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One factor that drastically limited the penetration level of photovoltaic (PV) panels into the market was their low performance
in partial shading conditions (PSC). When the cells from a panel receive different amounts of irradiations, the maximum power
generation capability of the panel is impacted, and the entire performance is reduced. Several techniques were employed to
overcome this phenomenon i.e. bypass diodes, different cells interconnections, cooling solutions, etc. In this study, we analyze the
effect of partial shading over PV panels containing cells with different bus bars (BB) configurations. This is important because it
can help designers choose the most appropriate type of cell for areas that are more prone to PSC and it can also be useful for

other studies to improve the performances of new types of cells.

1. INTRODUCTION

From its early beginning, the PV panel carried a heavy
burden, its theoretical conversion efficiency limit set by
Shockley and Queisser (S-Q limit) to 30 %. While this limit
was latter updated to 33.7% due to more accurate
calculations of the band gap energy, it is still considered a
low performance compared to other p-n junction devices
[1]. With all this, the PV panel made great progress in both
directions: scientific research and commercial applications,
the latter being the driving force of the industry.

Today, PV deployment is over 500 GW spread all over
the Globe and will continue to grow back-up by programs
like: European Fund for Strategic Investments (EFSI),
Horizon 2020 (European Union), Tesla Solar Roof (United
States), Smart Export Guarantee (United Kingdom) efc [2].
These programs make the higher level of penetration for PV
possible, although the price for polysilicon rebounded 6 %
from last year reaching 9.20 $/kg, and the average selling
price for PV panels in July 2019 was 0.26 $/W identical to
the price from the same period of 2018 [3, 4].

The scientific research for PV panels is mostly
concentrated around materials for the cells itself, the
bonding adhesives, the glass efc. Typically, a PV cell is a
thin wafer consisting of a thin layer of phosphorous-doped
(N-type) silicon placed on top of a thicker layer of boron-
doped (P-type) silicon. The most common materials used
for manufacturing PV cells are monocrystalline silicon,
polycrystalline silicon and amorphous silicon. In laboratory
conditions, crystalline Si PV cells reached a maximum
efficiency rate of 26.7 % [S]. New materials like organic
cells, group III-V materials and perovskite cells are
undergoing rapid development to push the efficiency rate
closer to the S-Q limit [5].

In a parallel direction, the structure of a PV cell also
evolved. The first generation of commercially available
cells used a rectangular shape and one or two BB to collect
the generated current (Fig. 1).

Current cells are designed to maximize the surface area

exposed to the Sun while minimizing the resistance of the
current path. Commonly, they have a square shape of
around 15 x 15 cm, and 2 to 5 BB (Fig. 2 a) — d)). The 4
and 5 BB cells are available in two types with full BB or
with slotted ones (Fig. 2 e) — f)). We will present all the
commercially available PV cells with 2 to 5 BB in both
forms in this paper.

LIGHT

) .: Bus Bar (BB)
e — Finger (collector path)

phosphorous-doped (N-type) -—
boron-doped (P-type)

Metal plate

Fig. 1 — Structure of a PV cell.

e) f)
Fig. 2 — Cells with different BB configurations.

During this study, we discover that there is one Indian
manufacturer who delivers PV cells with 6 and 12 BB, but
there is insufficient data to include these cells in our article.

In PSC, PV cells from a panel receive different amounts
of solar irradiation. Shadows can be cast by clouds, poles,
trees, buildings, birds or accumulation of dust and residues
on the PV cells. Except for fixed structures, most of the
times the shadows cannot be predicted, but in all the cases
their impact over the performance of the PV panel is
significant. One study [6] proves that a 2 % area of a
module shaded can lead to almost 70 % performance loss,
while others [7, 8] showed that 5—10 % panel shade reduces
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the output power up to 80 %. The common denominator of
these studies is that the power losses caused by shading,
depend both on the covered area of a cell and the
percentage of the shaded cells from the panel together with
the cell type.

The shadows affect not only the current flow in the cell,
but they also limit the current flow in the whole panel
because most of the times cells are connected in series. On
the other hand, if the shaded cells are forced to conduct
more current, they will get reverse biased which will
increase the thermal stress and lead to the formation of hot-
spots [9]. Usually, this is avoided by connecting bypass
diodes antiparallel with every cell, which provide an
alternate path for the current [10, 11]. In practice, PV
panels are equipped with either only one bypass diode for
every 12 to 18 cells or none at all [12].

Another way that the effect of PSC can be reduced, is by
using different connections schemes like: total-cross-tied
(TCT), Bridged-Linked (BL), and Honey-Comb (HC) [13—
15], beside the classic ones: series, parallel and SP. Also,
several studies [16-20], investigated reconfiguration
schemes by which shaded cells are rearranged inside the
panel and so improving the efficiency of the system.

This paper extends the research done by the authors in
[21], where only one cell was investigated. Now, we
analyze the effect of PSC over a string of 5 cells connected
in series with different BB configurations. The goal is to
evaluate the performance of the proposed PV panels in
PSC. The main contributions of the paper are:

e developing the model for 2 to 5 BB cells based only on
the manufacturer data (Section 2);

e creating a realistic scenario for a casting shadow that
affects 5 cells connected in series (Section 3);

e determining the efficiency of the proposed panels by
direct comparison of the maximum power point (MPP)
from standard test conditions (STC) with the MPP from
PSC (Section 4).

2. PV CELL MODEL

A lot of models have been developed in order to simulate
the performance of a solar cell because a practical analysis
is expensive and difficult due to the changing
environmental conditions. Most of them use equivalent
circuit models based on a diode placed in parallel with a
current source (ideal model), to define the entire I-V
characteristic of the cell for a given set of operating
conditions. Among them, the single-diode model and the
two-diode model are a preferred choice because they offer
excellent accuracy with minimal computational effort [22,
23]. In this study, we will use the one diode model due to
the limited data provided by the manufacturer (only the I-V
curve for STC), and because it offers a good compromise
between accuracy and complexity.

2.1. ONE DIODE MODEL

The one diode model extends the ideal model of a PV
cell by adding a series and parallel resistor.

The equation that describes the output current /, of the
cell, is given by eq. (1):
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where I,, is the photocurrent, /, is the diode saturation
current, 4 the diode ideality factor, ¢ the elementary charge,
kp the Boltzmann constant, 7 the temperature in K, V' the
output voltage, R, and R, the shunt and parallel resistors.
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Fig. 3 — One diode model

All the parameters from eq. (1) are temperature
dependent, but in this study, we choose to neglect this
effect in order to reduce the complexity of the model. The
diode ideality factor was set to 1.3 which is a good
approximation for a Si-poly crystalline cell [24].

2.2. PARAMETER EXTRACTION

Considering eq. (1), the parameters needed for the
implementation of the model are: the photocurrent, the
diode saturation current, the series and parallel resistors and
the diode ideality factor — 5 parameters model. There are
several methods, presented in the literature, to determine
these parameters: iterations methods [24], graphic methods
[22], and adaptive techniques [25] efc. In this paper, due to
the limited data provided by the manufacturer, we use a
graphic method that requires as input only the [-V
characteristic of the cell at STC. This method considers the
coordinates of 4 points on the /-V characteristic: (VOC, 0),
", 1), (Va, L) and (0, Iy,) (Fig. 4), and based on them
determines the slopes of the current and voltage sources
parts, that are used to calculate the values for R, and R, [25].
The rest of the parameters are calculated using well-known
equations available in the literature.
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Fig. 4 — The graphic method used to extract model parameters.

3. THE SHADOW SCENARIOS

The shadow scenarios are based on a real case in which a
stairs shaped building with several floors is casting a
shadow to a string of 5 series connected PV cells placed
facing South. The moving shadow is progressive and
affects the cells from bottom to top. Considering the
trajectory of the Sun from left to right, at 11 o’clock the
shadow affects only the cell number 2 covering 10 % of its
effective area (Fig. 5 a)). At 12 o’clock the shadow affects
cells numbers 2 and 3 covering 15 % of each cell (Fig. 5
b)). At 13 o’clock the shadow is at its peak covering cell
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no. 2 — 20 %, cell number 3 (25 %), cell number 4 (15 %)
(Fig. 5 ¢)).

Fig. 5 — Shadow patterns.

The correlation between the shadow patterns and the
level of irradiance that reaches each cell is done by using
the covered area coefficient [18, 7] and the limit values of
irradiance from the manufacturer data-sheet at STC. When
the PV cell is not covered, the irradiance level is maximum
ie. 1000 W/m® while when it is covered entirely its
irradiance level drops to 200 W/m?* [26— 28]. Between these
two extreme points, the irradiance values for the scenarios
presented earlier are shown in Table 1.

Table 1
Covered area coefficient correlated with irradiance level

Covered area [%] Irradiance level [W/m’]
10 920
15 880
20 840
25 800

4. RESULTS AND DISCUSSION

The cells stimulated in this study are based on the data
sheets provided by Topsky Energy (HK) Limited, a Chinese
Hong Kong-based manufacturer. This manufacturer was
chosen because it produces the entire set of cells from 2 BB
to 5 BB that have relative close MPPs (Table 2).

Table 2
PV cells manufacturer data

Characteristic 2 BB 3BB 3 BB with
slots
D“‘[‘r‘r’l';;‘]""s 156.75%156.75 | 156.75x156.75 | 156.75x156.75
No. of bus bars 2 3 3
Width [mm] 1.8 1.5 1.5
Maximum
power [W] 4.42 4.47 4.429
V MPP [V] 0.523 0.535 0.535
1MPP [A] 7.925 8.26 8.28
VOC [V] 0.647 0.636 0.64
ISC [A] 8.642 8.77 8.66
4BB 4 BB with 5BB 5 BB with
slots slots
156.75x156.75 156.75x15675 156.75x156.75 156.75%x156.75
4 4 5 5
0.7 1 0.7 0.8
4.429 4.67 4.42 4.53
0.527 0.56 0.535 0.542
8.456 8.34 8.22 8.35
0.633 0.663 0.626 0.639
8.991 9.07 8.85 8.85

Based on the data from Table 2 and applying eq. (1) and
the methodology presented in Section 2, we developed the
models for the 2 BB, 3 BB, 4 BB and 5 BB PV cells at
STC, i.e. T=25°C, and I = 1000 W/m* (Fig. 6).
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Fig. 6 — PV cells characteristics at STC.

The differences at MPP between the developed models
and the manufacturer data are below 2 %. Due to the fact
that cells with lower Rs are more prone to produce hot-
spots in a string formation, we present the values obtained
through simulation for a single cell in Table 3.

Table 3
PV cells Rs
Parameter 2 BB 3 BB 3 BB slots
Rs [mQ] 1.1 1.0 2.4
4 BB 4 BB slots 5 BB 5 BB slots
1.78 2.5 1.0 1.3

In the next phase of the study, we connected 5 PV cells
of the same type, determined their effective exposed area
(Table 4), and submitted them to the proposed scenarios.

Table 4
Effective exposed areas of the PV cells

Characteristics 2 BB 3 BB 3 BB slots
Cell area [mm?] 24570.56 24570.56 24570.56

BB area [mm’] 564.3 705.375 423.22

BB area [%] 2.296 2.870 1.722

Effective area [%] 97.703 97.129 98.278
4 BB 4 BB slots 5 BB 5 BB slots
24570.56 24570.56 24570.56 24570.56

438.9 376.2 548.625 376.2

1.786 1.531 2.232 1.531

98.214 98.469 97.767 98.469

Based on the effective exposed areas and the correlation
between the irradiance and exposed areas, we determined
the MPP for each PV panel at STC, which will act as a
reference for the efficiency evaluation. For the proposed
scenarios we calculated the partial shading power losses
(PSPL) and the fill factor (FF) (Table 5).

The PSPL is obtained by subtracting the MPP at PSC
from the value of MPP at STC — eq. (2). The FF depends on
the open-circuit voltage, short circuit current and MPP at
PSC —q. (3).

PSPL = MPPg1 — MPPpg(, @

FFzm-IOO,
VOC'[SC

3
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Table 5
PV panel performances under PSC
Characteristics 2 BB 3 BB 3BBs
No. shade MPPsrc [W] 21.57 21.63 21.72
Scenario 1 PSPL [W] 0.66 0.68 0.68
FF [%] 74.79 75.12 75.92
Scenario 2 PSPL [W] 1.73 1.74 1.73
FF [%] 70.96 71.31 72.13
Scenario 3 PSPL [W] 3.18 3.15 3.23
FF [%] 65.77 66.26 66.72
Table 5 — continuation
Characteristics 4 BB 4BBs 5 BB 5SBBs
No. shade MPPgrc [W] 21.73 22.97 21.58 22.24
Scenario 1 PSPL [W] 0.65 0.68 0.67 0.67
FF [%] 74.07 74.13 75.48 76.28
Scenario 2 PSPL [W] 1.68 1.79 1.71 1.77
FF [%] 70.45 70.44 71.73 72.39
Scenario 3 PSPL [W] 3.14 331 3.21 331
FF [%] 65.32 65.38 66.31 66.94

The cell that exhibits the lowest power losses for all the
three scenarios is the 4BB cell, which registered a power
loss between 0.65 — 3.14 W for the regular version and 0.68
— 3.31 W for the slotted one. At the opposite pole is the
2 BB cell with registered power loses between 0.66—
3.18 W.

Regarding the FF, the best cell is the SBB which has the
biggest values between 75.48 — 66.31 % for the regular
version and 76.28 — 66.94 % for the slotted version. The
lowest FF is achieved by the 4 BB cell with values between
65.32 — 74.07 % (regular version) and 65.38 — 74.13 %
(slotted version). This can be explained considering the
increased values of the internal resistance of the 4 BB cell
which lowers its efficiency overall.

4. CONCLUSIONS

This paper analyzes 7 types of poly-Si PV cells
connected in series and submitted to a live PSC scenario.
The cells have different BB configuration which leads to
different internal resistances and effective exposed areas.

Regarding the number of BB, our study concluded that
the 5 BB cell is the most efficient in PSC, followed by the
3 BB and the 4 BB ones.

The new technology of slotted BB while emphasizing the
effective exposed area over the internal resistance, showed
that if these values are not carefully chosen, they produce
worse results then the full BB. This proves that the
performance of a cell is given by a perfect balance between
effective exposed area and internal resistance.
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