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On the Impact of Partial Shading on PV Output Power
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Abstract: - It is a well-documented fact that partial shading of a photovoltaic array reduces it output
power capability. However, the relative amount of such degradation in energy production cannot be
determined in a straight forward manner, as it is often not proportional to the shaded area. This paper
clarifies the mechanism of partial PV shading on a number of PV cells connected in series and/or
parallel with and without bypass diodes. The analysis is presented in simple terms and can be useful
to someone who wishes to determine the impact of some shading geometry on a PV system. The
analysis is illustrated by measurements on a commercial 70 W panel, and a 14.4 kW PV array.
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1 Introduction

The photovoltaic (PV) industry is experiencing rapid
growth due to improving technology, lower cost,
government subsidies, standardized interconnection to
the electric utility grid, and public enthusiasm for an
environmentally benign energy source [1]-[2]. More
precisely, PV usage worldwide has grown between 15%
and 40% for each of the past 10 years, while the
inflation adjusted cost of PV energy has declined by
roughly by a factor of 2 over the same time period [3].
PV system sizes vary from the MW range, in utility
applications, down to the kW range in residential
applications. In the latter systems, the PV array is
typically installed on the roof of a house, and partial
shading of the cells from neighboring structures or trees
is often inevitable. Then impact of partial shading on PV
system performance has been studied at great length in
the past [4]-[11]. Some past studies assume that the
decrease in power production is proportional to the
shaded area and reduction in solar irradiance, thus
introducing the concept of shading factor. While this
concept is true for a single cell, the decrease in power at
the module or array level is often far from linearity with
the shaded portion. Other past studies tend to be rather
complicated and difficult to follow by someone with
limited knowledge on electronic/solid-state physics.

The objective of this study is to clarify the impact of
shading on a solar panel performance in relatively
simple terms that can be followed by a power engineer
or PV system designer without difficulty. First, the
circuit model of a PV cell and its I-V curve are

reviewed. This is followed by the impact of partial
shading on the I-V and P-V curves of a circuit
containing two cells with and without bypass diodes.
The concept is extended to the circuits with series and
parallel submodules. Finally, the impact of shading is
illustrated by measurements on a commercial PV panel
and a large PV array.

2 V-1 Characteristics of a PV Cell

The most commonly used circuit model to describe the
electrical behavior of a PV cell is the single diode model
as shown in Fig.1 below [9], [12], [13]. The current
generated by the cell is expressed by
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Fig. 1: Equivalent circuit of PV cell using single diode model.



The circuit parameters defined in Equations (1) and (2)
are defined as follows:

I,n - photo-generated current,

I, - dark saturation current,

Rs - panel series resistance,

Rsh - panel parallel (or shunt) resistance,

A - diode quality (or ideality) factor,

k - Boltzmann’s constant,

g - electron charge,

n® - number of cells connected in series,

T - cell temperature (in degree Kelvin).
It is a common practice to neglect the term ‘-1’ in
Equation (1) since the dark saturation current is very
small compared to the exponential term in silicon
devices. Fig. 2 below shows typical I-V curves of a
crystalline silicon (c-Si) PV cell at different irradiance
intensity G at standard temperature condition of 25°C.
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Fig. 2. Forward I-V characteristic of c-Si PV cell at different

irradiance intensities.

3 Shading of Series-Connected Cells

Today, commercial ¢c-Si PV panels usually have all their
cells connected in series. In order to protect the cells
from destructive reverse voltages in case of shadowing
or other abnormalities, a humber of bypass diodes are
utilized. For example, one bypass diode connected in
parallel with each set of 18 cells is common practice
[11]. In this Section, the operation of the bypass diode is
illustrated by a simple example where two series-
connected cells, with different irradiation intensities on
their surfaces, serve a resistive load as illustrated in Fig.
3 below. It is assumed that the shaded cell irradiation is
25% of the non-shaded cell as indicated by the
individual I-V curves in Fig. 4(a).

Two cases are considered: In the first case, the shaded
cell has an ideal bypass diode (with negligible forward
bias voltage and series resistance) connected in parallel.
If one varies the load resistance Rj,aq from infinity to
zero, the I-V curve of such configuration is shown in red
Fig. 4(a). Note that the voltage of the shaded cell falls to
zero when the load current exceeds the cell’s short-

circuit current. Hence, for higher load, the shaded cell is
short-circuited and does not contribute any power.

Fig. 3. Two PV cells with different irradiance intensities connected in
series (with and w/o bypass diode in parallel with shaded cell).
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Fig. 4. 1-V characteristic of two PV cells connected in series with
different solar irradiance intensities: (a) with and (b) w/o bypass
diode in parallel with shaded cell.

The second case considered is when the bypass diode is
removed. The resultant I-V characteristics of this
configuration are shown in Fig. 4(b). When the load is
lower than the shaded cell short-circuit current, the
circuit behaves just like the previous case (under the
presence of the bypass diode). But as the load is



increased beyond this value, the shaded cell becomes
reverse biased and starts to behave like a high resistor.
In other words, the shaded cell starts to consume some
of the power produced by the non-shaded cell thus
resulting in undesirable losses. The reverse-biased
region of the 1-V curve is obtained by modifying the cell
model in Eqgn. (1) according to Refs. [9] and [11].

Figure 5 shows the corresponding power-voltage curves
for the above two cases, in addition to the case without
shading in both cells. Note that without the bypass
diode, maximum power is reduced by nearly 50%. On
the other hand, the presence of the bypass diode results
is a power curve with multiple peaks.
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Fig. 5. P-V characteristics of two PV cells connected in series with

different solar irradiance intensities (with and w/o bypass diode).

4 Partial Shading of PV Modules

As mentioned in Section 3 above, it is a common
practice to use one bypass diode per 18 series-connected
cells, which form the so-called submodule [6].
Furthermore, a PV module is likely to contain a number
of submodules in series [13], and higher output voltage
is obtained by connecting several modules in series to
form a PV array. For higher power, a nhumber of PV
arrays are connected in parallel. The following material
analyzes the impact of shading on part of a module
which consists of series as well as parallel submodules
that are protected by bypass diodes.

4.1 Partial shading of two series-connected
submodules

Consider a module that consists of two series connected
submodules (each containing 36 cells) with partial
shading as shown in Fig. 6. For illustration, it is assumed
that the clear and shadowed areas have a solar irradiance
of Gsrp = 1000 W/m® and Ggy = 250 W/m?
respectively. Further, the bypass diodes are assumed to
have a forward voltage of V4 = 0.6 V and an on-
resistance of Ry = 10 mQ. Shadowing only two cells can
cause a considerable reduction in output power, and the
amount of loss greatly depends on which two cells are

shadowed. Two cases are considered: Case A where the
two shaded cells belong to the same string, and Case B
where these cells belong to different strings.
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Fig. 6. Series connection of two submodules: (a) two cells shaded in
one submodule, (b) one cell shaded in each submodule.
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4.1.1Case A

In Fig. 6(a), the shadowed cell will limit the output
current of the submodule as explained in Section 3
above. This has a similar effect as if the whole bottom
submodule is shadowed. However, as there is a bypass
diode in parallel, the non-shadowed submodule can still
produce full power. These remarks are demonstrated by
the blue dotted I-V and P-V curves in Fig. 7.
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Fig. 7. Characteristics of the two partially shaded series-connected
submodules: (a) I-V characteristic, (b) P-V characteristic.



4.1.2. Case B

In Fig. 6(b) both submodules have one shadowed PV
cell; hence, their output power will be both limited by
the same amount. The bypass diodes will have no effect
in this case, and the total power output is almost as low
as if the entire string is shadowed. The resulting I-V and
P-V curves for this case are shown by the dotted dark
curves in Fig. 7(a) and 7(b), respectively.

In summary, although only 2 out of 36 cells are
shadowed (that is less than 6% of the total area), the
maximum power reduction in Cases A and B are 50%
and 70%, respectively. This clearly illustrates that it is
erroneous to assume that maximum power production is
proportional to the non-shaded area of a PV module.

4.2 Partial shading of two parallel-connected
submodules

This configuration considers the same two submodules
described in Section 4.2 above with two shaded cells,
but connected in parallel, instead of series, as illustrated
in Fig. 8 below. Once again, the same two cases are
considered. Fig. 9 shows the corresponding I-V and P-V
curves the 72-cell module for both cases.
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Fig. 8. Parallel connection of two submodules: (a) two cells shaded
in one submodule, (b) one cell shaded in each submodule.

Note that the maximum power curve of Case B is the
same as that of Case B of the previous section (i.e., max.
power reduced by 70%). On the other hand, maximum
power in Case A is reduced by only 35% (compared to
50% in Case A of the previous section). This is due to
the fact that the cell output current shows a stronger
dependency (linear) on irradiation than the voltage
(logarithmic).

Alternatively, when two submodules with irradiation
intensities are connected together, the relative difference
of their maximum power point (MPP) currents is much
larger than the relative difference of their MPP voltages.
Therefore, in case of the series connection, if one
submodule is working at its MPP, the other submodule
having the same current works far from its MPP. The
opposite is true in the parallel connection (i.e., if one

submodule is working at its MPP, the other one sharing
the same voltage will work also in the vicinity of its
MPP, thus resulting in a higher MPP power).
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Fig. 9. Characteristics of the two partially shaded parallel-connected
submodules: (a) I-V Characteristic, (b) P-V characteristic.

5 Experimental Test
In order to verify some of the simulated curves of the
previous section, an experiment was conducted on a
Kyocera KC70 multi-crystalline silicone PV panel using
a Daystar-100 I-V curve tracer. The electrical specs of
the 70 W panel are as follows (at standard temperature
conditions):

o short-circuit current: I, =4.35 A
open-circuit voltage: V. =21.5 A
voltage at MPP: V= 16.9 V
current at MPP: 11, = 14.14 A
power at MPP: Py = 70 W
temp. coefficient of Iy: k;=3.5510%/°C
temp. coefficient of V: k, =-8.2 107 /°C.
The Kyocera KC70 photovoltaic panel has the electrical
configuration of the cells and bypass diodes identical to
the case depicted in Fig. 6. To create a partial shadowing
condition, 2 cells belonging to the same submodule were
covered with a sheet of cardboard, which makes the
shadowing close to 100%, i.e., near zero solar irradiation
on the covered area. The measurement results shown in
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Fig. 10 below show a good agreement with the predicted
curves associated with Section 4.1.1.
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Fig. 10. Experimental data of Kyocera KC70 PV panel with two
shaded cells: (a) V-I characteristic, (b) P-V characteristic.

The next field data involves the impact of partial
shading on the performance of a grid-connected, 14.4
kW, l-axis tracking, PV system that is located in Las
Vegas, Nevada. The system consists of 4 identical
tracking sub-arrays, as shown in Fig. 11(a), each of
which contains two parallel strings of 12 series-
connected panels. Herein, each panel is rated at 150 W
(each) and consists of 3 series-connected submodules
with bypass diodes. Each submodule contains 24 cells
connected in series as illustrated in Fig. 11(b). In
summary, the array contains 8 parallel strings, each
containing 36 submodules and 864 cells.

Fig. 11(c) shows a typical power production curve (in
kW) of the array along with the incident solar radiation
(in W/m?) on a clear day. One can immediately note the
dip in power production between the hours of 1:00 pm
and 3:00 pm on this particular day of 9/11/08. A closer
analysis showed that a power pole (only its shadow can
be seen in the photo) shaded part of the front sub-array
during those hours of that day. Further work will be
conducted to estimate the yearly energy reduction due to
shading of this structure. The variation of the shadow on

the photovoltaic collector will be determined by using
techniques such as the one proposed in Ref. [16].
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Fig. 11 14.4 kW grid-connected PV system: (a) actual array,
(b) connection diagram, (c) power production on 9/11/08.



6 Conclusion

This paper presented the impact of shading on the I-V
and P-C curves of a solar panel, and clarified the basic
mechanism that estimates the reduction in output power.
Such degradation in maximum power production clearly
depends on the shaded area as well as the layout of the
submodules and the bypass diodes. The analysis was
illustrated by experimental data. It is hoped that this
article will be of use to PV system designers when
attempting to minimize the impact of shading on system
performance.

References:

[1] International Energy Agency, Cost and Performance
trends in grid-connected PV systems and case studies,
Technical Report EA PVPS T2-06, Dec. 2007.

[2] International Energy Agency, Trends in photovoltaic
applications - survey report of selected by countries
between 1992 and 2005, Technical Report IEA PVPS T1-
15, 2006.

[3] P.B. Barker and J.M. Bing, Advances in solar photovoltaic
technology — an applications perspective, IEEE Power
Engineering Society General Meeting — June 12-16, 2004,
San Francisco, CA.

[4] H. Rauschenbach, Electrical output of shadowed solar
arrays, |IEEE Transactions on Electron Devices, vol. 18,
no. 8, pp. 483-490, 1971.

[5] A. Abete, E.Barbisio, F.Cane, and P.Demartini,
“Analysis of photovoltaic modules with protection diodes
in presence of mismatching,” 21% IEEE Photovoltaic
Specialists Conference, 1990, pp. 1005-1010.

[6] A. Kovach and J. Schmid, Determination of energy output
losses due to shading of building-integrated photovoltaic
arrays using a ray-tracing technique, Solar Energy,
vol. 57, no. 2, pp. 117-124, Aug. 1996.

[7] N.vander Borg and M. Jansen, Energy loss due to
shading in a bipv application, 3rd World Conference on,
in Photovoltaic Energy Conversion, 2003. vol. 3, 2003,
pp. 2220-2222.

[8] R. Pinkerton, Solar array string characteristics in strange
places, 35th Intersociety Conference and Exhibit of
Energy Conversion Engineering (IECEC), vol. 1, 2000,
pp. 681-691.

[9] J. Bishop, Computer simulation of the effect of electrical
mismatches in photovoltaic cell interconnection circuits,
Solar cells, vol. 25, pp. 73-89, 1988.

[10] N. Kaushika and N. Gautam, Energy yield simulations
of interconnected solar pv arrays, IEEE Transactions on
Energy Conversion, vol. 18, no. 1, pp. 127-134, 2003.

[11] V. Quaschning and R. Hanitsch, Numerical simulation of
photovoltaic generators with shaded cells, in Universities
Power Engineering Conference, vol. 30th, 1995, pp. 583—
586.

[12] H. Nagayoshi and M. Atesh, Partial shading effect
emulation using multi small scale module simulator units,
31*" IEEE Photovoltaic Specialists Conference, 2005, pp.
1710-1713.

[13] A. Woyte, J. Nijsa, and R. Belmansa, Partial shadowing
of photovoltaic arrays with different system configurations

- literature review and field test results, Solar energy,
vol. 74, pp. 217-, 2003.

[14] G. Araujo and E.Sanchez, A new method for
experimental determination of the series resistance of a
solar cell, IEEE Transactions on Electron Devices,
vol. 29, no. 10, pp. 1511-1513, 1982.

[15] M. Chegaar, Z. Ouennoughi, and A. Hoffmann, A new
method for evaluating illuminated solar cell parameters,
Solid-state electronics, vol. 45, pp. 293, 2001.

[16] Ike, S.; Kurokawa, K.; Photogrammetric estimation of
shading impacts on photovoltaic  systems, 31%
Photovoltaic Specialists Conference, IEEE, 3-7 Jan. 2005
Page(s):1796 — 1799.


http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=9889�

