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a b s t r a c t

As more utility scale photovoltaic (PV) power plants are installed, there is a need to improve monitoring
andmanagement of PV arrays. A procedure is presented here for optimizing the electrical configuration of
a PV array under a variety of operating conditions. Computer simulations and analysis with synthetic and
real data are presented in this paper. The performance of the optimization system is evaluated for a variety
of partial shading conditions using a SPICE circuit simulator. In general, a 4%–5% gain in power output is
achievable by employing active switching in order to reconfigure the array’s electrical configuration.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In spite of its many advantages, photovoltaic (PV) technology
faces various barriers which prevent efficient utilization of this im-
portant technology. The major barrier is cost. In the United States
in 2010, the average levelized cost of energy (LCOE) for PV electric-
ity was $211/MWh, while the LCOE of coal was only $95/MWh [1].
PV has overcome the cost problem with conventional energy only
for special cases such as very remote locations where fuel ship-
ping costs are extremely high. The other barrier is its dependence
on weather conditions, resulting in stability and reliability prob-
lems for the electrical grid. These issues suggest that any tech-
nology that would lower cost or improve reliability will increase
the deployment and improve efficiency of utility scale PV power
generation.

In this paper a method of optimizing the electrical configura-
tion of a switchable PV array is presented. This system is devel-
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oped as one part of a comprehensive PV monitoring system incor-
porating performance analysis, fault detection, andmismatch mit-
igation [2–6]. The optimization strategy results in higher power
output under array mismatch conditions such as partial shading.
It is shown that the optimal electrical configuration under partial
shading varies depending on which modules are shaded, motivat-
ing thedevelopment of an optimization algorithm. Power increases
of 4%–6% are observed by switching from a base configuration to
the optimal configuration.

The paper is organized as follows: in Section 2 the operation of
PV arrays is described, including under partial shading conditions,
and in Section 3 several approaches to the problem of maximiz-
ing output under shading conditions are described. The reconfig-
uration method is described in Section 4. Section 5 describes the
simulations used to test the method and their results. Finally, the
significance of the optimization method and its usefulness is dis-
cussed in Section 6.

2. Problem statement

This section provides an outline of the topology reconfiguration
system and discusses the physics behind the operation of a PV
array. The various topologies that are employed in practice and
their electrical behavior is presented. The models that can be
used to predict the electrical characteristics of a PV module are
explained.
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Fig. 1. Equivalent circuit of a solar cell including parasitic resistances.

Fig. 2. I–V characteristic of a photovoltaic module.

2.1. Electrical behavior of a PV module

A typical PV cell consists of a P–N junction in silicon or another
semiconductor, although more exotic configurations exist [7].
Although a single cell is capable of generating significant current,
it operates at an insufficient voltage for typical applications.
To obtain a higher voltage, cells are connected in series and
encapsulated into a PVmodule/panel. Thesemodules show similar
electrical behavior to individual cells, with the exception of small
effects due to mismatch between cells.

Fig. 1 shows the commonly used single-diode model of a PV
module. At the heart of the device is a current source IL connected
to a diode. IL models the current generated by incoming light while
the diode’s currentmodels the action of the P–N junction and limits
the power output of the cell. Some of the power generated by the
solar cell is dissipated through parasitic resistances. These resistive
effects are electrically equivalent to a series resistance Rs and a
parallel (‘‘shunt’’) resistance Rsh [8].

Like a diode, a PV cell or module is defined by its current–
voltage (I–V) characteristic. An example of the I–V curve of a
photovoltaic module is shown in Fig. 2. In addition to the short-
circuit current ISC and open-circuit voltage VOC, another important
point on the I–V curve is the maximum power point (MPP). This is
the point (VMP, IMP) at which the power of the array is maximized.
PV inverters adjust the electrical load they present to the PV array
in order to maintain operation at the maximum power point.

2.2. The UW-Madison PV model

The UW-Madison PV performance model, developed at the
Wisconsin Solar Energy laboratory [8], is adopted for simulations
in this paper. It was chosen for several reasons, themost important
being its accurate modeling of silicon PV modules. It also gives
an explicit electrical circuit representation of a module using
only data provided by the module manufacturer at standard
test conditions. This allows the UW-Madison model to be used
on any conventional silicon PV module. In contrast, the widely
used and highly accurate Sandia model [9] requires extensive
measurements of each new design and does not give an explicit
circuit representation. The UW-Madison model depends on the
light generated current IL, the diode reverse saturation current I0,
the series resistance Rs, the shunt (parallel) resistance Rsh, and the
Fig. 3. Photovoltaic modules connected in series–parallel (SP) configuration.

modified ideality factor a [10]. Themodified ideality factor is given
by

a =
NsnkTcell

q
, (1)

where q is the electron charge, k is the Boltzmann constant, and
T is the absolute temperature of the cell. n is the diode ideality
factor and typically takes values between 1 and 3. Ns represents
the number of cells in series.

From Fig. 1, the current generated by the photovoltaic module
(Imod) is given as [8],

Imod = IL − I0


exp


Vmod + ImodRs

a


− 1


−

Vmod + ImodRs

Rsh
, (2)

where Vmod is the terminal voltage of the module. The model
is semi-empirical in that it calculates parameters by fitting
manufacturers’ measured module data to a physics-based model
of a PV cell. An easy to use application to determine the reference
parameters was developed by the University of Wisconsin [11].
A sample I–V curve of the UW-Madison model implemented in
MATLAB is shown in Fig. 2.

2.3. Effect of temperature and irradiance

The power output of solar cells is significantly affected by
variations in the temperature and irradiance. The most significant
effect of temperature is on the cell terminal voltage Vcell. This effect
is driven by the dependence of diode current ID on temperature
Tcell, as shown in (2). It decreases with increase in temperature, i.e.
it has a negative temperature coefficient.

The light generated current IL, and therefore the short circuit
current ISC , are typically modeled as being directly proportional
to the irradiance. The voltage variation is much smaller due to its
logarithmic dependence on the irradiance and is usually neglected
in practical applications [12].

2.4. Alternate topologies

Photovoltaic cells are electrically connected to form a photo-
voltaic module. Photovoltaic modules are typically connected in
series–parallel combinations to formaphotovoltaic array as shown
in Fig. 3.

Apart from the series–parallel combination, the modules can
also be connected in a cross-tied manner in which additional
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Fig. 4. Photovoltaic modules connected in total cross-tied (TCT) configuration.

connections are introduced between the modules. Two types of
cross-tied topologies are discussed in the literature: the total
cross-tied (TCT) topology and the bridge link (BL) topology. In
the total cross-tied topology shown in Fig. 4, each of the PV
modules is connected in series and parallel with the others [13].
The bridge link topology shown in Fig. 5 consists of half as many
interconnections as the TCT topology [13]. When there are no
wiring losses or module mismatches, all the modules behave
identically and the generated array power is the same for all three
topologies. When there are electrical mismatches, it will be shown
that one of the topologies outperforms the others.

2.5. Constraints on feasible configurations

The design methodologies for PV arrays are specified in [14].
The number ofmodules in a series string is limited by the operating
range of the inverter. The maximum voltage that can be generated
by the array should not exceed the maximum input voltage to the
inverter. Since themodule voltage increases at lower temperature,
the open circuit voltage of the inverter must not surpass the
maximum operating voltage of the inverter on the coldest day
of the year. The maximum number of modules Nmax, that can be
connected in a string is given by

Nmax =
V1

V2
, (3)

where V1 is the maximum allowable input voltage of the inverter
and V2 is the open circuit voltage of a module at the lowest winter
temperature of the year.

The number of modules Nmin that can be connected in a string
is determined by the minimum input voltage requirement of the
inverter and the maximum temperature at which the modules
need to operate. It is given as

Nmin =
V3

V4
, (4)

where V3 is theminimum input voltage of the inverter and V4 is the
maximum power voltage VMP of a module at the highest module
temperature during the year. Other factors such as the efficiency
of the inverter at different voltages can be considered to determine
the exact number of modules in a string.

The limitation on the number of strings that can be connected
in parallel is determined by the maximum input current to the
inverter and the current carrying capacity of the wires used. The
maximum number of strings in parallel NP is given by

NP =
I1
I2

, (5)
Fig. 5. Photovoltaic modules connected in bridge link (BL) configuration.

where, I1 is themaximum current that can be input to the inverter,
I2 is the short circuit current at maximum irradiance for the given
string.

In the US, the National Electric Code [15] governs the tolerance
levels for the current carrying wires used in the construction of PV
arrays. The code requires the wires used to be rated for at least
156.25% of the maximum short circuit current they might expect
to carry. This further constrains the maximum number of strings
that can be kept in parallel in addition to the restriction imposed
by (5).

3. Previous work

The major problems that cause the PV array to generate power
less than the rated power are shading and improper selection of
topology. To overcome the shading problem, severalmethods have
been proposed. The techniques and their associated drawbacks are
discussed below.

3.1. Irradiance equalization

The irradiance equalization method [16–18] is applied to PV
arrays that are connected in total cross-tied (TCT) configuration
(discussed in Section 3.3). Depending on the irradiance received
by the modules, they are relocated such that each row in the series
string has similar irradiance.

A shadedmodule, when present in a string, limits the current in
the string to the lower current of the shadedmodule. By connecting
PV modules with similar operating characteristics in a string,
power output ismaximized. The concept of irradiance equalization
is shown in Fig. 6. The PV array consists of 9 modules connected
in the TCT configuration. Each row in the figure consists of 3
modules connected in parallel and can together be considered as
a single block module. The current generated by the block module
is the sum of the currents of the individual modules. Three such
block modules are connected in series. The normalized effective
irradiance (relative to standard irradiance of 1000 W/m2) of each
module is estimated from the measured voltage and current using
the ideal PV cell equation.

The block effective irradiance is the sum of the individual
module effective irradiances. Fig. 6(a) shows block modules with
unmatched effective irradiance factors. The switching matrix is
then used to rearrange the electrical location of the modules 2 and
9 and the irradiance matched configuration is shown in Fig. 6(b).
The output for the configuration in Fig. 6(b) is found to be higher.
This is due to the fact that the current mismatch between the
blocks is reduced before connecting them in series. This method is
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Fig. 6. Demonstration of the Irradiance Equalization method.

applied on an array connected in a fixed total cross-tied topology.
Though there is reconfiguration within the topology, it might not
be the optimal topology.

3.2. Adaptive banking

The adaptive banking method [19,20] reconfigures the PV
array to provide maximum power output under different shading
conditions. Here the PV system has two parts: the fixed part and
the adaptive part. The fixed part constitutes the PV array that
is connected in total cross-tied (TCT) configuration. The adaptive
part consists of a bank of individual PV modules. When the power
output of the PV array (fixed part) goes down, the modules
from the adaptive bank are connected in parallel to modules in
the fixed part. This is accomplished by employing a switching
matrix constructed using relays or electrical switches. The most
illuminated solar module from the adaptive bank is connected in
parallel to the row of the fixed part that has the least power output
(the most shaded row). In this manner all the modules from the
adaptive bank are connected.
Consider an array of 16 modules connected in the total cross-
tied (TCT) configuration as shown in Fig. 7(a). Under normal
operating conditions there is no need for any changes in the
configuration. However, three of the modules in the array are
severely shaded. The maximum current that can be generated by
this array is now limited by the first row, which has only two
healthy modules. This detrimental effect can be minimized to a
certain extent byusing the adaptive bankingmethod.Here, the first
three columns can be made the fixed part and the last column, the
adaptive part. Each module in the adaptive part can be connected
to any of the rows of the fixed part. With this arrangement, the
severely mismatched condition of rows in Fig. 7(a) can be rectified
as shown in Fig. 7(b). In this case, two modules from the adaptive
part of the array are added in parallel to the first row which has
2 modules shaded and one module is added to the second row
which has one shaded module. Now, each row in the array has at
least three healthy modules, therefore the current is not restricted
to two modules as in the previous case. If the mismatch is not
severe, the most illuminated solar module from the adaptive bank
is connected in parallel to the row of the fixed part that has the
least power output (the most shaded row).

This method also employs the fixed total cross-tied topology
and switching matrix to increase the efficiency of the array.
Compared to the irradiance equalization method, it requires a
switching matrix of smaller size as it relocates only the modules in
adaptive bank rather than all the modules in the array. However,
it still uses a non-optimal fixed array topology and needs an
additional set of modules allocated as the adaptive bank. The
additional modules increase the cost of the system.

3.3. Alternate topologies

Alternate module interconnection schemes are suggested
in [13] to overcome mismatch losses, especially under shading
conditions. In [21], the TCT topology is shown to be the optimal
topology for all possible shading patterns in an array consisting
(a) Array before irradiance equalization. (b) Array after irradiance equalization.

Fig. 7. Demonstration of the Adaptive banking method.
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Fig. 8. Block diagram explaining the topology reconfiguration method.

of four PV modules. It was experimentally shown in [22] that
in an array with two shaded modules, changing the traditional
series–parallel configuration to bridge link (BL) and total cross-tied
(TCT) configurations resulted in a 4 % increase in the array power
under shading conditions. Cross-tied topologies such as TCT and BL
are shown to be more tolerant to mismatch losses caused due to
aging and manufacturing process tolerances in [23,24]. It has been
shown experimentally that the cross tied topologies perform well
for a simulated case of two shadedmodules [22]. However, it is not
guaranteed that the cross tied topologies alone would outperform
all the existing topologies for any number of shaded modules (or
any shading pattern) in the array.

This research proposes reconfiguration of the array topology
under shading to extract the maximum yield from the array. The
topology reconfigurationmethod is used to find the optimal topol-
ogy for given weather conditions and faulty module information.
The efficiencies of the existing topologies along with a new by-
passed and reconfigured topology are analyzed for various shading
patterns.

4. Topology reconfiguration algorithm

In this section, the topology reconfiguration method used to
find the optimal array topology under shading conditions is de-
scribed. An ideal PV array connected in any topology performs
identically. When faults occur in the array, however, the per-
formance of each of the topologies differs and the default array
topology may not produce the maximum yield. In this section,
a topology reconfiguration method is proposed to predict the
optimal topology for a photovoltaic array consisting of shaded
modules. This method assumes that the PV system is provided
with an array reconfiguration facility. The topology reconfiguration
method can be implemented in monitoring systems to predict the
best suitable array configuration for a definite time period using
the previous array’s measurements.

The topology reconfiguration method is described in the block
diagram shown in Fig. 8. The operation of the system is explained
below.

4.1. Fault detection algorithm

A monitoring system provides the plane of array (POA) irradi-
ance and the module level measurements: the maximum power
point voltage (VMP), maximum power point current (IMP), mod-
ule temperature and the aging information, which can be used to
detect faults using the fault detection algorithms. In general, the
faulty modules form a cluster in the I–V space, while the rest of the
string in which the fault occurs forms another cluster, and the re-
maining unaffected modules in the string form a third cluster. One
such algorithm to detect the shaded modules is explained in [2,3].

4.2. Feasible configurations

The information from the fault detection algorithms is also
used to find the feasible topology/topologies. For example in the
case of shading, the faulty modules can be bypassed based on the
intensity of shading. A new configuration is obtained by bypassing
the shaded modules. This topology can also be reconfigured by
evenly distributing themodules into a row–column array resulting
in another topology. Therefore SP, BL, TCT, and the bypassed and
reconfigured (BR) topologies constitute the feasible configurations.

4.3. Performance of the topologies

Once the feasible configurations are determined, their perfor-
mance can be predicted using any of several PV performancemod-
els [8,9]. For example, the direct current (DC) power generated by
a topology can be determined for a given irradiance (W/m2) and
module temperature (° C) using the UW-Madison model in a cir-
cuit simulator such as SPICE. The maximum power point (MPPT)
power can be used as a performancemetric to compare the topolo-
gies. The design of the topologies and procedure to find the MPPT
power is explained in Section 5.1. The MPPT power is expressed
as a percentage power obtained with respect to the array power
under ideal (no fault) conditions.

4.4. Additional considerations for optimization

Several factors beyond simulated MPPT power affect the
decision to switch array topology. Most notably, switching losses
reduce the effectiveness of the algorithm. This occurs because
the IEEE 1547 standard [25] mandates a five-minute shutdown
following any out-of-bounds condition. Rapid restart is limited
by standards compliance rather than technical challenges; some
non-grid-interacting inverters [26,27] feature an automatic restart
function following power interruption. Note that this switching
delay is caused entirely by the inverter; the optimization algorithm
itself only simulates a small number of feasible configurations and
does not require significant time or computational resources to
run. The current version is not optimized for runtime in any way
and requires less than 3 s to run on a desktop computer.

The simulation results that follow in Section 5 consider only
MPPT power on the DC side of the inverter to determine the
optimal topology. Inverter down-time, resistive wiring losses, and
variable AC/DC conversion efficiency are not considered. Of these
effects, only inverter down time is likely to significantly impact
results. The authors are currently studying the prediction of future
irradiance at the module level, with the goal of providing an
optimal decision on when to perform reconfiguration.

5. Simulation results

This section explains the simulation set-up used to carry out the
simulations. The simulation model is validated with experimental
data collected from a prototype monitoring system installed at
the Solar Testing and Research (STAR) Center in Tempe, Arizona.
The behavior of the topologies in the presence of various shading
scenarios is presented. The topology reconfiguration method is
used to find the best topology for each of the shading patterns.
The effect of irradiance and shading on the array performance is
studied.
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Fig. 9. Comparison of the measured and simulated data.

5.1. Simulation set-up and experimental validation

This section describes the experimental set-up of the PV array
followed by a comparison of the simulated results with the exper-
imental data. A PV array of 52 modules arranged in a 13 series, 4
parallel (13×4) configurationwas used for the simulations. Param-
eters for the SharpNT-175U1module and Satcon PowerGate 50kW
inverterwere used. The arraywas simulatedwith theUW-Madison
model discussed in Section 2.2 in a SPICE circuit simulator.

Theweather information andmodule temperatures correspond
to Phoenix area for the day May 3rd, 2011 for all the simulations
that follow in this section. The array performance is found for the
day and an average measure is taken to compare the performance
of topologies.

A grid connected photovoltaic array was established in Tempe,
Arizona to study the benefits of topology reconfiguration. The
array was constructed as described in Section 5.1 using 52
Sharp NT-175U1 modules. The array was equipped with a
basic switching system which allowed the implementation of
arbitrary TCT topologies. Each module was equipped with sensors
which reported its voltage, current, and module back surface
temperature. This information was recorded at a central server
along with measured irradiance values.

Experimental data for the series–parallel (SP) topology in
13 × 4 configuration are available from the prototype monitoring
system. Array data for two shading tests was used to validate the
simulation results. In the first test, a singlemodule was shaded in a
string of the array. In the second test, twomoduleswere shaded in a
string. Amesh that corresponds to a shade factor of 58.6%was used
to cover themodules and introduce shading. The simulations were
performed in a SPICE simulator using the provided irradiance and
module temperaturemeasurements. Fig. 9 compares the simulated
and measured (experimental) results.

From the comparison between the simulated and measured
data in Fig. 9, it is seen that the simulated resultsmatch closelywith
the experimental data. The small deviation of approximately 2%
maybedue to thewiring losses ormodule aging. In the simulations,
wires are assumed to be ideal andmodules are expected to perform
without any aging effect.

5.2. Topology reconfiguration under shading

In this section, the topology reconfiguration method is applied
to find the optimal topology. The behavior of the topologies for
various shading patterns is studied. Here only the MPPT power is
used to determine the optimal topology. The array performance is
studied on the DC side of the inverter, so inverter switching losses
need not be considered. The array is assumed to have negligible
resistive wiring losses.
Fig. 10. Illustration of shading pattern-1.

Table 1
Performance of the topologies for the shading pattern-1.

N Percentage output power generated by the array
SP BL TCT BR

2 91.3 95.7 96.12 96.14 (10 × 5 SP)
4 90.7 94.2 94.5 92.3 (12 × 4 SP)
7 90.5 91.6 92.6 86.5 (15 × 3 SP)
8 90.3 91.1 91.6 84.6 (11 × 4 SP)

10 90.1 90.4 91.0 80.7 (14 × 3 SP)
12 89.7 89.9 90.0 76.9 (10 × 4 SP)

5.2.1. Shading pattern-1
In the first shading pattern, modules are shaded in a single

string of the photovoltaic array. This shading pattern is analogous
to the shadow caused by trackers, overhead power lines, etc. The
shading pattern for an SP topology with seven shaded modules
is shown in Fig. 10. A shade factor of 58.6%, corresponding to
the shade offered by a semitransparent mesh used in testing, is
considered. Shade factor is defined here as the fraction of total
unshaded irradiance still illuminating the shaded module.

Two modules are shaded in the second string of all the
topologies. The bypassed and reconfigured topology (BR) is
obtained by bypassing the two shaded modules (i.e. leaving one
terminal floating so that the module operates at open circuit
conditions) and reconfiguring the array to minimize mismatch
between remaining modules. The number of shaded modules (N)
in the second string is increased to 4, 7 and 10 to observe the trend
in the performance of the topologies. The topology reconfiguration
method is used to find the optimal topology in each of the cases.
Fig. 11 and Table 1 show the percentage output power of the
topologies, expressed in reference to the array output under ideal
(no shade) conditions. From the results, it is observed that when
there are more than 2 shaded modules, the TCT configuration
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Fig. 11. Performance of topologies for different number of shaded modules for the
shading pattern-1.

Fig. 12. Illustration of shading pattern-2.

performs best. For the case of two shaded modules, switching the
topology from SP to TCT and BR topologies results in a power
increase of 4.82% and 4.84%, respectively. While this indicates that
the BR configuration is optimal, the difference between the BR and
TCT configurations is negligible. Because of this, the TCT topology
is considered the optimal topology for this shading pattern.

5.2.2. Shading pattern-2
In the second shading pattern, modules are shaded across the

strings, a pattern which is equivalent to the shadow of chimneys,
trees etc. The shading pattern for an SP topologywith seven shaded
modules is shown in Fig. 12. A shade factor of 58.6% is once again
used.

For example, say seven modules are shaded with two mod-
ules each in the first three strings and one in the fourth string.
Using the topology reconfiguration method, it is observed that
the bypassed and reconfigured topology performs better than
the rest of the topologies. It is followed by series–parallel topol-
ogy, which performs better than both the cross tied topolo-
gies. A similar result is obtained when ten modules are shaded
Fig. 13. Performance of the topologies for the shading pattern-2.

Table 2
Performance of the topologies for the shading pattern-2.

N Percentage output power generated by the array
SP BL TCT BR

7 85.5 84.5 84.3 86.5 (15 × 3 SP)
10 79.0 77.1 76.6 80.7 (14 × 3 SP)

Table 3
Performance of the topologies for the shading pattern-3.

N Percentage output power generated by the array
SP BL TCT BR

10 82.4 80.5 80.8 80.8 (14 × 3 SP)
12 71.5 74.6 77.3 76.9 (10 × 4 SP)

across the strings, e.g. when M(1, 1),M(2, 1),M(3, 1),M(1, 2)
M(2, 2),M(3, 2),M(1, 3),M(2, 3),M(1, 4), and M(2, 4) are
shaded. The results are shown in Fig. 13 and Table 2. It is observed
for this case that switching the topology from TCT to BR results in
a 4.1% increase in the array output power. Therefore the bypassed
and reconfigured (BR) topology is the optimal topology and recon-
figuration of TCT to BR topology would result in a % gain of 4.1 in
the array power relative to the TCT configuration.

5.2.3. Shading pattern-3
In this shading pattern, modules are shaded in two strings of

the array. The shading pattern for an SP topology with ten shaded
modules is shown in Fig. 14. A shade factor of 40.0% is considered.

For example, say ten modules are shaded with nine modules
and one module in the first and second strings respectively. The
shadedmodules areM(1, 1) toM(9, 1) andM(1, 2) in the first and
second strings respectively. Similarly twelve modules are shaded
with nine and threemodules in the first and second strings respec-
tively. The modules M(1, 1) to M(9, 1) and M(1, 2) to M(3, 2) are
shaded. The results are shown in Fig. 15 and Table 3.

It is observed that when twelve modules are shaded, switching
the topology from SP to TCT and BR topologies results in a power
increase of 5.79% and 5.44%, respectively, in the array output
power. This shows that the total cross-tied topology (TCT) is the
optimal topology in this case.

5.2.4. Analysis
From the results, it is clear that no one array topology is superior

and the actual pattern of shading determines the optimal topology.
For the first shading pattern, switching from series–parallel to
bypassed and reconfigured topology results in a 4.84% increase
in the array power. However, for shading pattern-2, switching
from total cross-tied to bypassed and reconfigured topology
results in an increase of 4.1% and for shading pattern-3, a 5.79%
gain is seen by switching from series–parallel to total cross-tied
topology. Therefore from the simulation results, reconfiguration of
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Fig. 14. Illustration of shading pattern-3.

Fig. 15. Performance of the topologies for the shading pattern-3.

topologies under shading resulted in an increase in the array power
by 4 to 6%. This offers evidence that a topology reconfiguration
method and facility to reconfigure the photovoltaic array would
improve the yield from the photovoltaic array.

5.3. Effect of irradiance on the array performance

The effect of irradiance on the performance of the topologies
is studied by varying number of shaded modules. The shading
pattern shown in Fig. 10 is considered. The number of shaded
modules is progressively increased from 2 to 12. The irradiance
values fall in the range 100 to 1000 W/m2. The array behavior
of the series–parallel (SP), total cross-tied (TCT), and bridge link
(BL) topologies is studied and the results are shown in Figs. 16–
18. For all the topologies, it is observed that the percentage loss
in array power for a given number of shaded modules does not
vary significantly with respect to irradiance. For a given number
of shaded modules, the maximum percentage deviation in any of
the topologies is 1.5%. Similar results are obtained irrespective of
the shade factor and the type of shading pattern.
Fig. 16. Effect of irradiance on the performance of SP topology.

Fig. 17. Effect of irradiance on the performance of TCT topology.

Fig. 18. Effect of irradiance on the performance of BL topology.

5.4. Effect of intensity of shading on the array performance

The effect of intensity of shading is studied by progressively
increasing the shade factor from 10 to 100% to include the
possible range of shading. The performance of series–parallel, total
cross-tied, and bridge link topologies is found for the various
feasible shading patterns containing five shaded modules. The
optimal topology for each of the shading patterns is analyzed.
The simulation results, analysis, and the generalized results are
explained in this section.

5.5. Simulation results

The shading pattern (a), shown in Fig. 19, consists of shaded
modules present in a single string. The performance of the
topologies for the various shade factors is found and the percentage
output power generated by the array with reference to the array
power at ideal conditions is given in Table 4. It is observed from the
results that total cross-tied topology performs consistently better
than the other topologies. Therefore, TCT is the optimal topology
for this shading pattern.

Shading pattern (b), shown in Fig. 20, consists of four shaded
modules in the first string and one shaded module in the second
string. From the results in Table 5, it is observed that total
cross-tied topology performs consistently better than the other
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Fig. 19. Illustration of shading pattern (a).

Table 4
Performance of the topologies for the shading pattern (a).

Shade factor (%) Percentage output power
SP TCT BL

10 77.7 83.5 82.6
20 80.4 85.8 85
30 83.1 88.1 87.3
40 85.8 90.2 89.5
50 88.4 92.2 91.7
60 91.1 94.2 93.9
70 93.7 96.1 95.8
80 96.3 97.6 97.5
90 98.5 98.9 98.9

100 100 100 100

Table 5
Performance of the topologies for the shading pattern (b).

Shade factor (%) Percentage output power
SP TCT BL

10 75.3 77.6 77.2
20 77.3 79.6 79.4
30 79.9 81.7 81.5
40 82.5 83.8 83.7
50 85.1 85.7 85.7
60 87.7 89.4 88.2
70 90.3 93.2 92.4
80 93.4 96.4 95.9
90 97.9 98.7 98.7

100 100 100 100

topologies. Therefore, TCT is the optimal topology for this shading
pattern.

In shading pattern (c), shown in Fig. 21, the shaded modules
are spread across all the strings. From the tabulated results in
Table 6, it is observed that series–parallel topology performs better
Fig. 20. Illustration of shading pattern (b).

Table 6
Performance of the topologies for the shading pattern (c).

Shade factor (%) Percentage output power
SP TCT BL

10 88.9 84.4 85.7
20 88.9 84.4 85.7
30 88.9 84.9 85.7
40 88.9 86.7 85.7
50 89 88.1 86.6
60 89 89.7 88.3
70 89 90.7 89.7
80 89.7 91.6 91.1
90 97.1 97.2 97.1

100 100 100 100

for all the shade factors except for 60%–90%. For these cases TCT
topology performs slightly better than the SP topology. However,
the percentage gain that would be obtained by reconfiguring the
topology from SP to TCT for these cases is small compared to
the other cases. Therefore, the SP topology may reasonably be
considered optimal for this shading pattern.

In shading pattern (d), shown in Fig. 22, the shadedmodules are
spread across three strings of the array. From the tabulated results
in Table 7, it is observed that series–parallel topology performs
better for all the shade factors except for 70%–90%. However,
the percentage gain that would be obtained by reconfiguring the
topology from SP to TCT for these cases is small compared to
the other cases. Therefore, the SP topology may reasonably be
considered optimal for this shading pattern.

In shading pattern (e), shown in Fig. 23, the shaded modules
are distributed across half of the total number of strings in
the array. From the tabulated results in Table 8, it is observed
that the series–parallel and total cross-tied topologies perform
significantly better than the other topologies for lower (10 to 40)
and higher (50 to 90) shade factors respectively. Therefore for



H. Braun et al. / Sustainable Energy, Grids and Networks 6 (2016) 58–69 67
Fig. 21. Illustration of shading pattern (c).

Fig. 22. Illustration of shading pattern (d).

this shading pattern, either SP or TCT is considered as the optimal
topology depending on the intensity of shading.
Fig. 23. Illustration of shading pattern (e).

Table 7
Performance of the topologies for the shading pattern (d).

Shade factor (%) Percentage output power
SP TCT BL

10 87.3 84.4 84.6
20 87.3 84.4 84.6
30 87.3 84.4 84.6
40 87.3 84.4 84.6
50 87.3 84.4 84.6
60 87.3 84.4 84.6
70 87.3 87.5 87.1
80 91.2 93.5 93.3
90 97.4 98.3 98.2

100 100 100 100

Table 8
Performance of the topologies for the shading pattern (e).

Shade factor (%) Percentage output power
SP TCT BL

10 82.5 76.5 77.2
20 82.5 76.5 77.2
30 82.5 77.5 77.2
40 82.5 79.5 78.9
50 82.5 84 83.6
60 82.7 88.7 88.2
70 88.1 92.7 92.3
80 93.3 96.1 95.8
90 97.9 98.7 98.6

100 100 100 100

5.6. Analysis

From the simulation results obtained, it is observed that
depending on the shading pattern, either SP or TCT is the optimal
topology. Switching between the SP and TCT topologies results in
a power increase of 4%–6%. This justifies the technique of topology
reconfiguration in PV arrays.
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Table 9
Average performance of the topologies assuming equally likely shading patterns.

Shade factor (%) Percentage output power
SP TCT BL

10 82.3 82.47 82.5
20 83.47 83.5 83.6
30 84.8 84.7 84.7
40 86.12 86.2 85.8
50 87.4 87.6 87.1
60 88.7 89.4 88.7
70 90.07 91.8 91.25
80 92.65 94.7 94.45
90 97.72 98.2 98.22

100 100 100 100

An analysis of the topology performance for the different
shading patterns shows that if the shaded modules are:

• localized to a single string, then TCT is the optimal topology.
• spread across all the strings, then SP is the optimal topology.
• distributed across half of the total number of strings in the array,

then either SP/ TCT is the optimal topology depending on the
intensity of shading.

5.7. Average performance

In this section, an average measure of the topologies’ perfor-
mance is discussed to determine whether any of the topologies
would perform consistently better than the others. In reality, the
probability of occurrence of shading patterns depends on the phys-
ical location, surroundings, and even cloud patterns. If a single
topology outperforms the others consistently, then that topology
can be fixed and no switching capability is necessary for the array.

The shading patterns shown in Figs. 19–23 represent shade
scenarios that commonly occur on a PV array in practice. They
include the shade patterns caused by chimneys, over head trackers,
transmission lines and random cloud patterns. Assume that the
shading patterns are equally likely. Under this assumption, the
average array power of the topologies for the shading patterns is
tabulated in Table 9.

As mentioned in the beginning of this section, the probabilities
of the shade patterns are highly dependent on the physical location
of the array and the cloud patterns. For a given array at a location,
the array performance of the topologies can be studied and the
probability of shade patterns can be found. If a particular shade
pattern predominantly occurs, then the array can be built with the
optimal topology for that pattern and the benefits of switching
are negligible. On the other hand, if the shading patterns appear
with equal probability, then the topology reconfiguration method
can be used to find the performance of topologies and the array
configuration can be switched to the optimal topology to get the
maximum efficiency from the array.

5.8. Generalization of the results

This section performs a detailed analysis of the array behavior
under different kinds of shading patterns. The shading patterns
can be broadly classified into three categories, depending on the
pattern of shadedmodules. The shadedmodules can be localized to
a single string (Figs. 19 and 20), present across all the strings (refer
Figs. 21 and 22) and distributed across half of the total number of
strings (Fig. 23). The array behavior and optimal topology for each
of the shading patterns are analyzed below:

• If shadedmodules are present in a single string (e.g. Figs. 19 and
20), then the TCT topology performs better than SP topology.
This is because in the SP configuration, the bypass diodes
are activated at larger shade factors, corresponding to less
severe shading. On the other hand, in the TCT configuration,
adjacent healthy modules share the current a shaded module
cannot conduct, and the shaded module’s bypass diode does
not activate until shading is much more severe. These alternate
current paths allow the shaded module to continue producing
power, reducing overall loss of array output.

• If shadedmodules are present across all the strings (e.g. Figs. 21
and 22), then the SP topology outperforms the TCT topology.
This is because in the TCT topology, shaded modules are
present across an entire row ofmodules, so no healthymodules
are available to compensate for the reduced current through
shaded modules. This causes bypass diodes to activate at large
irradiance (i.e. mild shading). However, in the SP configuration,
string voltages are constrained to be equal. The bypassing of
a single module only causes a small change in string voltage,
and voltage mismatch losses are much smaller than current
mismatch losses in the SP configuration.

• In the third kind of shading pattern, significant number of
shaded modules are present in half of the total number of
strings (e.g. Fig. 23). This is a variation of the two shading
patterns discussed above. In this case, either SP/ TCT is the
optimal topology depending on the intensity of shading. The
voltage loss from bypassed shaded modules in SP and current
loss due to shaded modules in the strings of TCT determine the
best topology.

6. Conclusions

The topology reconfigurationmethodpresented in this research
is used to maximize array power under partial shade conditions.
The electrical behavior of the series–parallel (SP), total cross-tied
(TCT), and bridge link (BL) configurations, as well as their bypassed
versions, is studied for various shading situations. For all the cases,
SPICE circuit simulation is used to find the best configuration
and the percentage gain that would be obtained by switching
to that configuration. Results show that the optimal topology is
determined by which specific modules are shaded. Switching to
the optimal topology results in a power output increase of up
to 4%–6% relative to a non-reconfigurable array under the same
conditions. This supports our goal of applying signal processing
techniques to PV array management as part of a comprehensive
monitoring and optimization strategy [2–5,28].

The effect of irradiance on the array behavior is analyzed.
It is observed that the percentage loss in array power for a
given number of shaded modules does not vary significantly with
respect to irradiance. For a given number of shaded modules, the
maximum percentage deviation in the topologies considered is
1.5%.

The intensity of shading on the array performance is studied by
varying the shade factor in the range 10 to 100%. From the results,
it is observed that TCT is the optimal topology when the shaded
modules are present in a single string. If the shaded modules are
spread across all the strings, then SP is the optimal topology. For
the shading patterns in which the shaded modules are distributed
across half of the total number of strings in the array, either SP or
TCT may be the optimal configuration depending on the intensity
of shading.

The method described here has both advantages and disadvan-
tages relative to the irradiance equalization or adaptive banking
methods described in Section 3. In both prior methods, the ar-
ray was restricted to the TCT topology, rendering it more vulner-
able to shading occurring across many strings. Adaptive banking
is likely to show degraded performance as soon as the number
of shaded modules exceeds the size of the adaptive bank, render-
ing it less useful for widespread but mild shading conditions. Ir-
radiance equalization, on the other hand, assumes an array where
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any module can be electrically joined to any other module. Imple-
menting this method at scale is an open question as far as the au-
thors are aware. The method described here may be viewed as an
attempt to strike a balance between complexity of switching be-
havior and shading mitigation effectiveness. Like the irradiance
equalization method, no upper limit on the number of shaded
modules is set. However, like the Adaptive banking method, mod-
ules are constrained in terms of who their neighbors are.

A clear next step in this work is to develop partial shading
prediction techniques. This would allow an algorithm to fully
account for inverter downtime, moving beyond an instantaneous
prediction of output power. Work is underway to develop
a reliable imaging-based shading prediction system. Another
potential improvement would be to optimize AC power output
rather than DC maximum power. However, modern inverters are
highly efficient across a wide variety of operating conditions [29],
and any improvement from optimizing AC is likely to be negligible.

This work contributes a more thorough understanding of the
effect of topology on PV arrays under shading conditions and gives
a procedure for optimizing the output of an array by switching the
array configuration. This procedure has the potential to increase
array output and therefore lower the cost of PV power.
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