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Power Losses in Long String and Parallel-Connected
Short Strings of Series-Connected Silicon-Based
Photovoltaic Modules Due to Partial
Shading Conditions
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Abstract—Configuration of a photovoltaic (PV) power genera-
tor has influence on the operation of the generator, especially if it
is prone to partial shading. In this paper, the mismatch losses and
the power losses due to failure in tracking of the global maximum
power point of a long string of 18 series-connected PV modules
and three short strings of six series-connected PV modules con-
nected in parallel are investigated under different partial shading
conditions by using a MATLAB Simulink simulation model. The
generators with parallel-connected short strings are studied in case
when they have the same operating voltage and when they operate
as separate strings. The results show that long series connection of
modules and parallel connections of strings via a single inverter to
the electrical grid should be minimized to avoid losses in case of
partial shading conditions. Under partial shading conditions, short
strings operating separately have the lowest power losses.

Index Terms—Grid-connected photovoltaic power generator,
mismatch losses, photovoltaic cells, photovoltaic systems, solar en-
ergy, solar power generation.

I. INTRODUCTION

LOBAL warming and the limited resources of fossil fuels
G have increased the need for renewable energy [1]-[3]. So-
lar radiation is the largest source of renewable energy [4], [5] and
the only one by which the present primary energy consumption
can be replaced.

Photovoltaic (PV) power generators convert the energy of
solar radiation directly to electrical energy without any moving
parts. PV power generators can be classified into stand-alone
and grid-connected generators [6]. In stand-alone systems, the
energy storage has big influence on the design of the systems.
In grid-connected systems, the grid acts as an energy storage
into which the PV power generator can inject power whenever
power is available.

The electrical grids have specific voltage levels. They are
much higher than the maximum voltage of a single silicon-based
PV cell. In order to interface PV power generators with the grid,
the PV cells are connected in series to form PV modules. The
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voltage of an individual PV module is normally still too low to
be conveniently used as a grid-connected PV power generator.
Therefore, the generators are built by connecting PV modules
in series and in parallel in order to get a sufficient voltage level
and to increase the nominal power of the generator.

The series connection of PV cells is prone to mismatch power
losses if the electrical characteristics of the PV cells are not
similar or the cells do not operate under uniform conditions.
The PV cell with the lowest short-circuit (SC) current limits the
current of the whole series connection [7]. SC currents of the PV
cells can vary due to various technical or environmental reasons.
Technical reasons can be minimized during the manufacture of
PV modules and during system design phase, but environmental
reasons are harder to avoid.

One major environmental reason for uneven SC currents is
partial shading of the PV power generator due to clouds, trees,
buildings, etc. Under partial shading conditions, for example, if
one PV cell of the generator composed of series-connected cells
is shaded, the SC currents of the non-shaded cells are higher
than the SC current of the shaded cell. If then the current of the
PV power generator is higher than the SC current of the shaded
cell, the shaded cell will be reverse biased due to the other cells
in the series connection. In this case, the reverse biased cell acts
as a load in the series connection dissipating part of the power
generated by the other cells leading to power losses. This can
also lead to hot spots in the shaded cell and the cell can be
damaged [8]. The worst situation is when the series connection
is short circuited. Then, the shaded cell dissipates all of the
power generated by the other cells in the series connection.

In order to prevent PV cells from damaging due to hot spots,
manufacturers of PV modules have connected bypass diodes
in antiparallel with PV cells [9]. There is a total amount of 54
series-connected PV cells in a typical PV module designed to be
used in grid-connected PV power generators with three bypass
diodes, each of them connected in antiparallel with 18 PV cells.
When some of the PV cells of the PV module become shaded,
they become reverse biased and the bypass diode connected in
antiparallel starts to bypass the current exceeding the SC current
of the shaded cells and limits the power dissipated in the shaded
cells.

Under nonuniform conditions when a part of the bypass
diodes starts to conduct, the power—voltage (P-U) curve of the
PV module shows multiple maxima as illustrated in Fig. 9 in
which there are P-U curves of a PV power generator called
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“Parallel strings generator” operating under partial shading con-
ditions. In this case, extraction of maximum power from the PV
power generator is not straightforward, because there is one
local maximum power point (MPP) at low voltages and an-
other at high voltages. Typically used maximum power point
tracking (MPPT) algorithms are based on the hill climbing
method [10], [11], which drives the operating point just to the
nearest maximum of the P-U curve. They can fail to track the
MPP with highest power, the global MPP, when the generator is
operating under partial shading conditions. In this case, in addi-
tion to mismatch losses, there are also losses due to tracking of
a local MPP with lower power instead of the global MPP. Algo-
rithms to track the global MPP in the case of multiple maxima
have also been developed, e.g., in [12] and [13], but they tend to
be complicated and many of them are unable to track the global
MPP under all nonuniform conditions.

Significant effects of partial shading on the electrical char-
acteristics and the energy yield of PV power generators in dif-
ferent generator configurations have been reported by several
authors [14]-[25]. In many of these papers, the focus has been
on the development of a simulation model for series-connected
PV modules and, therefore, only a few current—voltage (I-U) or
P-U curves have been provided in order to give an idea of the
operation of the simulation model and the PV power generator
in specific nonuniform conditions. Comparably, in many papers,
the focus has been on studying the operation of an MPPT al-
gorithm or an interfacing device. Therefore, we are still short
of a comprehensive knowledge about the effects of nonuniform
conditions on different PV power generator configurations.

In this paper, the mismatch losses and power losses due to the
tracking of a local MPP instead of the global one have been stud-
ied. A long string of 18 series-connected PV modules and three
short strings of six series-connected PV modules connected in
parallel are investigated under different partial shading condi-
tions by using a MATLAB Simulink simulation model. The
operation of short strings has been studied in case when strings
are connected in parallel and have the same operating voltage
and in case when they operate as separate strings. In the simu-
lations, the number of shaded modules and the shading strength
have been varied from 0% to 100%.

Typically, the configurations of PV power generators have
been named based on the interfacing device used to connect
the generators to the electrical grid [25]-[27]. In this paper, the
Long string generator corresponds to the string inverter con-
figuration, the Parallel strings generator to the central inverter
configuration, and the Multi-string generator to the multi-string
inverter configuration.

II. SIMULATION MODEL

The model of a PV module presented by Villalva et al. [28]
has been used to simulate the operation of a PV power generator.
The model is based on the well-known one-diode model of a
PV cell [29] shown in Fig. 1. It provides the following relation
between the current / and the voltage U of a PV cell:

I =1, -1 [exp (UZU]?SI> - 1} U+ BRI
t

Rgy M
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Fig. 1. One-diode model of a PV cell.

where [,,), is the light-generated current, /, is the dark saturation
current, R, is the series resistance, Ry, is the shunt resistance,
A is the ideality factor, and U is the thermal voltage of the PV
cell. I and Uy in Fig. 1 are the current and voltage of the diode,
respectively. /4 represents the second term in the right-hand side
of (1) and Uy = U + Rgl. The last term in the right-hand side
of (1) is the current through the shunt resistance and is marked
with Iy, in Fig. 1.

The simulation model of a PV module can be obtained by
scaling the parameters used in the one-diode model for one cell
by the number of series-connected PV cells in the module. The
thermal voltage of the PV module is given by U, = N kT/q,
where N, is the number of cells in the module, % is the Boltz-
mann constant, T is the temperature of the module, and ¢ is the
elementary charge.

It can be seen in Fig. 1 that the light-generated current /3,
can be obtained as a function of SC current in any environ-
mental conditions by current division by assuming that in SC
condition the diode current /4 is negligible and almost all of
the light-generated current flows to the terminals of the module.
Accordingly

G Rsh + Rs
Rsh
where Isc st is the SC current in standard test conditions
(STCO), K; is the temperature coefficient of the SC current, G is
the irradiance reaching the surface of the module, and AT =T —
Tstc, where T is the temperature of the PV module. In STC, the
spectral conditions are AM 1.5, the module temperature Tsyc is
25°C, and the irradiance Ggpc 1000 W/m?2.

The dark saturation current /, depends on the temperature,
structure, and material of the PV cell. It is obtained by solving (1)
in open-circuit (OC) condition. When the effect of temperature

on the OC voltage is added, the dark saturation current is given
by

Iy = (Isc,stc + KGAT)

(@)

Gsrc

I Iy — (Uoc.ste + KuAT) /Ry, 3)
* exp((Uocstc + KoAT)/(AU)) — 1
where Ugc stc is the OC voltage in STC and K, is the temper-
ature coefficient of the OC voltage.
The temperature of the PV module is assumed to depend

linearly on irradiance

T =T, + KiG “)
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where T, is the ambient temperature. The temperature-rise
coefficient K; is obtained by using the nominal operating cell
temperature (NOCT) given by the manufacturer. NOCT is de-
fined in conditions in which the irradiance is 800 W/m?2, ambient
temperature is 20 °C, and wind speed is less than 1 m/s with free
air access to the rear of the module. NOCT of the PV cells is
46 °C for NAPS NP190GKg PV modules used to verify our
theoretical model. The NOCT operating conditions were used
for ambient temperature and wind speed in the simulations. The
operation of the PV power generators in this paper have been
modeled by using (1)—(4).

A method to obtain the series and the shunt resistances is also
introduced by Villalva et al. [28]. It is based on the OC voltage,
the SC current, and the MPP in the electrical characteristics of
the PV module. The ideality factor A of 1.3 is used as a typical
value found in the literature for silicon-based PV modules [28],
[30]. It has been pointed out in [28] that there is only one pair of
values for R, and Ry}, for which the MPP of the model coincides
with the given MPP for a specific PV module in STC. This pair
of values can be obtained from

Purp stc = Unpp,sTC {Iph,STC
[exp (UMPP,STC + RsIMPP,STC> 1]
— 1o,STC -
AU stc

_ Uwppstc + Rilupp st }
Rsh

(&)

where Pyipp sTc is the power, Unipp sTc is the voltage, and
Ivipp.sTc is the current of the module at MPP in STC. The
light-generated current in STC I},), st¢ can be obtained from
(2) by inserting AT = 0K and G = Gsr¢. The shunt resistance
R, can be obtained from (5) as a function of series resistance
Ry as shown in (6) at the bottom of this page.

Although the equation for light-generated current /), sTc
includes both the series and the shunt resistances and the equa-
tion for dark saturation current includes the shunt resistance as
shown in (2) and (3), it is still possible to explicitly solve (6)
with respect to Ry, as a function of series resistance R. The pair
of resistances is solved iteratively by using a typical series resis-
tance of the PV module as a starting point and finding the pair
for which the maximum power in STC is exactly the same as
given by the manufacturer of a PV module under investigation.
By using this method, the electrical characteristics of the mod-
eled PV module can be made to match the OC, SC, and MPP
points of the /-U characteristic in STC. The temperature and
irradiance in other operating conditions are taken into account
as shown in (2)—(4).

The operation of bypass diodes used in the PV module to
protect the cells against hot spots is modeled by (1) by assum-
ing the shunt resistance R, of the diode to be infinite and the
light-generated current /), to be zero. The rest of the param-

TABLE I
PARAMETERS FOR BYPASS DIODES

Parameter Value
R pypass 0.02 Q
Abypass 1.50
1 pypass 3.20 A
8
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Fig. 2. [-U characteristics of a PV module operating under partial shading
conditions with two-thirds of the cells shaded.

eters in (1), such as the diode ideality factor Ay s, Series
resistance Ry 1,y pass» and diode dark saturation current I, 1,y pags»
are obtained by means of curve fitting to a measured /-U charac-
teristic of a Schottky diode. The parameters are given in Table I.
In simulations, the current of the bypass diode connected in
antiparallel with shaded cells is the current exceeding to SC
current of the shaded cells.

The electrical behavior of a PV module composed of 54 PV
cells and three bypass diodes, each of them connected in an-
tiparallel with 18 PV cells, is illustrated in Fig. 2 under partial
shading conditions. Two blocks of 18 PV cells with bypass
diodes connected in antiparallel are shaded and one block is
non-shaded. /-U curves of the shaded and non-shaded cells are
shown in addition to the /-U curve of the whole PV module in
order to illustrate the effect of bypass diodes on the electrical
characteristic of a PV module under partial shading condition.

The effect of bypass diodes on the /-U curve of the PV module
under partial shading condition can be seen in Fig. 2 at voltages
below 10V, where the current of the whole PV module is higher
than the SC current of the shaded cells. In this region, the voltage
of the whole module is the sum of the voltage of the non-shaded
cells and the threshold voltages of the conducting bypass diodes
(—1.2V) connected in antiparallel with the shaded cells. At
voltages above 10V, the current of the PV module is lower than
the SC current of the shaded cells, and therefore, the bypass
diodes do not conduct current. In this case, the voltage of the
module is just the sum of the voltages of the non-shaded and
shaded cells.

2
Uiipp stc + Unpp stelvpp stc Rs

Rsh =

Umpp stclpnste — Unpp,stolo ste [exp (Uvpp,ste + Iupp stc Rs) /(AU stc)) — 1] — Papp sTc

(6)
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TABLE I
ELECTRICAL CHARACTERISTICS OF NAPS NP190GKG PV MODULE GIVEN BY
THE MANUFACTURER IN STC

Parameter Value
Uocsstc 331V
Iscsrc 8.02 A

Puprsrc 190 W
Umpp,stc 259V
Ivipp sTC 733 A

TABLE III
PARASITIC RESISTANCES AND TEMPERATURE COEFFICIENTS FOR THE NAPS
NP190GG PV MODULE USED IN THE SIMULATIONS

Parameter Value
R, 0.33Q
R, 188 Q
A 1.30
K, -0.124 V/IK
Ki 0.005 A/K
K. 0.033 K/W/m*

The used simulation model of the PV module and the genera-
tor is, naturally, a simplification of the operation of real modules
and generators. For example, the light-generated current is de-
pendent on the energy of the bandgap of the PV cell material
and on the spectrum of the irradiance and not just on the value
of irradiance as assumed in the model. Also, the PV modules
are not exactly identical in actual generators. However, the used
model is accurate enough for analyzing the phenomena studied
in this paper.

The simulation model used in this paper has been fitted to
the characteristic values of NAPS NP190GKg PV module. Ba-
sic electrical characteristics of the PV module given by the
manufacturer have been presented in Table II. The module is
composed of 54 series-connected PV cells with three bypass
diodes, each of them connected in antiparallel with 18 series-
connected PV cells. NAPS NP190GKg PV module, which is
manufactured by using polycrystalline silicon PV cells, can be
thought of as a typical PV module used in grid-connected PV
power generators.

The method developed by Villalva er al. has been
used to obtain the series and shunt resistances. Resis-
tances and temperature-rise coefficient corresponding to NAPS
NP190GKg PV module are shown in Table III. Typical values
of temperature coefficients for OC voltage and SC current for
silicon PV cells are used [30].

The operation of the simulation model can be seen in Fig. 3,
in three different irradiance and temperature conditions. The
irradiance of the module has been measured by using Kipp &
Zonen SP Lite2 pyranometer, which was attached to the module
frame and had the same tilt angle as the module. The temperature
of the PV module was deduced from the measured irradiance,
ambient temperature, and backplate temperature of the module.
The ambient and backplate temperatures were measured by us-
ing Vaisala HMP155 temperature probe and a PT100 sensor,
respectively.

The accuracy of the simulation model is sufficiently high,
especially, under high irradiance conditions. This can be seen in
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Fig. 3. Simulated and measured /-U characteristics of NAPS NP190GKg PV
module under three different operating conditions. Simulated characteristics are
drawn with solid lines and measured with dots.

Fig. 3 by comparing the simulated and measured /-U curves of
the module in the case when irradiance is 729 W/m?. The accu-
racy of the simulation model slightly decreases with decreasing
irradiance as can be seen for 415- and 132-W/m? irradiances
around the MPPs (the knees in the curves). The validity of
the simulation model has been previously verified [21] also for
Raloss SR30-36 PV modules manufactured by using monocrys-
talline silicon cells operating under partial shading conditions.
Furthermore, the simulation model is in accordance with the
results presented in [28].

In this paper, the basic behavior of power losses of different
silicon-based PV power generator configurations is studied un-
der partial shading conditions. The operation of a typical PV
module used in grid-connected PV power generators has been
the basis of the simulations. The results could slightly change
if different PV modules would be used, but the basic general
behavior will be the same for all silicon-based PV modules.
Therefore, it can be concluded that the accuracy of the simula-
tion model is sufficient for the studies in this paper.

III. SHADING OF PV GENERATORS

Three different PV power generators composed of 18 PV
modules have been studied and are presented in Fig. 4. They are
(a) the Long string generator composed of 18 series-connected
PV modules, (b) the Parallel strings generator of three parallel-
connected strings of six PV modules and blocking diodes con-
nected in series, and (c) the Multi-string generator composed
of three separately operated strings of six series-connected PV
modules.

Characteristic values of NAPS NP190GKg PV modules have
been used as reference values in our simulations. PV modules
consists of 54 PV cells connected in series, which are protected
against hot spots by three bypass diodes, each of them connected
in antiparallel with 18 cells.

In simulations, shading of the generators has been done one-
third of a PV module (18 PV cells protected by one bypass
diode) at a time. The first five steps of the shading pattern in
the case of Long string generator are illustrated in Fig. 5. In
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Fig. 4. Studied PV power generators: (a) Long string, (b) Parallel strings, and
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Fig. 5. Shading pattern of the Long string PV power generator used in simu-
lations. Shaded parts of the generator are shown with gray color.

cases of Parallel strings and Multi-string generators, one string
is completely shaded before shading the next string. In this
way, the basic behavior of different configurations of PV power
generators can be investigated. The effects of different partial
shading conditions, for example, shading one-third of each PV
string connected in parallel, can be deduced based on the shading
pattern used in this paper.

IV. RESULTS

In simulations, the main variables were the relative portion
of shaded PV cells in the PV power generator (system shading)
and the attenuation of irradiance due to the shading (shading
strength). Shading strength is the amount of lost irradiance due
to shading divided by the total irradiance without shading.

The simulated PV power generators were composed of 18 PV
modules. Because the shading of the PV power generators was
done one-third of a PV module at a time, the generators can be
divided into 54 blocks of 18 series-connected PV cells with a
bypass diode connected in antiparallel with the cells. In simula-
tions, the amount of shaded blocks of the PV power generators
(system shading) was varied from O to 54 (0 to 100%) yielding
55 different values for system shading.

The irradiance of the non-shaded blocks of the PV power
generators was 800 W/m? corresponding to the NOCT condi-
tions. In NOCT conditions, the irradiance is 800 W/m?, ambient
temperature is 20 °C, and wind speed is 1 m/s with free air ac-
cess to the rear of the PV module [31]. The temperature of the
modules in these conditions for NAPS NP190GKg PV module
was 46 °C. The irradiance of the shaded blocks was varied from
0 to 800 W/m? with the same amount of discrete steps (55) than
the system shading.

In case of 0% system shading, all the PV modules are non-
shaded and the PV power generators operate under uniform
conditions. Correspondingly, in case of 100% system shading,
all the PV modules are shaded and the PV power generators
again operate under uniform conditions. Furthermore, for shad-
ing strength of 0%, the PV power generators operate under
uniform conditions regardless of the system shading, because
the shading does not attenuate the irradiance. In case of 100%
shading strength, the shaded blocks do not receive any irradi-
ance and are not affecting the electrical characteristics of the
generator except for the threshold voltage of the conducting by-
pass diodes. In these kinds of uniform shading conditions, the
operation of PV power generators is straightforward following
typical /-U characteristics of a PV cell.

In all other shading conditions than those mentioned earlier,
partial shading affects the PV power generator /-U curve and
can have serious consequences to the obtained power depending
on the PV power generator configuration and on the operation
of the device interfacing the generator with the electrical grid.
In the following sections, we show how partial shading affects
the global MPP power and causes mismatch losses and losses
due to operation at a local MPP instead of the global one in the
case of three basic PV power generator configurations shown in
Fig. 4.

A. Power of the Global MPP

The P-U curves of the PV power generators under every
simulated partial shading condition have been calculated, and
the power of the highest MPP, i.e., the global MPP, has been
saved in order to illustrate the effect of partial shading on the
maximum power of the PV power generators. The power of the
global MPP has been shown as a function of system shading
and shading strength as contour graphs in Fig. 6 for the three
investigated PV power generators.

The power of the global MPP decreases, naturally, if the sys-
tem shading and/or shading strength increase as can be seen in
Fig. 6. For the Long string generator, it can clearly be seen in
Fig. 6(a) that there is a distinct turn on the contours near the
diagonal from the origin to the top-right corner of the figure.
Above the diagonal, the local MPP at low voltages is the global
MPP, and below the diagonal, the local MPP at high voltages
is the global MPP. As can be seen in Fig. 6(a), the contours
are vertical when the local MPP at low voltages is the global
MPP. This means that the power of the global MPP decreases
linearly with increasing system shading, because the voltage
of the global MPP is the sum of MPP voltages of individual
non-shaded blocks and the threshold voltages of the conducting
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Fig. 6. Global MPP power as a function of system shading and shading
strength for (a) Long string, (b) Parallel strings, and (c¢) Multi-string PV power
generators.

bypass diodes. As can be seen in Fig. 6(a), the MPP at low volt-
ages is usually the global MPP when shading strength is high.
This can be presumed to be a common case, because typical
shading strengths are around 80-85% on a clear sky day [32].
When the contours are horizontal, the local MPP at high volt-
ages is the global MPP. In this kind of situations, the power of
the global MPP decreases almost linearly with increasing shad-
ing strength, because the MPP current is linearly proportional
to the irradiance while the voltage of the MPP remains almost
unchanged.

Both the Parallel strings and Multi-string generators have
three parallel-connected strings of six PV modules connected in
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series. Because of this basic configuration, their 2000-W global
MPP contour graphs in Fig. 6(b) and (c) have three different
vertical and horizontal sections. There are three different shad-
ing conditions where the local MPP at low voltages is the global
MPP and three conditions where the local MPP at high voltages
is the global MPP. Clear changes in the 2000-W curves take
place at system shadings of 33.3% and 66.7%. At 33.3% system
shading, one string is completely shaded and two other strings
are non-shaded, and at 66.7%, two strings are completely shaded
and one string is non-shaded. For both system shadings, the PV
power generator has only one MPP, because each of the parallel
strings operates under uniform conditions.

Turning points on the 2000-W contours in Fig. 6(a) and (b)
for system shadings of 9%, 39%, and 70% for Parallel strings
generator and 19%, 41%, and 70% for Multi-string generator are
due the fact that the powers of the two local MPPs are equal due
to a particular partial shading condition in the first, second and,
finally, the third parallel string, respectively. This is basically
the same phenomenon, which takes place only once for global
MPP power contours in the case of Long string generator on the
diagonal in Fig. 6(a).

The 1500-W global MPP power contour of the Long string
PV generator in Fig. 6(a) corresponds to the case when over
33.3% of the string is shaded. This means that in the case of
Parallel strings or Multi-string PV generators, the first parallel
string is fully shaded and only strings two and three cause turns
to the 1500-W power contours as shown in Fig. 6(b) and (c).
The same phenomenon takes place at 1000 W. At 500 W, two
strings are fully shaded and turns on the contours are due to
partial shading of the third string.

Based on the global MPP power contour graphs in Fig. 6,
the Multi-string PV power generator has the largest area of
shading conditions of high power, the Parallel strings generator
has the second largest, and the Long string generator has the
smallest one. It could be anticipated that this is also the order of
obtained total energy yield from these generator configurations
under partial shading conditions. If we consider typical shading
conditions with a shading strength of around 85%, Multi-string
generator seems to provide still the largest overall energy yield.
However, the order between the Long string and Parallel strings
generators is not any more evident.

B. Mismatch Losses

Mismatch losses of the PV power generators have been cal-
culated by comparing the power of the global MPP to the sum
of the maximum powers of the individual blocks of 18 series-
connected cells with one antiparallel-connected bypass diode.
The mismatch losses in this case represent the lost power due
to the fact that every block of PV cells does not operate in its
own MPP, although the whole PV power generator operates in
its global MPP. Mismatch losses are a characteristic property of
each generator configuration. The mismatch losses of different
PV power generators under partial shading conditions are shown
in Fig. 7 as a function of system shading and shading strength
as contour graphs.
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Fig. 7. Mismatch losses of PV power generators as a function of system
shading and shading strength. (a) Long string, (b) Parallel strings, and (c¢) Multi-
string generators. The mismatch losses are presented as the ratio of the power
of the global MPP and the maximum available power that could be extracted if
all the blocks of 18 series-connected PV cells would operate at their own MPPs.

Mismatch losses of the Long string generator are highest near
the diagonal from origin to top-right corner of Fig. 7(a), where
the powers of the two local MPPs, when both of them exist,
are equal. As was explained earlier, power of the MPP at low
voltages decreases as system shading increases and the power
of the MPP at high voltages decreases as shading strength in-
creases. On the diagonal of Fig. 7(a), the powers of the MPPs
are equal, which leads to high mismatch losses, because both the
system shading and shading strength are equally high. For Par-
allel strings and Multi-string generators, three different partial
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Fig. 8. Mismatch losses of the PV power generators under partial shading
conditions as a function of system shading for shading strength of 85%.

shading conditions lead to two local MPPs with equal powers
as can been seen in Fig. 7(b) and (c), because of three parallel
operating series strings. The mismatch losses are almost zero
when every string is either completely non-shaded or shaded,
and therefore, the whole PV power generator is operating under
uniform conditions. These conditions can be seen in Fig. 7(b)
and (c) for system shadings of 33.3% or 66.7%.

Mismatch losses in case of the Long string generator can be
considerable if both the system shading and shading strength
are very high as can be seen in top-right corner of Fig. 7(a). In
general, mismatch losses are lower for the Parallel strings and
Multi-string generators than for the Long string generator and
lowest for the Multi-string generator. In certain partial shading
conditions, the mismatch losses in the Long string generator
are considerable, while they are almost zero for the other two
generators as can be seen, for example, for system shadings of
33.3% and 66.7% in Fig. 7.

When a PV power generator operates under partial shading
conditions, the direct part of the solar radiation is blocked from
reaching the PV modules and only the diffuse part of the global
radiation is received by the shaded modules. On a clear sky day,
the diffuse part of the radiation is typically about 15-20% of the
global radiation [32]. The mismatch losses of the different PV
power generators under partial shading conditions for shading
strength of 85% are illustrated in Fig. 8 as a function of sys-
tem shading. The curves in the figure are cross cuttings from
Fig. 7(a)—(c).

As shown in Fig. 8, the mismatch losses of the Multi-string
generator on a clear sky day are never higher than for the Long
string or Parallel strings generators. Mismatch losses for Parallel
strings are mostly lower than for the Long string generator.
Mismatch losses for Parallel strings are higher than for Long
string generator predominantly in case when shading strength
is higher than 50% and system shading is low as can be seen by
comparing mismatch losses in Fig. 7(a) and (b). This can most
clearly be seen for shading strength of 85% in Fig. 8 for system
shadings below 26% (first peak of the Parallel strings curve)
and around 48% (second peak of the Parallel strings curve). For
system shading of 11%, the mismatch losses for Parallel strings
are 21%, whereas the mismatch losses for the Long string and
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Fig. 9. P-U curves of the Parallel strings generator and individual curves of
parallel-connected Strings 1, 2, and 3 under partial shading conditions with
shading strength of 85% and system shadings of (a) 11% and (b) 48%.

Multi-string generators are only 3%. For system shading of 48%,
the mismatch losses for Parallel strings are 27%, whereas the
mismatch losses for the Long string and Multi-string generators
are only 18% and 6%, respectively.

The P-U curve of the Parallel strings generator and individual
P-U curves of the three parallel-connected strings are shown in
Fig. 9 for shading strength of 85% and system shadings of 11%
and 48%. As can be seen in Fig. 9(a) for system shading of 11%,
two strings are without shading and String 1 operates under
partial shading conditions. The global MPP of the generator is
at 140V, where String 1 has a power of 125 W. However, the
global MPP of String 1 is around 90 V with a power of 525 W.
In this case, the mismatch losses are 470 W and 21% of the
power that could be extracted if every block of PV cells would
operate at its own global MPP. In the case of system shading of
48% in Fig. 9(b), String 1 is completely shaded, String 2 is under
partial shading conditions, and String 3 is without shading. MPP
voltages of Strings 1 and 3 are close to the global MPP voltage of
the Parallel strings generator, but the voltage of the global MPP
of String 2 is close to 73 V with power almost 300 W higher than
at the local MPP at high voltages. Situation is the same as for
String 1 in Fig. 9(a). The mismatch losses of the Parallel strings
generator are as high as 27%, because the available power of
the generator has decreased due to increased overall shading.
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Reason for high mismatch losses of the Parallel strings gen-
erator at system shadings below 60% is that all the strings of the
generator have the same voltage and, thereby, the local MPPs
of the string under partial shading determines the MPP voltages
of the whole generator. On the contrary, if the parallel strings
are allowed to operate at their own MPPs according to the mul-
tistring generator configuration, mismatch losses are smallest
for all shading conditions. When system shading increases to
over 50%, the Long string generator has the highest mismatch
losses, the Parallel strings generator the second highest, and the
Multi-string generator the lowest losses.

Mismatch losses of different PV power generator configura-
tions presented in this paper have also been previously studied
in [33]. Three scenarios were used representing practical partial
shading conditions during a typical sunny day for a PV power
generator composed of 18 PV modules, which were installed in
three adjacent module rows. Partial shading scenarios included a
scenario with one PV module of the generator shaded the entire
day, a scenario with mutual shading of the PV module rows on
the morning after the sunrise and in the afternoon before sunset,
and a scenario with a large object such as a building starting to
shade the PV power generator in the afternoon.

According to [33], the Multi-string generator had the lowest
mismatch energy losses from 1% to 4% in all of the three par-
tial shading scenarios and the Long string generator had only
slightly higher losses. The Parallel strings generator had the
highest mismatch losses between 3% and 9%. On a clear sky
day, the mismatch losses due to mutual shading of the PV mod-
ule rows were highest for all generator configurations having
values between 3% and 9% and the Parallel strings generator
had the highest losses.

C. Power Difference of the Local MPPs

Mismatch losses are not the only losses under partial shading
conditions caused by the interconnection of PV modules. There
can also be losses due to the fact that under partial shading
conditions, the P-U curve of the PV generator has typically
multiple MPPs and the generator can operate in a local MPP of
low power instead of the global MPP. From MPP tracking point
of view, multiple MPPs are troublesome, because conventional
MPP tracking algorithms based on hill climbing type of methods
are not able to track the global MPP in case of multiple MPPs.
The conventional MPP tracking algorithms track always the
closest local MPP. From this point of view, the power difference
of the local MPPs under partial shading conditions is important
when choosing the configuration for the PV power generator, if
a conventional MPPT algorithm will be implemented.

The power difference of local MPPs for the studied PV power
generators for shading strength of 85% is shown in Fig. 10
relatively to the power of the global MPP, Pgy\ipp. The relative
power difference is calculated by using the absolute value of
the power difference, because we are mainly interested on the
magnitude of the power difference. In case of two local MPPs,
Pripp1 is the power of the local MPP at low voltages and Pyrppo
is the power of the MPP at high voltages. The power difference
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Fig. 10. Relative power differences of local MPPs as a function of system
shading for different generators for shading strength of 85% (corresponding to
the diffuse irradiance on a clear sky day).

is zero in cases of only one MPP and when the powers of the
local MPPs are equal.

For the Long string generator, there is only one MPP when
system shading is less than 13% or more than 94% (see Fig. 10).
The powers of the local MPPs are almost equal when system
shading is 80%. The reason, why the power difference is not
exactly zero, is that the system shading has discrete steps in the
simulations. Therefore, the powers of the local MPPs are never
exactly the same for the studied shading strengths. For Parallel
strings generator, there is only one MPP when system shading is
less than 6%, 28-39%, 63—72%, or more than 98%. The powers
of the local MPPs are almost equal when system shading is
11%, 46%, or 87%. Three similar patterns are repeated with
increasing system shading for Parallel strings generator because
there are three different strings from which only one is under
partial shading conditions at a time. This applies also to the
Multi-string generator. For Multi-string generator, there is only
one MPP when system shading is less than 4%, 32-37%, 65—
70%, or more than 98%. The powers of the local MPPs are
practically equal when system shading is 26%, 59%, or 93%.

The relative power differences of the local MPPs are as high as
80% or 92% for the Long string generator in Fig. 10 for system
shadings of 15% or 93%, respectively. For these conditions, the
power lost due to the tracking of the MPP with lower power than
the global one is considerable. For Parallel strings generator, the
relative power difference has maximum values of around 80% at
system shadings of 26%, 61%, and 96%. The power difference
pattern in Fig. 8 repeats itself three times, once due to partial
shading of each parallel string. For Multi-string generator, the
pattern also repeats itself with increasing system shading, once
for each parallel string. The maximum values of the relative
power differences are at system shadings of 6%, 39%, and 72%
having considerably lower values than for other generators.

Tracking of the local MPP with lower power causes in most
cases largest power losses for the Long string generator, be-
cause of the wide system shading region from 13% to over 50%
with high relative power difference between the local MPPs. For
system shading of around 80%, the power lost due to tracking
of wrong MPP is close to zero for the Long string generator.
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Fig. 11. P-U curves of the Long string generator under partial shading con-
ditions with shading strength of 85% and with system shadings of 10%, 20%,
80%, and 90%.

However, it should be noticed that the mismatch losses are 54%
for the Long string generator at that point, as can be seen in
Fig. 8, while for the other generators, they are considerably
less. Therefore, the power of the global MPP is only 46% of
the maximum available power for the Long string generator for
shading strength of 85% and system shading of 80%. The mis-
match losses for the Parallel strings generator in these conditions
are 20% and the power lost due to tracking of a local MPP with
lower power is 43%. The total power loss is then 54% of the
available maximum power, which is the same as for the Long
string generator in these conditions.

For system shading of less than 13%, power is lost due to
the tracking of the local MPP with lower power only in Par-
allel strings and Multi-string generators (see Fig. 10). In these
conditions, the Long string generator has only one MPP. This
indicates that for objects shading only a small portion of the
PV power generator, the Long string generator is less affected
regardless of the MPPT algorithm. Although the power lost
due to tracking of a local MPP with lower power instead of the
global MPP is higher for Multi-string generator than for Parallel
strings generator for some system shading strengths, the mis-
match losses are much higher for Parallel strings generator (see
Fig. 8). Therefore, more power can be yielded from Multi-string
than from Parallel strings generator.

In order to illustrate the effects of different partial shading
conditions, P-U curves of the Long string generator are shown
in Fig. 11 for shading strength of 85% and system shadings of
10%, 20%, 80%, and 90%. In case of 10% system shading, there
is only one MPP at 380 V although there is a step on the curve
at voltages around 500 V. With increasing system shading, this
step becomes a local MPP. For 20% system shading, there are
already two MPPs, a global one at 330 V and another at 500 V.
The power difference of these local MPPs is about 1500 W
yielding to high losses if the MPP at 500 V is tracked as might
happen in case of conventional MPPT algorithms. For system
shading of 80%, the powers of the local MPPs are almost equal
both being under 400 W. In this case, the power lost due to the
tracking of the local MPP instead of the global one does not
lead to high losses, whereas the mismatch losses are high as can
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Fig. 12.  P-U curves of the Parallel strings generator under partial shading

conditions with shading strength of 85% and with system shadings of 5%, 7%,
11%, 26%, and 30%.

be seen in Fig. 8. For system shading of 90%, the power of the
local MPP at 10V is much lower than the power of the global
MPP at 450 V. Although the power of the global MPP is quite
low, tracking of the MPP at 10V leads to high relative power
losses.

The P-U curves of the Parallel strings generator are shown
for shading strength of 85% and system shadings of 5%, 7%,
11%, 26%, and 30% in Fig. 12. In case of system shading of
5%, there is only one MPP at 125V although there is a step
in the curve at voltages around 150 V. For system shading of
7%, the step on the 5% curve has become a local MPP at 140 V
and the global MPP is at 120 V. The power difference of these
local MPPs is about 300 W yielding to considerable losses if the
MPP at 140V is tracked as might happen in case of conventional
MPPT algorithms. For system shading of 11%, the powers of
the MPPs are practically equal and tracking the MPP with lower
power does not cause power losses, but the mismatch losses are
at maximum of 21% for Parallel strings generator (see Fig. 8).
For system shading of 26%, the relative power difference of
the local MPPs has a local maximum value of 73% having an
absolute power loss of 1280 W. In this case, the power lost due
to tracking of the local MPP with lower power leads to high
losses, whereas the mismatch losses are quite low as can be
seen in Fig. 8. With increasing system shading, the local MPP
at low voltages disappears being only a step at 30% curve. The
behavior of the P-U curves is qualitatively quite similar also
for the two other patterns of the Parallel strings generator at
higher systems shadings (see Fig. 10), because the same basic
phenomenon takes place in each of the strings with increasing
system shading.

The P-U curve of the Parallel strings generator corresponding
to system shading of 26% has the maximum difference between
the powers of the local MPPs (see Figs. 10 and 12). It is shown
in Fig. 13 with the curves of the individual strings connected in
parallel to further demonstrate the cause for the large difference
between local MPP powers. As can be seen, two strings are op-
erating under uniform conditions and one under partial shading
conditions with two MPPs, which have almost equal low powers
at different voltages.

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 27, NO. 1, MARCH 2012

2000
_ Parallel strings

1500 f
3
§ 1000 | Strings 2 & 3
£

500 f
String 1

0 50 100 150
Voltage (V)

200

Fig. 13.  P-U curve of the Parallel strings generator and individual curves
of parallel-connected Strings 1, 2, and 3 under partial shading conditions with
shading strength of 85% and with system shading of 26%.

In the case of Multi-string generator, parallel strings do not
have the same operating voltage, which allows them to operate
at their global MPPs. In these cases, the behavior of their P—
U curves can be deduced from the P-U curves of the Long
string generator in Fig. 11. The same phenomenon happens for
each parallel string as for the Long string, but three times with
increasing system shading having maximum power difference
between MPPs of only one-third compared to the Long string
generator.

V. CONCLUSION

The effects of partial shading on Long string, Parallel strings,
and Multi-string PV power generators have been investigated
by using an experimentally verified simulation model based on
the well-known one-diode model of a PV cell. Partial shading
was varied with respect to system shading and shading strength,
which represent the amount of shaded PV modules of the gen-
erator, and the attenuation of the irradiance due to the shading,
respectively. The effects of partial shading was studied on the
power of the global MPP of the generators, on the mismatch
losses caused by operating at the global MPP, which differs
from the sum of the maximum powers of individual blocks of
PV cells with antiparallel-connected bypass diode, and on oper-
ating at a local MPP instead of the global one in case of multiple
MPPs.

The results clearly show that the PV power generator com-
posed of a long series connection of PV modules is more prone
to reduction of maximum power, increase of mismatch losses,
and losses due to failure in tracking the global MPP under par-
tial shading conditions than the configurations with short strings
connected in parallel or short strings controlled individually as
in the Multi-string generator. Short strings controlled individu-
ally seem to be the best generator configuration on the power
production point of view in case of partial shading conditions.
On the other hand, if the PV power generator is designed so
that only a small portion of the generator can be shaded at a
time, the Long string generator has as low mismatch losses as
the Multi-string generator and no losses due to failure in MPP
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tracking, because of only one MPP in the P-U characteristic of
the generator.

Based on the results shown in this paper, both series and
parallel connections should be, in general, minimized in order
to increase the energy yield of PV power generators that are
prone to partial shading conditions. This is especially important
for building-integrated PV power generators and generators op-
erating in built environments. Also, shading due to climatic
conditions can be of importance for PV power generation.
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