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Abstract—Commercial PhotoVoltaic (PV) modules generally consist of a number of PV cells ranging between 60 and 96. The solar
cells in a PV module are connected in series and partitioned in 3 or 4 strings, each protected by a bypass diode. In general, the
terminals of each string are available by opening the junction box but, in case of partial shading, the current-voltage (I-V) curves of
a single defective solar cell cannot be directly measured and only the 1-V curve of the PV string can be obtained by experimental
tests. In the present work, a novel indirect procedure to extract the parameters of shaded PV cells using models generally adjusted
for irradiated cells is proposed. It is defined “One Module (or One String), Two Tests” and it requires two tests performed as close
as possible: in the first step, all the Ns cells of a PV module or a string are irradiated while, in the second step, the PV module or
string have a shaded cell and Ns-1 irradiated cells. In the present work, the procedure is applied to a string of a p-Si module consisting
of 20 solar cells.

Keywords—Shaded PV cell, indirect procedure, equivalent circuit, irradiated models, parameters of shaded cell.

. INTRODUCTION

In last decades, the energy demand is rapidly growing due to several factors like the urbanization process and the increase of
human population. This last aspect is particularly relevant in the developed countries where the energy consumptions increase
up to 5% per year [1,2]. Although most of the generated electricity still comes from fossil fuels, the challenge for all the countries
around the world is the reduction of the polluting emissions and global warming. This goal can be reached through the
exploitation of Renewable Energy Sources (RES) and the most important and reliable is the solar energy. Indeed, PhotoVoltaic
(PV) technology requires low costs of installation, operation and maintenance also in building applications [3] and it is a clean,
noise-free and highly available technology [4]. Researchers in the PV field are actually focusing on different topics, such as
cheaper or more efficient materials and the improvement of the efficiency and reliability of traditional PV technologies [5]. In
order to deeply study and simulate the operation of a PV generator, the measurement of the current—voltage (I-V) characteristic
curve and the derived parameters of the equivalent circuit are necessary. These data are used in many applications such as studies
of mismatch in complex grid-connected PV systems [6,7] or the performance investigation of Maximum Power Point Trackers
(MPPT) under different irradiance conditions [8,9]. In such conditions, the electrical performance of PV generators is optimized
thanks to a proper detection of Maximum Power Point (MPP) and the use of bypass diodes, which protect PV strings in case of
mismatch or partial shading [10]. In order to obtain the parameters of the equivalent circuit, the 1-V characteristic is measured
and elaborated according to precise models defined in literature [11]. During the last two decades, several algorithms were
developed in order to extract the equivalent parameters with more accuracy; the development of more powerful computers and
new optimization algorithms permits a more efficient identification of PV parameters [12-14]. However, researchers focused
their work only on the parameters estimation of PV generators in irradiated condition and no information about the model
parameters in case of partial shading is available. The knowledge of the equivalent parameters of a shaded PV cell is fundamental
for the performance analysis of the generator and of the connected MPPT system [15].

In the present work, a novel procedure is proposed to obtain the parameters of PV cells under shading conditions using models
generally adjusted for irradiated cells. The procedure starts with I-V curve measurements of irradiated and shaded cells and it is
applied to a string of a p-Si module consisting of 20 solar cells. This paper is organized as follows: section 11 describes the effects
of partial shading depending on the PV array configuration and the most used solutions to mitigate it. Section Il introduces the
indirect method and shows the methodology adopted to carry out the measurements. In section 1V, the results of the analysis are
presented for a PV string of a p-Si module. Finally, Section V contains the conclusions.

XXX=-X-XXXXK-XXXX-XIXX/$XX.00 ©20XX IEEE



Il.  EFFECTS OF PARTIAL SHADING

In terms of power loss, the effect of partial shading on PV arrays depends on the connection configuration. Fig. 1 shows the
main PV plant configurations. Series and parallel configurations (Fig. 1-a, and 1-b) are the basic configurations and the
performance of these configurations has been widely discussed in literature [16-18]. The major drawback of PV strings,
consisting of series-connected PV modules, is that the partial shading strongly affects the generated current. In fact, in series
connected strings, all the cells carry the same output current. Hence, if just few cells under shading produce less power, the entire
array will produce the maximum current permitted by the shaded cells. Moreover, in this condition, the shaded cells may get
reverse biased, acting as loads, thus draining power from the irradiated cells, and with the risk of being irreversibly damaged
[16]. On the contrary, partial shading, in case of parallel strings, directly affects the generated voltage but the solar cells do not
present risk of damage because no cells are forced to carry more than their contribution of current [19]. However, in simple
parallel connection, the obtainable voltage is limited to the 1-cell voltage. Fig. 1-c shows a typical Series-Parallel (SP)
configuration. In SP configurations, PV modules are first connected in series to get the required voltage and then series-connected
strings are paralleled to achieve the required current and thus the needed power. Finally, Fig. 1-d shows the Total Cross-Tied
(TCT) configuration which is directly derived from the SP configuration by connecting ties across the series connected arrays.
In this case the voltages across the ties are equal. The performance of the different configurations under shaded conditions is
described in [17, 19, 20]. The literature agrees to conclude that TCT is the best configuration from a technical point of view.

The TCT configuration overcomes some of the drawbacks of the series array. In particular, since none of modules are
directly connected in series, the stress on the cells is reduced as well as the drawing of power from the shaded cells. However,
as described until now, even TCT does not overcome the strong loss of generated current in the series connected arrays
embedded in the TCT. A common way to partially mitigate the power reduction is represented by the use of by-pass diodes
connected in antiparallel with PV modules. Fig. 2-a shows a typical SP configuration with by-pass diodes. During the normal
operation (all the modules uniformly irradiated) the diodes are inversely biased, thus the current flows through all the PV
modules of the array. When one of the PV modules gets in the shade, its voltage drops, and the diode results directly biased.
Therefore, the current generated by the irradiated PV modules of the array can again flow through the diode. The use of the by-
pass diodes helps to mitigate the power loss as well as in preventing the PV module of being irreversibly damaged. Therefore,
SP configuration with by-pass diodes is widely adopted at the PV field level [19]. However, the insertion of the diodes impacts
on the I-V curve and, consequently, the P-V curve of the field. In normal condition, the generation presents a unique MPP, and
the corresponding I-V and P-V curves are respectively represented in Fig.2-b (black curves). During partial shading, the diode
activates, two stairs appear in the I-V curve, and, as a consequence, the P-V curve is characterized by different local peaks and
one global peak (Fig. 2-b, blue curves) [21]. In case of absence of a by-pass diode, the P-V curve will exhibit only a single
peak, but a significant reduction of power will be obtained as highlighted in Fig.2-b (red curve).
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Fig. 1. Principal PV plant connection configurations.
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Fig. 2. SP configuration under uniform insolation and partial shading (a); relative 1-V and P-V curves (b).

During on-field operation of a PV plant, the main aim is obviously trying to extract always the maximum possible power.
Therefore, at the design level, avoiding the obstacles which obstruct the sun light is essential. However, in case of large or
building integrated plants, it is difficult to avoid partial shading (due to temporary clouding or neighborhood buildings)
throughout the day in all the seasons. In such cases, the MPP of the P-V curve needs to be continuously pointed. With this aim,



different MPPT algorithms have been developed. Moreover, with the presence of by-pass diodes and the complexification of
the P-V curve, it is crucial to guarantee the tracking of the global peak avoiding the permanence in local peaks. Hence, MPPT
algorithms need to be sophisticated to achieve this goal (Modified MPPT). The variety of the MPPT algorithms can be
summarized into two principal techniques: Perturb and Observe (P&O) and Incremental Conductance (IC).

e Within the P&O, the algorithm introduces a perturbation in the PV array by modifying its operating voltage/current.
Then, the variation in the operating power is observed: an increment on the operating power implies that the algorithm
is getting closer to the MPP. In the next sampling, the direction of the perturbation is maintained and the operating
voltage/current is updated at the corresponding value. Once the algorithm reaches the localities of the MPP, the sign of
the perturbation is alternatively changed. Therefore, the algorithm will never be settled exactly at the MPP, but it will
oscillate in the enclosing. In order to make the algorithm faster and more accurate on the MPP surrounding, the P&O
can be improved with adaptive (not fixed) perturbation magnitudes [21, 22]. However, the working principle behind this
approach has intrinsically the limitation of being not able to recognize if a peak is local or global. Thus, permanence in
local peaks is likely to occur. In order to overcome this issue in case of partial shading, usually the main P&O program
is supported by a global peak tracking routine [23]. The main P&O program operates continuously to achieve a peak
operating point. On the contrary, the global peak tracking routine is activated for certain shaded conditions (or at every
pre-fixed time interval) aiming to scan the totality (or a large part) of the P-V curve.

e The IC, instead, consists of computing and comparing the load conductance (I/V) and the incremental conductance
(Al/AV) of 1-V curve, starting from PV voltage V and PV current I. This methodology relies on the fact that, in the
presence of a peak of the P-V curve, its derivative is zero and -Al/AV is equal to I/V. Therefore, if the variation -Al/AV
results lower than 1/V, the operating point lies at the left side of the MPP and the operating voltage needs to be increased
to reach the MPP. On the contrary, if -Al/AV is higher than 1/V, the operating point is at the right side and the voltage
needs to be decreased. Even with this approach, since both local and global peaks exhibit zero as derivative, it is not
possible to guarantee the operation at the global peak. An example of modified IC methods for partial shading condition,
consists of forcing the PV array to work into the neighborhood of the global peak [21, 24]. Practically, knowing open
circuit voltage (Voc) and short circuit current (ls), the operating point is approximated at the 80%of Voc and 95% of .
Finally, adjustments are made moving the operating point according to the IC method.

I1l.  PROCEDURE AND EXPERIMENTAL SETUP

A. Description of the indirect procedure

Commercial PV modules generally consist of a number of PV cells ranging from 60 to 96, partitioned in 3 or 4 strings in
series, each string protected by a bypass diode. In these cases, by opening the junction box, the terminals of each string are
available. However, in case of partial shading, the 1-V curve of a single shaded cell cannot be directly measured but an indirect
method is required.

This procedure, defined “One Module (or One String), Two Tests”, requires two I-V measurements of the same PV module
or string: in the first condition, all the Ns cells of a module or a string are under uniform irradiance while, in the second
measurement, (Ns-1) cells are irradiated and a single cell is shaded. In order to avoid abrupt variations of environmental conditions
(cell temperature T and irradiance G), the measurements need to be performed as close as possible. Obviously, in case of series
connection, for each current value, the voltage of the string is the sum of every cell voltage. The I-V curve of a single cell can be
defined dividing the 1-V characteristic of the whole string by the Ns number of series connected cells. This procedure can provide
very accurate results assuming that: the cells are characterized by identical electrical parameters, due to a correct sorting during
their manufacturing, and they have uniform irradiance and temperature conditions in the absence of mismatch. In order to
evaluate the I-V characteristic of Ns-1 cells, a proportionality assumption can be applied, starting from the 1-V curve of the string
in the following way:

Vns-1 = Vns - (Ns'l)/Ns (1)

where Vs is the voltage of all the Ns cells in uniform conditions, while Vs.1 is the voltage of the (Ns -1) cells. In case of
shadings in a single cell, the 1-V curve of the string is the sum of the voltages of the (Ns-1) well-working cells and the I-V curve
of the shaded cell (Fig. 3).

Finally, with opposite reasoning, the 1-V curve of the shaded cell is obtained as the difference between the I-V curve of the
PV string (including the shaded cell) and the I-V curve of the (Ns -1) cells subject to uniform irradiance.
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Fig. 3. 1-V curves of a string with (N;-1) cells under uniform irradiance condition and a single shaded cell.

B. Experimental setup of I-V curve tracing

The I-V curves of PV generators under test are traced using an Automatic Data Acquisition System (ADAS), which permits
to store simultaneously the irradiance G, the air temperature T,, and the current and voltage values. In particular, the
measurements of the I-V curves are performed with a capacitive load, initially discharged, which is charged by PV generators
from short-circuit to open-circuit states. The duration of the capacitor charging transient is affected by its capacitance (as well as
the irradiance level), and it is properly selected to obtain time intervals shorter than 0.2 s. The ADAS is periodically calibrated
and it is made up of the components as follows [25]:

e A notebook PC in which a LabVIEW software emulates a digital storage oscilloscope.

o A multifunction data acquisition board with one A/D converter (successive approximation technology, 16 bit-resolution,
sampling rate up to 1.25 MSa/s, maximum input of £10 V, internal amplifier gains for lower ranges) and multiplexer.

e A differential voltage probe with two attenuation ratios 20:1 and 200:1 for voltage levels up to 140 V and 1400 V,
respectively.

e Two current probes (Hall effect) with output sensitivity of 100 mV/A for current values up to £30 A, one for current
measurement and one for trigger source.

e A reference cell in monocrystalline silicon for the measurement of irradiance with typical accuracy of +20 W/m?2,
e A thermometer, for measuring ambient temperature.
e A capacitive load with capacitance equal to 10 mF.

The schematic of the measurement circuit is presented in Fig. 4 with the involved instruments.
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Fig. 4. Schematic of the measurement circuit.

+

IVV. EQUIVALENT CIRCUIT OF A PV GENERATOR

The electrical performance of PV generators can be described by an equivalent model with parameters. In literature, the most
used is the Single Diode Model (SDM) due to its simplicity with reasonable accuracy. But, it consists of five parameters [3], that
can be determined experimentally: for these reasons, the SDM is used in this work. However, the two-diode model is preferred
to SDM in case of partial shading [26]. In this paper, the SDM is applied also for shaded cells: the applicability of this model in
such condition and the variation of cells parameters are investigated. As previously mentioned, this model is characterized by
five parameters [3]: the photo-generated current I, the saturation current lo, the quality factor n of the p-n junction, the series
resistance Rs and the shunt resistance Rsh. In particular, the first current is the production of the solar cell, while the second term
is a source of loss, reducing the output of the solar cell. Moreover, Rs is due to the front electrical contacts of the cell and it has
to be low in order to reach an optimal compromise between good electrical contacts and high surface area available for sunlight



conversion. Regarding Rs, it is due to the leakage currents flowing through the lateral surfaces of the solar cell and it has to be
maximized in order to ensure a better lateral insulation. At cell level, the relevant equation of the SDM is the following:

I=1Ly—1—+Rs 1)/Rg, =

q(V+RgD)

=l =l (e "Te —1)=V+R-D/Rs @

where q is the charge of the electron, = 1.602:10"*° C, k is the Boltzmann constant, equal to 1.38-102% J/K and T is the cell
temperature. The representation of the SDM according to electric circuit theory is presented in Fig. 5. The Levemberg-Marquardt
(LM) algorithm, which is a combination of the Gauss-Newton (GN) method and the Gradient Descent (GD) method, has been
used to adjust the parameters.
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Fig. 5. Equivalent circuit of a PV cell according to SDM.

V. RESULTS

In the present work, a string of a p-Si module (rated power=280 W) has been analyzed. The string consists of 20 series-
connected cells (Ns=20): in the first condition, all the 20 cells are under uniform irradiance (close to Standard Test Conditions,
STC) while, in the second measurement, 19 cells are exposed to the same irradiance and a cell is totally shaded. Fig. 6 shows the
I-V curves of 20 uniformly irradiated cells connected in series (black curve) while the green and yellow curves refer, respectively,
to 19 irradiated cells and a single irradiated cell, obtained dividing the voltage by 20. Then, the I-V curve of the shaded cell (red
curve in Fig. 7) is calculated according to the indirect methodology described in section I11-A. Moreover, the parameters of the
equivalent circuit have been determined for the shaded cell and an irradiated one. Fig. 8 presents the I-V curves from experimental
data (blue points) and the model (red curve) for two shaded cells: the SDM well approximates their I-V curves, confirming the
possibility to use this model in case of shading. In this analysis, ten cells of the PV string operate similarly to cell A, while the
others result in 1-V curves close to the one of cell B. Regarding the resulting PV parameters of cell A, the variation of n is
negligible, while the other parameters decrease in case of shading except for Rs. In particular, I, and lo decrease from 8.3 A and
2.39-107 A to 0.3 A and 2.80-108A, respectively. In this case, the ratio I/lo decreases, resulting in a higher impact of current
losses on output current. Regarding R, it increases from 4.59-10% Q to 0.19 Q, resulting in a worse efficiency. On the contrary,
Rsh of the shaded cell, 105 Q, is about half of the irradiated cell, 241 Q. Regarding the parameters of cell B, Iy decreases from
7.6 A (irradiated cell) to 0.2 A under shading, resulting in a lower current absorption than shaded cell A. Moreover, lg is almost
constant, ranging between 2.37-107 A (irradiated cell) and 3.50-107A (under shading), while n decreases from 1.14 (irradiated
cell) to 0.83 (shaded cell). Finally, the parameters Rs and Rs, increase from 4.62-10° Q and 348 Q to 0.59 Q and 630 Q,
respectively.
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Fig. 6. -V curves of a string with one, 19 and 20 cells under uniform irradiance condition.
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Fig. 7. 1-V curve of a string with 19 cells in uniform irradiance condition and a single shaded cell.
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Fig. 8. -V curve of the shaded cell: experimental data and model curve.

VI. CONCLUSIONS

The present work proposes a novel procedure to extract the parameters of shaded PV cells using models generally adjusted
for irradiated cells. The procedure, defined “One Module (or One String), Two Tests”, consists of two measurements. In the first
step, all the N; cells of a module or a string are irradiated while, in the second step, the PV module or string have a shaded cell
and (Ns-1) irradiated cells. In the present work, the methodology is applied to a string of a p-Si module consisting of 20 cells. As
well known, in case of shading, Ipn decreases but the other equivalent parameters are, generally, supposed constant and equal to
the irradiated ones. The present work demonstrates that this assumption is not correct and the worse electrical performance of a
shaded cell is not due only to a reduction of Ip. In particular, a worse behavior of the series resistance in the cell occurs (Rs
increases of about two orders of magnitude), while the behavior of R, is not uniform (can increase or decrease).
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