: when all solar cells,
for example, PV 1,PVs 1,...,PVy,_1.1,PV,, 1, are con-
nected in series, creating strings. Then, all these strings
are connected in parallel, as shown in Fig. 4(a).
Total-cross-tied (TCT) array: when all solar cells are
connected in parallel, for example, PV 1,PVi,,.. .,
PVi n—1,PV1,,, creating modules. Then, these modules
are connected in series, as shown in Fig. 4(b).

2)

Fig. 5 shows a typical result of calculation of the power losses
for SP and TCT for an array with 100 solar cells.

For an SP connection, each solar cell in a different column
completely shaded can cause up to a 10% extra loss when
shaded. The percent of lost power depends on nonlinear func-
tions, as described in Section III. For example, if six solar cells
from different columns are completely shaded, the estimated
power loss in Fig. 5 (point A) will be around 48%. On the
other hand, if the six cells are in three different columns, then
the power loss (point B) is reduced to about 17%. For a TCT
connection, each solar cell in the same row completely shaded
can cause up to a 10% extra power loss. If two cells in different
rows are shaded, then the power loss is the same as one row
being shaded. Referring to Fig. 5 again, when the six solar cells
in the same row completely shaded, then the power loss of the
array is around 48% (point A). If the six shaded cells have only
three shaded cells in the same row, then the power loss is about
17% (point B).
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In the worst case of ten fully shaded solar cells (10% of the
total number of solar cells in the solar PV array), the maximum
output power can be reduced by more than 90%. The result is
the same for both SP and TCT.

III. PROPOSED 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 nonreconfigurable bank of
solar PV arrays is proposed. Because only the adaptive bank is
being reconfigured, the number of switches and reconfiguration
time seems computationally efficient. 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 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 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 is proposed.

These reconfiguration control algorithms are applicable, even
when some of the solar cells of the adaptive PV bank are
shaded: The control algorithms will automatically connect the
most illuminated solar cells in the adaptive bank to the most
shaded row of the fixed part. If a solar cell in the adaptive bank
is shaded, it will still be connected to the fixed solar array,
perhaps to a more illuminated row. Since there is a parallel
connection, the only implication is that there will only be a
small amount of current/power added from the shaded adaptive
solar cell. In either case, the two different approaches will
eventually produce the same increased power of the entire solar
PV system, and both are implementable on a digital signal
processor in real time. However, the second approach is quicker,
as we later demonstrate experimentally.

Fig. 6 shows the operation principle of the proposed method.

Fixed Part (m Rows and n Columns): The fixed part is the
main part of the solar array and has the most number of solar
cells, as shown in Fig. 6. The fixed part contains m x n solar
cells [i.e., solar cells (1,1),(1,2),...(m,n — 1), (m,n)]. All
solar cells in the fixed part are hardwired and have a fixed
configuration, with a TCT interconnection. We can consider
that the fixed part of the solar PV array has m PV “modules”
connected in series.

Solar Adaptive Bank of Solar Cells: In this paper, the adap-
tive bank has m solar cells (i.e., solar cells Ay, Ao, ..., Amn)
not connected together, i.e., the number of adaptive solar cells is
the same as the number of rows in the fixed part. These adaptive
solar cells can be connected in parallel to any PV module, from
PV; to PV,,, as seen in Fig. 6. We remark that fewer than m
adaptive solar cells can also be used. (The algorithms still work,
and there will still be power improvement after reconfiguration,
as shown in Section IV). However, by selecting m adaptive
solar cells, there is the advantage that when there is uniform
illumination and there is no need for reconfiguration, the adap-
tive bank can form one additional column to the fixed part.
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Fig. 4. Solar PV array’s common interconnections. (a) SP interconnection. (b) TCT interconnection.
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Fig. 5. Losses of maximum power depend on the shaded area. In SP, one cell
in each column is fully shaded. In TCT, one cell in the same row is fully shaded.

In this case, the entire PV system will behave like an m x
(n+ 1) array.

Switching Matrix: The fixed part and the solar adaptive
bank are connected together through the switching matrix. The
switching matrix, as shown in Fig. 7, contains switches S(1, 1),
S(1,2),...,8(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(4, j) is on, the solar cell
A, from the 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. The switches can either be relays or electrical switches. In
the proposed method, each switch carries just the current of one
solar cell (or one submodule), which is normally 1-5 A, even
for large solar power plants. Thus, if mechanical relays are se-
lected, the arcing phenomena may not be burdensome since the
current is so low. On the other hand, small electrical switches
(in SO8 packages) are made at suitable power and voltage
ratings for applications such as those in Fig. 1(a). Furthermore,
these small package sizes are easily embedded/sewn into the
fabric. Therefore, it seems that these portable foldable solar
panels are prime candidates for this reconfiguration approach.

“Bubble-Sort” Method: The flowchart of the “bubble-sort”
method is shown in Fig. 8(a). In general, the solar array is

reconfigured by the following principle: If the voltage of one
row is smaller than the 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 pro-
cess 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 the fixed part of the
solar array are connected together in the original
configuration, as in Fig. 9(a). Voltages V7 and V4
are monitored, where V is the voltage produced by
row 1 of the solar array. In the uniform illumination,
we define the output voltage as follows: Vi =
m X V7. In the nonuniform illumination, two situ-
ations can occur: The first case occurs when the first
row is shaded and the other rows are unshaded. In
this case, the voltage of the first row is reduced, and
it is less than the threshold voltage, i.e., V1 < §V,
and the adaptive reconfiguration starts. The second
case occurs when the first row is unshaded and at
least one of the other rows is shaded; the output
voltage of the solar array is not equal to m x V7 but is
much less than that, i.e., Vout —(m—1) x V3 <4V
In this case also, the adaptive reconfiguration starts.
By opening all the switches, ie., S(1,1),
S5(2,2),...,5(m,m), all the solar cells in the
solar adaptive bank are in the open circuits. Define
and sort in a decreasing order the open-circuit
voltages of all solar cells of the adaptive bank, i.e.,

Step 2)

VOA1 > VOA2 > > VOAm~

Step 3) Define the number of adaptive solar cells con-
nected parallel to the shaded solar submodules in the
fixed part.

Sorting: First, measure the voltages of all the sub-
modules of the solar fixed part. Next, the voltages
of all the submodules of the fixed part are sorted in
an increasing order, i.e., V3 < Vo < --- < V,,,—the
voltages of the fixed part. Thus, the rows of the
fixed part and each adaptive solar cell have been re-
numbered according their sorting voltages.
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Fig. 7. Switching matrix.

Step 4)

Model

The fixed part might become

Vo< Vi< - <V,,.

Then, the second switching occurs, and solar cell
As is connected in parallel with the submodule in
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.
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 and 3.

-Based Method: The flowchart of the model-based

method is shown in Fig. 8(b). The control algorithm to deter-
mine how to connect and reconfigure the solar cells is based on
a model-based control method and contains the following steps.

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

VOA2 > ‘/E)Ag > s> ‘/OAm'

Step 1)
Step 2)

It is the same as Step 1 in the “bubble-sort” method.
Define the photo-generated currents of all solar cells
of the solar adaptive bank and of all the submodules
of the fixed part.

We can use the model-based method to calculate
the photo-generated currents in Step 3. The advan-
tage 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 the submodules
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of the fixed part, and thus, all switches can be
controlled synchronously at the same time.

The photo-generated currents of the solar adap-
tive bank: By the opening all the switches, i.e.,
S(1,1),5(2,2),...,5(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,
namely, {VOCAl R VOCAZ, RN VOCA,,L}, the photo-
generated currents /4, are estimated by the follow-
ing equation:

Voca, qVoca,
L= J I* J — 1 .
=t (e (TR ) 1)@

k=k+1; j=j+1 No

=

Switch
the matrix

Step 4 |

Flowchart of the control algorithm. (a) “Bubble-sort” method. (b) Model-based method.

I, = Lo + s [exp (=

Here, Rgy is the shunt resistance of solar cell (sub-
module), and Ig is the saturation current of the
solar cell.

The photo-generated currents of the fixed part:
All submodules of the fixed part are still working
with load. Their photo-generated currents are calcu-
lated by

(V; + ToucRsn)) 1]

!
+ (‘/j + outRSM> (7)

akT

Rsuwm
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Fig. 9. Solar array’s reconfiguration under nonuniform illumination. (a) Before configuration. (b) After reconfiguration.

Step 3)

where V; = {V1,V5,...,V,,} are the measured
voltages of the submodules, I, is the output cur-
rent of the solar array, Rgy is the series resistance
of the solar cell (submodule), Rsyn is the shunt
resistance of the solar cell (submodule), Is is the
saturation current of the solar cell diode, and n is
the number of solar cells in the submodule. These
parameters of the solar cell or the solar submodule
are received from manufacturers or are extracted
based on experiments by V-I curve fitting [17]. By
updating the temperature and voltage parameters in
the model (in real time), it is possible to estimate
the photo-generated currents /4, and Ir, of each
solar cell or submodule by using [18]-[20] and their
dynamics multiphysics models [21].

Define the number of adaptive solar cells con-
nected parallel to the shaded solar submodules in the
fixed part.

Sorting: First, the photo-generated currents of
all the solar cells of the solar adaptive bank are
defined and sorted in a decreasing order, i.e.,
Ig, > Ia, > -+ > 14, —the current of the adap-
tive bank.

Next, the photo-generated currents of all the sub-
modules of the fixed part are sorted in an increasing
order, i.e., [p, < Ip, < --- < If, —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 adap-
tive bank in parallel to the most shaded submodule
of the fixed part. For example, if we switch solar
cell A; in parallel with the submodule in row 1,
then after the first switching, the solar adaptive bank
becomes [4, > Ta, > - > 14

m*

The fixed part might become

Ip, <Ip, +1a, <---<Ip,.

Then, the second switching occurs, and solar cell
A, is connected in parallel with the submodule in
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.
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 and 3.

Step 4)

Table I compares the previous reconfiguration structures
[15], [16] with the proposed method. In the previous recon-
figuration approaches, it is assumed that all solar cells are
“adaptive,” that is, that they can all be reconfigured to each
other. In our proposed approach, we assume that there is a fixed
array, and that this array has m rows and n columns of solar
cells. Often, the number of columns is made greater than the
number of rows, as the currents in each columns are added
together to increase power.

Notice that the proposed method always uses fewer sensors,
and in the case when the number of columns is significantly
greater than the number of rows (n > m), as it commonly
occurs, then there are significantly fewer sensors. Similarly,
when n > m, the number of switches can also be significantly
decreased.

We remark that [15] and [16] do not present methodologies
to determine how to reconfigure the solar arrays. Thus, we are
unable to make comparisons in control algorithms.

One example of the reconfiguration method is shown in
Fig. 9. The solar PV array from 10 x 10 solar cells in the
fixed part, and ten solar cells in the adaptive part, has the
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TABLE 1
COMPARISON OF THE RECONFIGURATION METHODS
No Item Conventional  Proposed
1 Number of solar Fixed: 0 Fixed: m(n)
cells(submodules) Adaptive: Adaptive: m
m(n+1)
2 Number of m(n+1) 2m+1
voltage + current
sensors
3 Number of 2m(n+1) to 2m?
switches 3m(n+1)
4 Control N/A Bubble - Sort
Algorithms Model-based

interconnection in Fig. 9(a), in the uniform illumination, and
in Fig. 9(b), in the nonuniform illumination. The figures show
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
equal to the power of one row. If there is no adaptive bank
and TCT connection, then the shade would incur a reduction
in the maximum output power (three rows) of up to 30%.
With the adaptive bank, there is only a 10% reduction in
power.

Fig. 10 shows the I-V curves and P-V curves for two PV
modules connected in series before and after reconfiguration by
the proposed method. In the operating lines b and c, the un-
shaded solar module PV; cannot generate the full power be-
cause the current of this module is limited by the current of the
shaded module PV5. Hence, for example, in operating line b,
the unshaded PV, operates at -V point Sb; and the shaded
PV, operates at -V point Sbs. In series, the total array will
operate at their voltage sum while at the same fixed current,
i.e., operating point Sb.

In operating line a, the unshaded module PV generates full
power, but the operating point of the shaded module PV5 moves
to the negative region. PV, works as a load and causes losses in
the system. The output power is decreased, i.e.,

Pout = Poutl - -P1055652~ (8)

From the above discussion, the main reason to cause the
losses in the solar PV array is the fact that the currents of
the series-connected solar cells or solar submodules are limited
by the current of the shaded solar cell or the shaded solar
submodule.

After reconfiguration, the operating point of the solar PV
array moved from the point Sb in Fig. 10(a) to point Sbmax
in Fig. 10(b). The maximum output power of the whole
solar PV array increases from point PSb to PSbmax in
Fig. 10(c).
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IV. EXPERIMENT RESULT

Fig. 11 shows the solar PV array test platform. The exper-
iment includes the following: The fixed solar array is from
nine solar cells: three rows (m) and three columns (n) (TCT
connection). The solar adaptive bank is from three solar cells
(one string of 3 x 1 cells) connected to the fixed part (3 x 3).
The 3 x 3 switching matrix, controlled by Agilent Data Ac-
quisition/Switch Unit 34970A, is connected between the fixed
part and the solar adaptive bank. In total, we use 18 switches in
the switching matrix and six voltage sensors (two of them are
voltage monitors) for this test platform. The output load in all
the experiments is 10 €.

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

Bubble-Sort Method: Fig. 12(a) shows two separate exper-
iments: Experiment 1 is for 0 < ¢ < T3. In this time interval,
the figure shows the output voltage of the solar array when
four solar cells are partially shaded. From time O to T}, the
output voltage is under uniform illumination. From T}, the
solar PV array is shaded. The interval 77 —T5» is the time
for measurement and control. After 75, the output voltage of
the solar array has been optimized, and the reconfiguration
has been completed. Notice that from 75 to T}, clouds move
across the array and cause a change in the output voltage.
However, no reconfiguration occurs since the clouds affect both
the adaptive and fixed part of the solar array equally. Hence, this
demonstrates a robustness of the proposed algorithms to falsely
reconfigure when it is not necessary.

The output power of the solar PV array is calculated by the
following equation:

Vo2ut
P, out — R . (9)

For experiment 1, there is a 62.3% increase in output power
from before to after the reconfiguration.

Experiment 2 of the bubble-sort method is performed at
t > T, in Fig. 12(a). At t < T4, the solar system is in the
configuration stage from experiment 1. All of a sudden, at
t = T}, the shadow configuration is suddenly changed so that
two cells in the same row of the fixed part are fully shaded. The
interval Ty —T5 is the time for measurement and control. After
Ts, the output voltage of the solar array has been optimized,
and the bubble-sort reconfiguration has been completed. Using
the data in Fig. 12(a) with (9), it is calculated that there is
a 156% increase in output power from before to after the
reconfiguration.

In both experiments, the bubble-sort reconfiguration takes
about 18 s.

Model-Based Method: Fig. 12(b) shows two more experi-
ments. Experiment 3 is for 0 < ¢ < 75, and experiment 4 is for
t > T3. In experiment 3, the output voltage of the solar array
when four solar cells are partially shaded is shown in the figure.
From 0 to 77, the output voltage is under uniform illumination.
From T3, the solar PV array is shaded. The interval T} —T5
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Solar PV array outdoor test platform.

is the time for measurement and control. After 75, the output
voltage of the solar array increases after reconfiguration. Notice
that the voltage across the load is increased from 75 by 20%,
indicating a 33% increase in power due to reconfiguration. The
output voltage of solar array initially drops during real time
reconfiguration (between 717 and 75). This is because the solar
adaptive bank is disconnected from the load for a short time to
measure and sort. During the transition, though, the fixed part
is still supplying power for the load.

In experiment 4, as shown in Fig. 12(b) for ¢t > T3, the
shadow configuration suddenly changes so that three solar cells
in the fixed part are completely shaded. The three solar cells
in the adaptive bank remain illuminated. The reconfiguration
starts at t = T3 from the previous reconfiguration connections
of experiment 3, but this provides no technical difficulties.
From T3 to T}, there is measurement and control. After T}, the
switches are controlled synchronously to reconfigure. For this
experiment, the reconfiguration from 735 to 7y led to dramatic
increases of power from before to after reconfiguration—a
3900% improvement.

Comparison Between the “Bubble-Sort” Method and the Se-
cond Method: The second reconfiguration method takes about
8 s. This method is faster because all switches can be controlled
synchronously at the same time, when the “bubble-sort” method
switches one at a time instead of all at once. The final reconfig-
uration state does not differ between the two methods.

Partly Shaded Solar Adaptive Bank: At times, one can ex-
pect that the adaptive solar cells may also become shaded.
As previously discussed, all the algorithms work when this
occurs. For the case when there are still more illuminated
adaptive solar cells than shaded fixed solar cells, there will
still be significant power improvements after reconfiguration.
Fig. 13(a) shows the output voltage of the solar cells when two
fixed solar cells and one adaptive solar cell are fully shaded.
(Thus, there are still two adaptive solar cells that are fully
illuminated.) As in the previous two experiments, from 0 to 77,
the output voltage is under uniform illumination. After 77, two
fixed solar cells in the same row and one adaptive solar cell are
fully shaded. The interval T} —T5 is the time for measurement
and control. At 75, three illuminated adaptive solar cells are
connected in parallel with the shaded row at the same time.
Using the data in Fig. 13(a), with (9), it is calculated that there
is a 65% increase in output power from before to after the
reconfiguration.

The Number of Shaded Fixed Solar Cells is Larger Than
the Number of Solar Adaptive Banks: 1t is possible that many
adaptive solar cells become shaded, and that there will not be
a sufficient number of them to compensate for all the shaded
solar cells in the fixed part.

Alternatively, this could also occur if fewer adaptive solar
cells are used, as we are only recommending “m” number of
adaptive cells. Still, there is a benefit from the reconfiguration
algorithms adding power to the system, and both reconfigura-
tion algorithms will still work. Of course, less power can be
added to the system.

Fig. 13(b) shows the output voltage of the solar cells when
four fixed solar cells are fully shaded, three of which are in
the same row. There remain three fully illuminated adaptive
solar cells.

From 0 to 77, the output voltage is under uniform illumina-
tion. After 77, four fixed solar cells in the same row are fully
shaded. The interval T7—7T5 is the time for measurement and
control. At T5, three illuminated adaptive solar cells are con-
nected in parallel with the shaded row all at the same time. For
this experiment, the reconfiguration from 77 to 75 led to dra-
matic increases of power from before to after reconfiguration—
a 4125% improvement.
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adaptive banks.

V. CONCLUSION

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

The switching matrix may still require a large number of
switches, and this represents a disadvantage of the approach.
However, we show that when the number of rows in the solar
array is not too large, the number of switches and sensors is

significantly reduced. Further, we present four separate experi-
ments that demonstrate the technical feasibility of two different
reconfiguration algorithms. The reconfiguration methods are
shown to be effective in improving solar array power, even
when the number of shaded arrays is more than the power
provided by the adaptive solar modules to be switched into
the system. The model-based sorting algorithms have reduced
calculation time.
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