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Abstract. A current-voltage (I-V) characteristic of a Photovoltaic (PV) module variously changes and often includes
multiple steps affected by partial shadows. The stepped I-V characteristic makes it difficult for Maximum Power Point
Tracker (MPPT) to find the real Maximum Power Point (MPP) because a local MPP occurs on each step. In this study,
a roof top PV array (3x3) affected by a partial shadow is assumed and discussed about the output energy based on the
simulation results. At first, the performances of four types of MPPT’s, the perturb and observation (P&QO), the
incremental conductance (IncCond), the constant voltage (CV), and the scanning methods, are compared under the
condition of the intentional partial shadows which cause a local MPP. Then, the roof top PV array affected by a
shadow of a mid-to-high-rise building in front of or diagonally in front of the PV array is assumed. The shadow casted
by the building moves with the diurnal movement. The I-V characteristics are calculated every 0.01 (s) based on the
measured irradiation dataset by 1.0 (s) using the linear approximation. The trends of the MPPs and the total output
energies are shown, compared, and discussed. The interval between the scans affected the output energy. The nearby
building not in front of the PV array but diagonally in front of the PV array greatly influenced on the output energy.
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1. INTRODUCTION

Photovoltaic (PV) system has been attracting attention as a high-potential and familiar renewable energy source.
Most of the PV systems have an inverter called ‘power conditioner’ which converts dc power generated by PV
modules to ac power used in the house or supplied to the grid. To obtain the maximum power from the PV modules,
the power conditioner has a fuction called MPPT, that is Maximum Power Point Tracker. The Maximum Power Point
(MPP) means the point where the PV array composed of PV modules generates its maximum output power. So far,
various types of MPPT have been proposed to find rapidly and correctly the MPP, and to maintain the operating point
at the MPP against the insolation or temperature fluctuation. The perturb and observation (P&O) algorithm, which
moves the operating point seeking the higher power obtained, is commonly used. The perturbation of the P&O at MPP
is repressible with the incremental condactance (IncCond) algorithm, which can find if the operating point is at the
MPP or not (Hussein, 1995). The constant voltage (CV) algorithm, which holds on the voltage of the operating point at
the targeted voltage based on the open circuit voltage, is said to be effective against the rapid insolation variation, and
low power consumption for calculation. More intelligent algorithms, which utilize fuzzy contrl, neural network,
genetic algorithm, or additional sensors to measure the temperature and the insolation have been reported (D’Souza,
2006, Syafaruddin, 2009, Lasnier, 1990). Compared to them, the P&O, IncCond, and CV algorithms do not need any
additional sensors nor complex calculation, which are widely used in various power conditioners in the market.
However, these simple algorithms are sometimes affected by partial shadows (Arayashiki, 2009). The partial shadow
casting on a PV array causes a stepped current voltage (I-V) characteristic which may cause more than two local
maxima on the power voltage (P-V) characteristic. Different from the intelligent algorithms, the simple algorithms
may find and keep tracking a local MPP even if the power is less than the real MPP. In such a case, the obtained
energy from the PV array can be less than what should be (Oozeki, 2003, Matsukawa, 2005). Such a phenomenon has
been analyzed and can be statistically predicted as a shading loss based on the measurd data onsite. One possible
solution is periodical scan over the whole I-V characteristics, that is from the open circuit to the short circuit (Noguchi,
2002). This method can be combined with most of MPPT algorithms. The scanning over the I-V characteristic can
certainly find the real MPP, however energy loss occurs during the scanning operation (Arayashiki, 2010).

In this study, the performances of four types of MPPT’s, the perturb and observation (P&O), the incremental
conductance (IncCond), the constant voltage (CV), and the P&O with scanning methods, are compared at first under
the condition of the intentional partial shadows which cause a local MPP. Then, the P&O and the P&O with scanning
method are compared from the view point of the obtained energy under the assumption that a roof top PV array is
affected by a shadow of a mid-to-high-rise building in front of the PV array and diagonally in front of the PV array.
The shadow casted by the building moves with the diurnal movement. The roof top 3-series 3-parallel PV array
affected by a partial shadow is targeted in the simulation. The I-V characteristics are calculated every 0.01 (s) based
on the measured irradiation dataset by 1.0 (s) using the linear approximation. The trends of the MPPs and the total
output energies are shown, compared, and discussed. The interval between the scans affected the output energy. The
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nearby building not in front of the PV array but diagonally in front of the PV array greatly influenced on the output
energy.

2. I-V CHARACTERISTIC

2.1 I-V characteristic of a PV module

An equivalent circuit of a solar cell is shown in Fig. 1, which provides an equation for I-V characteristic of a PV

module,
V+R, -1 V+R, -1
I=1, -1, explq — ———|l-1|- 22520 )
mnk(T +273.15) R,

where V' (V) is the PV output voltage, / (A) the PV output current, /,, (A) the photocurrent, /, (A) the saturation current,
m the number of series cells, n the diode factor, ¢ (C) the electronic charge, k (JK ') Boltzmann’s gas constant, T (K)
the junction temperature, R, (Q2) the series resistance, and R, (€2) the shunt resistance (Lasnier, 1990). The photocurrent,
saturation current, and the resistances can be calculated using the following equations which were experimentally
obtained in the reference work.

I, =1,,{1+7.9736x10™* - (T - 25)}x[0.94G, + 0.06{1 - exp(- 8G, )] ()
I, =1, -exp{0.14132- (T - 25)} ©)

R, =R, [ +34158x107 - (T - 25)+2.5324x10~ - (T - 25) | @)

R, = Rao )

{1 +4.4490x10 - (T - 25)-8.0575x10* - (T - 25)* |

In Egs. (2)-(5), G, (kW/m?) is the insolation, L0 (A) the photocurrent under the standard test condition (STC), Iy (A)
the saturation current under STC, Ry, (Q2) the series resistance under STC, and Ry, (Q2) the shunt resistance under STC.
Assuming the junction temperature 7 and applying Newton-Raphson method, Eq. (1) numerically gives the relationship
between the PV module output voltage and current, which is stored as the I-V characteristic dataset for the simulation.
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Figure 1- An equivalent circuit of a solar cell.
2.2 Stepped I-V characteristics

To obtain a required voltage, PV modules are connected in series, which form a string. Each module has a bypass
diode to prevent the power consumption caused by the reverse voltage given from the other modules. The strings are
connected in parallel with a blocking diode to prevent the reverse current from the other strings, which form a PV array.
A 3-series 3-parallel PV array composed of 9 PV modules are shown in Fig. 2. In Fig. 2(a), 2 modules in different
strings are in a shadow. These two strings output a lower output voltage than the other unshaded string. As a result, A
stepped I-V characteristic is formed considering the bypass and blocking diodes. In Fig. 2(b), 2 modules in a string are
in a shadow. The shaded string outputs far lower voltage than the other 2 unshaded strings. The total I-V characteristic
also includes two steps in the shape. In these cases, I-V characteristic includes steps, however the MPP exist on the
upper step and lower step respectively. Assuming that a shadow was at the position shown in Fig. 2(a) is at the position
shown in Fig. 2(b), the MPP has been switched from the upper step to the botom step. If the MPPT didn’t find the
switch, the operating point remains at the upper step with tracking a local MPP.
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Figure 2- Stepped I-V characteristics on 3x3 PV array.
(a) 2 parallel modules are in the shadow, (b) 2 series modules are in the shadow.

3. SIMULATION
3.1 I-V characteristic for the simulation

For the simulation of MPPT’s performance, I-V characteristic is required as a data-set. In this study, the PV
module output current is given by 5 mA steps to calculate the PV module output voltage with Newton-Raphson method.
Then the I-V characteristic of the string is calculated as a sum of the module voltages by 5 mA steps. In this calculation,
a bypass diode for each module is considered. The forward voltage drop is neglected. Then, each I-V dataset of the
string is converted to a dataset by 0.5 V with linear approximation to obtain the array output current, where the blocking
diode is also considered. As a result, an I-V characteristic dataset of the PV array is given. In addition, the I-V
characteristic changes from moment to moment. Therefore I-V characteristic datasets need to be given at short intervals.
In this study, the I-V characteristics are calculated every 0.01 sec based on the insolation data with linear approximation
in advance.

3.2 Simulation under intentional shadow conditions

As descrived in 2.2, the stepped I-V characteristic caused by a shadow may confuse MPPT. To simulate such
phenomenon, intentional shadow conditions are assumed and prepared. The assumed shadow conditions are shown in
Fig. 3. From Fig. 3(a) to (c), a ‘L’ shape shadow moves from left to right for 1 h (3600 sec). This shadow causes two
steps and MPP is switched. From Fig. 3(d) to (f), a reverse ‘L’ shape shadow moves from bottom to top for 1 h. This
shadow also causes two steps and MPP is switched. From Fig. 3(g) to (i), a square shape shadow moves from left to
right for 1 h. This shadow also causes two steps and MPP is switched before the upper step disappears. The simulation
conditions are as follows; 1) the PV array is composed of 3-series 3-parallel PV modules, 2) PV modules (1.0 m x 1.0
m) are placed in tight, 3) each PV module has the open circuit voltage 47.9 V and short circuit current 2.5 A under STC,
4) the shadow moves at a constant speed of 1 module/20min., and 5) the short edge of the shadow is 1.0 m and the long
edge is 3.0 m. The insolation for the module under the partial shadow G (kW/m?) is assumed to be

G=(1-0.95,)G, (6)

where G, (kW/m?) is the insolation, S, (m?) is the area covered with the shadow in the PV module of 1 m?.

Under these conditions, 3 types of insolation data were given: 1 kW/m? constant, small fluctuation shown in Fig.
4(a), and frequent fluctuation shown in Fig. 4(b). The insolation dataset in Fig. 4 (a) and (b) are some part of a
measured insolation data by 1.0 sec in Ibaraki.
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Figure 3- Assumed shadow conditions and related I-V characteristics under 1.0 kW/m’-constant insolation.
(a)-(c) type A, (d)-(f) type B, ()-(i) type C.
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Figure 4- Insolation datasets for the simulations.
(a) With small fluctuation, (b) with frequent fluctuation

Giving the three insolation conditions, the I-V characteristics datasets for each shadow type was calculated. The
temperature 7 was assumed to be fixed at 25 °C. In total 9 sets of 1-hour I-V characteristic datasets were made. The
performances of four types of MPPT’s, the P&O, the IncCond, the CV, and the P&O with scanning methods, were
compared. The operating point was supposed to be moved by 0.5 V following each MPPT algorithm to reduce the
calculation time.

Table 1 shows the obtained energy for 1 h with different MPPT’s under the 9 simulation conditions. Because the 3
assumed shadow conditions were intentionally set to cause the switch of MPPs, P&O with scanning methods output
more total energy in general. Figure 5 shows trajectories of the operating point (shown in black) and the real MPP
(shown in red) in the transition of I-V characteristics under the frequent fluctuation insolation with the type-C shadow.
As shown in Fig. 5(a) and (b), P&O and IncCond cannot find the real MPP when the real MPP exists on the upper step,
which are widely observed during the latter half. On the other hand, scanning methods help to find the real MPP on the
upper step, as shown in Fig. 5 (d) to (f). Comparing the scanning methods with different intervals, 5-min scanning
seems to follow well the real MPP as shown in Fig. 5(d), however the total energy is no more than 10-min scanning
based on Table 1. Because no energy is obtained during the scanning, frequent scanning may lead to energy loss.
According to Table 1, 10-min scanning commonly obtains more energy than 5-min, or 20-min scanning, therefore the
frequency of scanning is a very important factor. In CV method, the obtained energy was generally smaller than the
other methods, because the current arround the targeted voltage was kept low as shown in Fig. 5(c). This phenomenon
can be easily caused when the PV array is affected with partial shadow; thus, CV method, which maintains the
operating point at the targeted voltage calculated with the open-circuit voltage, is not suitable for stepped I-V
characteristics. According to Table 1, through the 9 conditions, the total obtained energies with P&O and IncCond are
almost the same. This can be also seen from Fig. 5(a) and (b). Therefore, in the following sections, P&O and P&O with
scanning method are compared.

Table 1. Output energy obtained with different MPPT’s using 9 sets of 1-hour I-V characteristic datasets.

Total energy [Wh] Expected
InsolationShadow| P&O |[IncCondl CV Scanning [Wh] maximum
[Wh] | [Wh] | [Wh] |5[min]|10[min]20[min]lenergy [Wh]
Const. A 207.8 | 207.8 | 199.1 | 285.8 | 290.9 | 280.7 363.1
B 522.6 | 522.6 | 465.5 | 536.9 | 547.1 | 531.6 561.2
C 437.2 | 437.2 | 420.5 | 471.3 | 475.6 | 468.5 491.2
Small A 199.9 | 200.1 | 183.5 | 230.3 | 234.8 | 228.5 257.5
B 287.2 | 287.1 | 286.6 | 348.1 | 351.8 | 347.1 401.7
C 211.5 | 211.4 | 158.6 | 2123 | 216.3 | 211.5 228.3
Frequent| A 266.5 | 266.1 | 184.9 | 291.5 | 295.9 | 286.9 308.3
B 357.5 | 357.8 | 332.6 | 404.4 | 412.9 | 400.6 4442
C 271.9 | 272.3 | 238.4 | 287.7 | 288.3 | 279.9 299.7
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Figure 5-Trajectory of operating point (shown in black) and real MPP (shown in red) in the transition of I-V
characteristics under the frequent fluctuation insolation with the type-C shadow.
(a) P&O, (b) IncCond, (¢) CV, (d) P&O+Scan/5min., (¢) P&O+Scan/10min., (f) P&O+Scan/20min.

3.3 Simulation under practical conditions

In the previous section, the shadow effect was ‘idealized’ with the intentional shadow conditions. In this section,
more practical conditions are supposed.

Front building. Figure 6 shows a simulation model, where a 3x3 PV array facing South is set on a roof top with
20deg-altitude angle, and a 15m-width 4m-higher building than the PV array exists across the 6m-road in front of the
PV array. The 4 m difference in the height supposes the difference between the three-story high apartment house and
the two-story high house in a typical residential area. The parameters, x (m) is the building’s height from the PV array, y
(m) the distance between the PV array and the building, 8, (deg) the altitude angle of the sun, 8, (deg) the azimuth angle
of the sun, a = x/tand, (m) the length of the shadow, and b = y/sinf, (m). When a > b, the building casts a shadow on the
PV array. The insolation datasets are shown in Fig. 7. These dataset were measured in Gunma prefecture on December
23, 25 in 2006 and January 4 in 2007. The altitude angle 8, (deg) and the azimuth angle 6, (deg) of the sun was moved
following the diurnal movement on the date. For the PV modules, the same conditions from 1) to 3), and Eq. (6)
described in the previous section 3.2 are applied.

Three sets of 10-hour I-V characteristic datasets were made. The temperature 7 was assumed to be fixed at 25 °C.
The performances of four types of MPPT’s, the P&O, the P&O with scanning methods by 30, 60, and 90 min were
compared. The operating point was supposed to be moved by 0.5 V following each MPPT algorithm to reduce the
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calculation time. The output energy obtained with the MPPT’s are shown in Table 2. Under any insolation condition,
P&O obtained more energy than P&O with scanning methods. Trajectories of the operating point (shown in black) and
the real MPP (shown in red) in the transition of I-V characteristics under the clear sky insolation are shown in Fig. 8. As
shown in Fig. 8(a), P&O cannot find the real MPP in the early morning and late afternoon. However the term affected
by the stepped I-V characteristic is limited to these two terms. During the daytime, only one string is affected by the
shadow, which doesn’t cause steps. Generally the insolation is not high in the early morning or late afternoon. Therefore,
the energy loss caused by the scanning operation is reflected in the difference of the obtained energies. The similar
results were observed under the other two insolation conditions as shown in Figs. 9 and 10.
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Figure 6- A model case a building exists in front of PV.

(a) Relationship between the sun and the shadow of the building wall, (b) a layout from the top, (c) a layout
from the east.
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Figure 7- Insolation datasets observed in Gunma prefectur.
(a) clear sky, (b) with small fluctuation, (c) with frequent fluctuation.

Table 2. Output energy obtained with different MPPT’s

using 3 sets of 10-hour I-V characteristic datasets.

Total energy [Wh] Expected
P&O Scanning [Wh] maximum
[Wh] [30[min]|60[min][90[min]/energy [Wh]
Clear [1603.1/1597.7|1598.211600.9| 1619.1
Small [1529.3)1521.7|1523.5|1525.4| 1540.8
Frequent|1361.6/ 1355.6|1357.4|1358.8| 1370.7
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Figure 8-Trajectory of operating point (shown in black) and real MPP (shown in red) in the transition of I-V
characteristics under the clear sky insolation of Fig. 7(a).
(a) P&O, (b) P&O+Scan/30min., (¢) P&O+Scan/60min., (d) P&O+Scan/90min.
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Figure 9-Trajectory of operating point (shown in black) and real MPP (shown in red) in the transition of I-V
characteristics under the small fluctuation insolation of Fig. 7(b).
(a) P&O, (b) P&O+Scan/30min., (c) P&O+Scan/60min., (d) P&O+Scan/90min.
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Figure 10-Trajectory of operating point (shown in black) and real MPP (shown in red) in the transition of [-V
characteristics under frequent fluctuation insolation of Fig. 7(c).
(a) P&O, (b) P&O+Scan/30min., (¢) P&O+Scan/60min., (d) P&O+Scan/90min.
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Slantwise building. Based on the above results, a different model was supposed. As shown in Fig. 11, the building
is shifted to the west. All the other situations are the same to the previous model. In this situation, the shadow starts to
affect the PV array after the calmination then enlarges the shaded area. The I-V caharacteristic datasets were revised
and the performances of five types of MPPT’s, the P&O, the P&O with scanning methods by 15, 30, 60, and 90 min
were compared. The operating point was supposed to be moved by 0.5 V following each MPPT algorithm to reduce the

calculation time.
® Sun
15[m]

Building wall

N
=

PV array

s

3.0[m]
Figure 11- A model case a building exists deagonally in front of PV, (a layout from the top).

3.0c0s(20°) [m]

Table 3. Output energy obtained with different MPPT’s
using 3 sets of 10-hour I-V characteristic datasets.

Total energy [Wh] Expected
P&O Scanning [Wh] maximum
[Wh] |15[min]{30[min]|60[min]|90[min]jenergy [Wh]
Clear [1316.9/1354.4]1367.8]1328.9|1330.9| 1383.9
Small |1177.3/1202.8|1215.5|1190.6|1192.1 1241.4
Frequent|1180.6] 1186.9|1185.21192.2|1194.1 1226.5
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Figure 12-Trajectory of operating point (shown in black) and real MPP (shown in red) in the transition of [-V
characteristics under the clear sky insolation of Fig. 7(a).
(a) P&O, (b) P&O+Scan/15min., (¢) P&O+Scan/30min., (d) P&O+Scan/60min., (¢) P&O+Scan/90min.
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Figure 13-Trajectory of operating point (shown in black) and real MPP (shown in red) in the transition of [-V
characteristics under the small fractation insolation of Fig. 7(b).
(a) P&O, (b) P&O+Scan/15min., (¢) P&O+Scan/30min., (d) P&O+Scan/60min., (¢) P&O+Scan/90min.
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Figure 14-Trajectory of operating point (shown in black) and real MPP (shown in red) in the transition of I-V
characteristics under frequent fluctuation insolation of Fig. 7(c).
(a) P&O, (b) P&O+Scan/15min., (¢) P&O+Scan/30min., (d) P&O+Scan/60min., (¢) P&O+Scan/90min.

The output energy obtained with the MPPT’s are shown in Table 3. Under the conditions of clear sky and with
small fluctuation, P&O with scanning method by 30 min outputs more energy than the others. As shown in Fig. 12(c)
and Fig. 13(c), the operating point follows well the real MPP with the assist of scanning. As shown in Fig. 12(b)
and Fig. 13(b), the operating point also follows well the real MPP with the assist of scanning, however the frequent
scanning reduces the output energies. On the other hand, the longer scanning intervals than 30 min also lead to the
reduction of output energy, which is caused by tracking a local maximum as shown in Figs. 12 (d)(e) and 13 (d)(e).

In the case of frequent fluctuation insolation, P&O with scanning method by 90 min outputs more energy than the
others. Judging from the trajectories of the operating point shown in Fig. 14, the operating points follow well the real
MPP except P&O. Therefore, the difference between the P&O with scanning methods is caused by the power loss
during the scanning operation.

Consequently, when the insolation does not fluctuate and the PV array is affected by the partial shadow during
high
insolation term, the scanning method is effective to obtain more energy from the PV array. However, the frequency of
the scanning must be carefully chosen.

4. CONCLUSIONS

In this study, a roof top PV array (3x3) affected by a partial shadow was assumed and discussed about the output
energy based on the simulation results. At first, the performances of four types of MPPT’s, the P&O, the IncCond, the
CV, and the scanning methods, have been compared under the condition of the intentional partial shadows which
caused a local MPP. Then, the roof top PV array affected by a shadow of a mid-to-high-rise building in front of or
diagonally in front of the PV array were supposed. Considering the shadow casted by the building with the diurnal
movement, the [-V characteristics were calculated every 0.01 (s) based on the measured irradiation dataset by 1.0 (s)
using the linear approximation. The trajectories of the MPPs and the total output energies have been shown, compared,
and discussed. Consequently, when the insolation does not fluctuate and the PV array is affected by the partial shadow
during high insolation term, the scanning method is effective to obtain more energy from the PV array. However, the
frequency of the scanning must be carefully chosen.
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