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Abstract—Partial shading is the condition of nearby objects
casting shade onto part of a photovoltaic (PV) array, causing
the PV modules to receive non-uniform irradiance. Non-uniform
shading causes electrical mismatch between elements within the
array, resulting in a non-linear reduction in energy capture.
Accurately modeling mismatch conditions is a particularly
difficult problem due to the large number of parameters needed
to fully define a PV system and its operating state. Furthermore,
the large number of possible system state conditions make
the models computationally complex. Previous work on this
topic has addressed these difficulties by simplifying the system
representation, reducing the number of parameters used, and
limiting the domain space to simple irradiance patterns that may
not be representative of real shade conditions. In this paper, we
review common modeling approaches to address this problem
and provide an overview of PV equivalent circuit theory. We
then present PVMismatch—free open-source software written
in Python by the authors for simulating full PV system current-
voltage curves. Finally, we demonstrate an improvement over
common practice for modeling this type of behavior, illustrating
that modeling mismatch behavior at the PV cell rather than
PV module level provides more accurate results—up to 30%
less over-prediction with respect to module level estimates—and
better insight into system behavior.

Index Terms—photovoltaic systems, modeling, partial shade
modeling. electrical mismatch

I. INTRODUCTION

Partial shading of photovoltaic arrays is well-known to
cause significant reduction in system performance. According
to the California Energy Commission, “Shading of photo-
voltaic systems, even partial shading of arrays, can be the
most important cause of failure to achieve high system perfor-
mance” [[1]. A significant body of research has been developed
around modeling the performance of partially shaded PV
systems [2]—[7]. These models are being used by researchers
and industry professionals to evaluate novel power electronics
solutions, the feasibility of mitigating shade losses through
non-standard wiring topologies, and the impact of shade
on yearly energy estimates. Typically, researchers utilize an
equivalent circuit model to describe the I-V characteristics
of individual PV modules within the array. This allows
researchers to predict the power lost to current mismatch
between series-connected modules and voltage mismatch be-
tween parallel-connected strings.

However, this approach ignores electrical mismatch that
occurs between PV cells within the modules and does not
address the impact of bypass diodes. This paper will show that
there can be significant errors introduced by ignoring these
effects. Using a module-level equivalent circuit model does
not adequately differentiate between the performance under
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Fig. 1. The simplest equivalent circuit model: a current source in parallel
with an ideal diode.
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Fig. 2. A one-diode equivalent circuit model with lossy components.

different shade geometries or the impacts of new module-
level designs such as cross-tied cells and different diode
configurations. Additionally, using a module-level approach
tends to underestimate the loss in power overall.

Previous studies have also been limited to simple distribu-
tions of irradiance within an array, such as 3 to 5 irradiance
levels oriented in simple rows and columns (see [3]]). A more
complex study such as [4] relies simply on random patterns
of irradiance to generate a dataset of 30 scenarios.

This paper demonstrates the open-source software package
PVMismatch, developed by the authors. The theoretical basis
of the software is presented. Using this software, the impact
of different shading geometries on a representative system is
evaluated, using both the cell-level model and a module-level
model, and the results of the two modeling approaches are
compared.

II. EQUIVALENT CIRCUIT MODELS
A. One-Diode Models

The current-voltage (IV) response of a PV cell can approx-
imated by the superposition of a short-circuit photocurrent
and a “dark current,” the current response of the cell under
an applied voltage and no illumination [8]]. In other words, an
ideal photovoltaic cell is electrically equivalent to a current
generator in parallel with a non-linear resistive element such
as a diode, as shown in Fig. |l When the cell is illuminated, it



produces a photocurrent proportional the light intensity, which
is then split between the diode and the load. As the load
resistance increases, more of the current flows through the
diode, resulting in a larger terminal voltage at the load. This
behavior is described by the following equation:

I=1.—1I (qu/kBT — 1) (1)

where [ is the terminal current of the cell, I,. is the short-
circuit current under a given illumination, I is a constant
known as the saturation current, g is the elementary charge,
kp is the Boltzmann constant, and V and 7T are the voltage
and temperature of the diode, respectively. The second term
in Eqn. [T] is simply the Shockley diode law.

Real cells dissipate power through many different parasitic
resistances. These parasitic effects are grouped into two
electrically equivalent resistances—series resistance (R) and
shunt resistance (R,5)—as shown in Fig. 2] Series resistance
arises from resistance to current flow by the cell material itself
and by the connections between the semiconductor material
and the cell contacts. Shunt resistance occurs due to leakage
of current through the cell, around the edges of the device,
and between contacts of different polarity. In an ideal cell,
R; =0 and R, = oc.

Additionally, the ideal diode behavior described in Eqn.
[ is not realistic; the dark current generally has a weaker
dependence on bias [8]]. So, an ideality factor n is introduced,
with typical values between 1 and 2, where n = 1 describes
an ideal diode. Taking the parasitic resistances and diode
nonideality in to account, Eqn. [T] becomes:
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where I.;; and V. are the terminal current and voltage
respectively. The diode voltage is given by Vg = V. + I R,.
The last term (Vz/Rsp) is called the shunt current (Ip,).

Icell - Isc - IO (eq(VCJrIRS)/nkBT — 1) (2)

B. Two-Diode Models

Further improvements to this model can be made by taking
recombination effects into account. Recombination in the
depletion region is a loss factor not considered in the original
Shockley equation nor the lossy equivalent circuit model
described in Eqn. [2] However, it has been shown that these
effects can be modeled by considering a second diode in
parallel to the first [9], leading to a two-diode equivalent
circuit model, which is shown in Fig. [3|

In most implementations of the 2-diode model, the diode
ideality factors, n; and ng, are set to the values 1 and 2
respectively. This differs from a 1-diode model in which the
ideality factor is variable. The diode currents, I3 and o,
are again given by Shockleys equation:
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Fig. 3. A two-diode equivalent circuit model with lossy components.

where I,,;1 and I,,;o are the saturation currents for each
diode. This allows us to formulate the generic 2-diode model:

Icell = Isc - Idl - Id2 - Ish (5)

C. Additional Model Improvements

For some cell technologies, the saturation current of the
first diode shows a strong cubic correlation with temperature
(10] as given in Eqn. [f] E, is the band gap of the PV
device material and Tj is the reference temperature, 25 °C.
The saturation current of the second diode is assumed to be
constant.
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Additionally, the short circuit current term in Eqn. [3] (Z5.)
is replaced with the more general photogenerated current
(Ip1), as shown in Eqn. [7] I, is a function of the effective
irradiance (E. = E/Ey), the temperature coefficient (<), and
the difference between the cell and reference temperatures
(AT = T —Ty). Effective irradiance is defined as the ratio of
incident irradiance transmitted to the cell and the reference
irradiance, Fy = 1000 Wm~2 = 1sun.

Iph = Aph-[sc = AphEeIscO (O[AT) (N

The proportionality constant, A, can be represented ex-
plicitly by solving the circuit in Fig. [3| at the short circuit
condition (when V' = 0).

Ipn + Tgo + 1
Agp =1+ a1+ a2 h ®)

Isc V=0
Finally, a better estimate for I, is obtained by adding a
term representing the reverse breakdown current (I,.44).
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The reverse breakdown current is given by an avalanche
breakdown expression from [11] which was modified by
adding a quadratic term to allow more flexibility in fitting
reverse bias. The expression has four parameters, the de-
vice specific avalanche breakdown voltage (V,3q), a posi-
tive exponent (n,pq, typically set to 4), and two additional
coefficients(a,pg and b,pq, typically set to 10~* and zero).

Ish - + Irbd (9)



Letting 7, = Vy/ (RsnIsc0), we have the following equation
for the reverse breakdown current:
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III. PVMISMATCH OVERVIEW

PVMismatch is free open source software written in the
Python computer language. PVMismatch can be downloaded
from the Python Package Index at https://pypi.python.org/
pyp/pvmismatch. The software can be used to simulate both
forward and reverse bias regions of current-voltage (IV)
curves for various combinations of photovoltaic cells, mod-
ules, and strings to form full PV systems. Cell, module, string,
and system constraints are all independent and variable. The
basic model building block is the 2-diode equivalent circuit
model described in the previous section.

PVMismatch uses an explicit method to calculate the full
IV curve simultaneously at each instance instead of
an iterative or Lambert W-function method to solve for
individual points sequentially. There are two advantages to
this method.

o In general for very large datasets, libraries like BLAS
(Basic Linear Algebra Subprograms, available at NetLib
http://www.netlib.org/blas/) can perform linear algebra
operations on vectors of data significantly faster than
looping.

o The result of the simulation is the entire IV curve instead
of select points.

The user specifies the desired number of points in the
IV curve, and the points are distributed using two log-space
distributions to increase density around the maximum power
point and the reverse breakdown voltage. Then Bishop’s
explicit method is applied in three steps:

1) Create a range of diode voltages with user specified

resolution.

2) Evaluate corresponding cell currents from diode volt-

ages utilizing Eqns. BHIO|

3) Evaluate cell voltage from V; = V. + I R;.

The cells’ IV curves are then combined according to
Kirchhoff’s circuit laws to form modules, strings, and full
PV systems by adding either voltages or currents and in-
terpolating when necessary. Bypass diodes within modules
are treated very simply as perfect conductors when the cell
substring voltage is less than the bypass diode trigger voltage
and perfect insulators otherwise.

PVMismatch is an object oriented program. Cells, modules,
and strings are instances of objects that contain the attributes
and methods that relate to them. A system contains strings, a
string contains modules, and modules contain cells. Memoiza-
tion of identical cells, modules and strings is used to speed
up calculations and save memory. Each simulation initially
begins with only a single instance of each cell, module and
string given by the initial parameters specified by the user. In
addition to the parameters already described, the user can

Fig. 4. A diagram of the cell layout of the 96-cell module modeled in this
study. The three colors designate the cells belonging to each of the three
bypass diodes.

also specify the module cell configuration, the number of
modules per string, and number of strings in the system. Cell
configurations can be customized for in-series or cross-tied
substrings of cells. Then as the user changes cell parameters
such as irradiance and temperature, copies of cells are made
as needed. Therefore as systems become more complex (for
example, different degradation on every cell), the optimization
through memoization becomes less efficient. Typical systems
with mostly nearly identical cells will be the most optimized.

IV. METHODOLOGY

For this study, an 8 x 3 system was simulated in
PVMismatch—three strings in parallel, each with eight PV
modules. This PVMismatch model was previously validated
against field data in [12]]. The modules each have 96 cells
in series, arranged physically in 8 columns of 12. The
modules have three bypass diodes each, grouping the cells
in a 24 — 48 — 24 pattern. The physical layout of the module,
including the grouping by bypass diodes, is shown in Fig. 4]

The Python library Shapely was used to generate
iterative geometric shade patterns to project onto a 2D
representation of the array, with the modules arranged in
a simple rectangle and the ground cover ratio (GCR) in
both dimensions equal to 1. The modules were oriented in
“portrait” relative to the orientation of the module strings, as
shown in Fig. 5]

Six families of geometries were selected for this study:

1) Vertical shade increasing from the left (short edge)

2) Horizontal shade increasing from the bottom (long
edge)

3) Increasing rectangles from the bottom left (rectangles)

4) Increasing circles from the bottom left (circles)

5) Increasing angular shade from the left (angles sweep
short)

6) Increasing angular shade from the bottom (angles sweep
long)

The general behavior of each set is shown in Fig. [] 50
iterations of each geometry were generated, for a total of 300
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Fig. 5. The 2D layout of the system, as it was modeled for shade projections.
The three colors represent the three parallel strings of 8 modules each. Note
that the bold rectangles represent modules, while the thin squares represent
individual cells.

Fig. 6. A graphical representation of the six shade geometry families in this
study. Only 5 of the 50 iterations in each set are shown here, for the sake
of clarity. The numbering in the text is in row-major order.

unique shade scenarios. Each set of iterations range from 1 %
shade coverage to 50 % shade coverage.

We chose to model the system with an unshaded irradiance
of 1000Wm~2 and a cell temperature of 25°C. It has
been shown previously that the light intensity in the
shaded region does not have a strong impact on normalized
performance, as long as the shaded irradiance is less than
25 % of the unshaded irradiance.

In addition to the shade patterns, all system objects (cells,
modules, and strings) are also represented as Shapely geome-
try objects. The Shapely software can then calculate the inter-
section between the shade geometries and the system objects,
which we use to estimate the irradiance on every individual
cell. If entire modules or strings are uniformly shaded, this
information is also captured for more efficient modeling in
PVMismatch. The irradiance information is packaged into
a nested dictionary data structure, which is then passed to
PVMismatch for IV and PV curve modeling.

For each shade scenario, system performance was modeled

Cell Model IV Module Model IV

o 100 200 300 400 500

Cell Model PV Module Model PV

Fig. 7. A comparison of the system IV and PV curves generated by
PVMismatch. The plots show a single shade scenario from group #6. The
cell-level model predicts approximately 10 % less power, relative to Prpo,
or 20 % less power relative to the module-level model. Red dotted lines show
max-power operating point.

two ways. First, the full dictionary of irradiance values was
passed to PVMismatch to calculate the system IV and PV
curves based on the cell-level irradiance values. Second,
average irradiance values were calculated for each module,
and PVMismatch was used to calculate the system IV and
PV curves based on the average module-level irradiance
values. As previously stated, the goal is to compare the two
approaches in order to determine the utility of implementing a
cell-level equivalent circuit model instead of the much simpler
module-level model.

V. RESULTS AND DISCUSSION

Fig. [7] compares the full IV and PV curves for a single
shade geometry, modeled using both approaches. In this
case, the cell-level model predicts significantly more power
loss than the module-level model. The models have some
agreement on the operating current (I,,,), but predict very
different operating voltages (V).

A full summary of the simulations described in the previous
section are plotted in Figs. [§] and [0} The response variable
in both plots is normalized maximum power: the true max
power point of the array under that shade condition divided
by P,p0 (the maximum power of the system under standard
test conditions with no shade). The independent variable in
this analysis is shade ratio, or the fraction of the array area
covered by shade. On both plots, reference lines aty =1 —x
and y = 1 — 2z are included for reference. The first line
is the theoretical maximum power output of any system for
the given shade ratio. The second line represents the result
of assuming a Shade Impact Factor (SIF) of 2, the default
value chosen by the California Energy Commission for shade
performance analysis (see page C-18) [1].
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Fig. 8. Plot of normalized power versus shade ratio when utilizing the full
cell-level model. The data is labeled by the six shade geometry families.

In Fig. [8] the impact of specific geometry on the per-
formance of the system is clearly observable. At around
10 % shade, the system can experience a reduction in power
output in the range of 10 —30 %, simply due to the different
geometries.

In Fig. 0] many of the trends lines are significantly
smoothed out by the averaging of irradiance on each module.
As would be expected, the behavior of individual diode-
protected cell substrings is completely missing. Particularly
striking is the change in modeled system response to shade
set #2 (horizontal shade increasing from the bottom) which
exactly follows the y = 1 — z line in the module-level
model. This occurs because the model-level model does not
capture any mismatch conditions with this geometry; the
short-circuit current is reduced on the shaded string in exact
proportion to the amount of shade. In reality, a small amount
of shade cutting across the diode-protected substrings causes
a significant amount of mismatch, such that the entire power
of the string is removed after just one or two rows of cells
are shaded, as seen in Fig. [§]

Fig. [10] summarizes the differences between the cell-level
approach and the module-level approach. This analysis il-
lustrates that module-level modeling over-predicts power for
most geometries modeled in this study. However, as seen in
the “short edge” data, model-level modeling can also under-
predict power in some circumstances. A likely explanation
for this is that the bypass diodes tend to be quite helpful
in mitigating power loss when the shade is correctly aligned
with the substring geometry. The cell-level model captures
this behavior, while the module-level model does not.

VI. CONCLUSION

The necessity of correctly modeling sub-module behavior
when executing partial shade mismatch studies has been
shown. In the set of shade geometries evaluated for this study,
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Fig. 9. Plot of normalized power versus shade ratio when utilizing a module-
level, average irradiance model. Note the smoothing out of many of the trend
lines and the significantly different behavior of the long edge trend (set #2).

02 Comparison of module and cell based modeling by type

¥ie¢

=]

=]
o

Difference in Normalized Pmp {cell minus module)

-04

short edge long edge rectangles drcles

Type

angles 1 angles 2

Fig. 10. Comparison of cell-level and module-level modeling with PVMis-
match. The y-axis is difference in normalized Pp,p. A negative value means
the cell-level model predicts less power.

the module-level module tended to over-predict system power
relative to the cell-level model. However, certain geometries
showed the opposite effect. In addition to inaccurately esti-
mating total system power, the operating voltage point of the
system is incorrectly estimated by the module-level model.

An open source software solution has been presented to
facilitate analysis of partial shade conditions. The techniques
and tools presented here may be used by other researchers
to facilitate further research on the topic of partially shaded
PV arrays. For example, the authors have previously used the
techniques presented in this paper to facilitate the generation
of large-scale, detailed datasets of PV array performance un-
der various shade conditions for performing feature extraction
using machine learning techniques [12].
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