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Abstract

A single photovoltaic panel under uniform illumination has only one global maximum power point, but the same
panel in irregularly illuminated conditions can have more maxima on its power-voltage curve. The irregularly
illuminated conditions in most cases are results of partial shading. In the work a single short pulse of load is used
to extract information about partial shading. This information can be useful and can help to make some
improvements in existing MPPT algorithms. In the paper the intrinsic capacitance of a photovoltaic system is used
to retrieve occurrence of partial shading.
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1. Introduction

A growing demand for energy, especially electricity, ensuring security of supply and
reducing undesired effects of climate-related emissions of carbon dioxide and other pollutants
resulting from combustion of fossil fuels into the atmosphere is one of the biggest economic
and environmental challenges in the world in recent years. Today, the solar energy production
is one of the fastest growing industries in the world and one of the fastest growing energy
technologies [1]. All these processes stimulate the development of new techniques.

One of the major challenges in photovoltaic (PV) systems is increasing the amount
of produced energy. The shape of I-V curve depends on many factors, like temperature,
spectral irradiance, total irradiance, orientation to the light source, type of bypass, parasitic
impedances (due to a length of cable bundles between a test station and modules), mechanical
aspects, optical alignment effects. Partial shading is a serious problem and leads to lowering
the efficiency of produced energy. There are several papers that describe how large is the impact
of this phenomenon on the amount of produced energy [2, 3]. The authors of [4] present
a MATLAB-based modelling and simulation scheme suitable for studying the [-V and P-V
characteristics of a PV array under a non-uniform insolation due to partial shading. In most
cases, from a hardware point of view, partial shading is handled by bypass diodes, however
a method described in [5] slightly increases the efficiency of photovoltaic module by replacing
bypass diodes with FET transistors of a low drain-source resistance. This solution reduces
energy losses caused by the current flowing over the bypass. From a software point of view, we
can find a lot of direct and indirect algorithms searching the maximum power point (MPP) [6].
Most of them are inappropriate to track MPP in partially shaded conditions, because
the photovoltaic array characteristic curves exhibit multiple local maxima. In the literature,
the most popular is a perturb and observe (P&O) algorithm. This approach is often used
because of its simple implementation. On the other hand, a drawback of this method is its low
efficiency in fast changing insolation conditions. The authors of [9, 10] expand a standard solar
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system with installing additional temperature and light sensors. They also propose a hybrid
of P&O and open-voltage algorithms. Those sensors improve the system immunity for
conditions of partial shading in comparison with the reference P&O method. One of the
drawbacks of this solution is an additional wiring necessary to measure the temperature and
irradiance.

The paper concentrates on a method dedicated to detection of partial shading conditions.
The obtained results can be useful for improvement of the MPPT algorithms. The proposed
method is based on analysis of the system response to a short load pulse. This work was inspired
by [5, 6], where short pulses of light are used to acquire the I-V curve, and also by a load-pulse
method used in power plants to measure the system impedance.

In the literature, a drawback caused by the intrinsic parasitic capacitance is generally
neglected, but we can find MPPT algorithms which are strictly based on this property of a PV
cell. For example, the authors of [7] developed a method similar to the incremental conductance
[11] procedure, which additionally includes the parasitic capacitance. Fig. 1 shows a response
of a solar system to a single short pulse of load; in this case it was a short current pulse.
The curves from Fig. 1 have been plotted for the measurement setup described later in this
paper. As can be concluded from Fig. 1, the smaller insolation, the higher the capacitance of PV
system.
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Fig. 1. A response to a short load pulse for different insolation conditions.

The rise of capacitance caused by a lower insolation can be used for detection of partial
shading in a system of PV cells. Fig. 2 shows a system of two STP010-12/Kb (SUNTECH)
solar panels connected in series (Table 1 gives its electrical characteristics). These panels have
no additional bypass diodes but consist of 36 cells connected in series. Both solar panels are
bypassed by diodes. When both panels operate in the same environmental conditions, i.e. the
same insolation, the system response looks like one plot from Fig. 1. When insolation
conditions are different for each panel then the output of both panels is the sum of their
individual responses. Fig. 3 shows individual responses of each panel. As can be seen from the
chart, the PV panel which is partially shaded needs more time to restore its operating voltage.
Fig. 4 compares two plots — the first one is calculated as the sum of responses, whereas the
second one is the response measured for both panels.
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Fig. 2. Two STP010-12/Kb panels connected in series and bypass diodes.
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Fig. 3. The PV Panel 1 response for full insolation and the PV Panel 2 response for partly shaded conditions.
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Fig. 4. The calculated and measured responses in partial shading.

Table 1. Parameters of solar panels used in the experiment.

Model Number STP010—12/Kb

Rated Maximum Power (Puax) 10W
Output Tolerance +10%

Current at Pmax (Iwe) 057A

Voltage at Prax (Vir) 174V
Short-Circuit Current (loc) 0.65A
Open-Circuit Voltage (Voc) 216V

Nominal Operating Cell Temp. (Tnocr) 45°C +2°C

2. Experimental setup

Figure 5 shows a simplified overview of the measurement workstation which has been used
during the experiment. The setup consists of a PC with LabVIEW application, a load controller,
a source of light and an oscilloscope. The LabVIEW application communicates with the load
controller and the oscilloscope (Rigol D1054Z7) via USB connection. The PC application, using
the load controller, can set the operating voltage of solar panel and monitor the current. The test
station is designed to measure the [-V curve and also to observe the response of PV system
to a short load pulse . Short pulses of load are generated independently in a similar way as in
the Short-Current Pulse-Base MPPT Method [8], but one change has been introduced in this
setup, i.e. the possibility of regulating the current within the range from short-circuit to zero.
Fig. 6 shows an example of the [-V curve and the power measured by the setup. The LabVIEW
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software has been chosen for this experiment because it provides means for data acquisition
(signal 1/0O), analysis and presentation, and it also supports communication between
the measurement modules (e.g.: the oscilloscope, power supply, efc.). In the circuit, the load
controller plays a similar role to the active load, which is based on an N-CHANNEL MOSFET
transistor.
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Fig. 5. A simplified scheme of measurement workstation used in the experiment.
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Fig. 6. Examples of curves measured in the PV system using the experimental setup:
[-V curve (left), power curve (right).

3. Measurement results

As mentioned before, the measurements have been performed with the system (Fig. 2)
consisting of two arrays of 36 solar cells connected in series. The module parameters are shown
in Table 1. Every module is bypassed by a diode. Solar cells used in the experiment have a low
capacitance, therefore the time required by the solar system to restore the operating voltage
(when the load pulse is ended) is short. Fig. 7 shows a group of responses measured in various
conditions of shading. One of the solar panels was fully exposed to irradiation, whereas
the second one was gradually darkened, starting from the full exposure and ending in the
complete blackout.

Successive Figs. 8—11 show the progressive darkening of one of the solar panels. The time
required by a solar panel to restore its operating voltage is small for panels used in the
experiment and is approximately equal to between 10 ps and 100 ps, depending on insolation
conditions. The recovery time is counted starting from the moment of ending the load pulse
to the moment of reaching a voltage level of V.. The higher capacitance of the solar system,
the longer the recovery time. Fig. 12 shows the response of a 500 W system, which consists
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of two 250 W panels , i.e. a2 x 250 W system. Thus, the time required to restore the operating
voltage is approximately equal to 30 ms. When a level of insolation of two solar panels starts
to be significantly inhomogeneous, the response shape starts to bend (Fig. 10 and Fig. 11). The
fact of forming a bend in the response shape can be used for detecting a condition of partial
shading. Fig. 13 shows plots of derivatives calculated for data from Figs. 8—11. A derivative
has been approximated according to (1):

S =

fG+m=fGx=h)

2h

M

The results for conditions of significant insolation inhomogeneity between PV panels are
depicted in plots enclosed in the frame in Fig. 13. The details of their shapes can be analysed
by searching data plots for peaks and valleys.
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Fig. 7. A group of responses in various insolation conditions.

20-

18- 7

16+ 4

13-

= 12-

4 10-

2

3 8

&6

4

2]

ot

N f—— Restore Time

ey I I I 1 1 I

0 20 4 & 80 100
Time [us]

Power [W]

-}

5

1 1 I I 1 I : I
0015 20 25 0 35 40
Voltage [V]

Curent [mA]

350

300

250

200

150

100

50-|

0 5

I 1 1 I I 1 1 I : 1
0015 20 25 0 35 40
Voltage [V]

Fig. 8. The response to a short load pulse: voltage (left), power(middle), current — according to the measured
1=V curve for partial shading conditions (right).
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Fig. 9. The response to a short load pulse: voltage (left), power(middle), current — according to the measured
1=V curve for partial shading conditions (right).
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Fig. 10. The response to a short load pulse: voltage (left), power(middle), current — according to the measured
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Fig. 11. The response to a short load pulse: voltage (left), power(middle), current — according to the measured
1=V curve for partial shading conditions (right).
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Fig. 13. Derivatives calculated from Fig. 8—11. In the highlighted frame the last three plots are obtained.
for significant disproportion in insolation between PV panels.
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4. Conclusion

The paper reports on a short-load-pulse method dedicated to determination of partial shading
conditions in PV power generation systems. The proposed approach identifies and exploits the
relationship between partial shading and the response to a short load pulse. This mechanism
can be used for improving selected MPPT algorithms or constructing a hybrid of existing
approaches, e.g. P&O and Cuckoo Search (CS) algorithms. The P&O is inefficient in conditions
of partial shading, whereas the Cuckoo Search exhibits better results in partial shading
conditions, but requires more time for computations. Both of them can be combined,
contributing to improved power generation in conditions of partial shading. Implementation
of the methodology proposed in the paper does not require sophisticated electronic circuitry,
so the measurement can be performed relatively easily. On the other hand, this approach shows
also a drawback, because system interruptions have to be applied quite frequently.
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