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ABSTRACT

Partial shading forces the affected cell in a photovoltaic module to operate under reverse bias,resulting in a module-level
reverse-bias current. This reverse-bias is widely recognized as the direct physical origin of hotspots formation in photovoltaic
(PV) modules, and severe hotspots can lead to irreversible degradation of PV modules. Existing breakdown-extended models
typically treat a partially shaded cell as a homogeneous unit, obscuring the respective contributions of shaded and unshaded
regions within the same cell. In this study, a physically interpretable dual-region equivalent-circuit model for a shaded cell was
constructed based on the mechanism of the avalanche multiplication effect. In the model, avalanche multiplication in the
shaded region is driven primarily by leakage current, whereas in the unshaded region it is driven by both leakage current
and photogenerated current. Based on the measured I-V characteristic data under different shading ratios, the model param-
eters are determined via numerical fitting with clear physical meaning. The results show that the unshaded region contributes
approximately 4-12 times higher module-level reverse-bias current density than the shaded region. This study provides a mech-
anistic framework for analyzing module operation under partial shading and interpreting reverse-bias behavior in terms of
region-resolved contributions.

1 | Introduction solar will account for approximately 41% of global electricity
demand [4].

Photovoltaic (PV) technology is expected to become the domi-

nant source of electricity generation, driven by the abundance
of solar resources and its advantages as a clean, renewable,
and cost-effective energy solution [1, 2]. Solar energy, the
fastest-growing source of electricity generation for the 19th year,
is leading the energy revolution. By 2023, solar PV alone
accounted for approximately 35% of the world’s clean installed
capacity. In fact, solar PV capacity additions surged by over 80%
in 2023, setting a new record of 425 GW [3]. Solar PV reached a
5.5% share of the global electricity mix in 2022, and according to
the prediction of the International Energy Agency (IEA), by 2050,

Centralized PV power generation and distributed PV power gen-
eration represent two distinct approaches to the development of
PV energy systems. Centralized PV power stations are mainly
constructed in remote or nonresidential areas. Distributed PV
systems are typically located on rooftops, including those of resi-
dential, commercial, and industrial locations [5-9].

In the recent 2 years, distributed solar PV accounted for about
half of total solar PV capacity additions [10]. Compared with
centralized PV, distributed PV offers benefits such as installa-
tion-flexibility, maintenance-ease, and operation-independence;
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however, the operating environment of distributed PV systems is
also more complex. PV modules are sometimes shaded by nearby
buildings, trees, or other structures [11], and in some cases, they
may be covered by leaves, bird droppings, or accumulated dust
[12, 13], as illustrated in Figure 1a. When shaded, the output
power of the affected PV modules is significantly reduced [14].
This will lead to a mismatch in the operation of the PV array,
resulting in hotspot effects, which shorten the lifespan of the
modules [15], and in severe cases, may even trigger fires [16].

To date, numerous studies have explored the output character-
istics of PV modules under partial shading conditions. These
investigations consistently demonstrate that the actual power
loss of PV modules under partial shading is significantly lower
than the theoretical power loss estimated based on the shading
ratio. For instance, M.C. Alonso-Garcia et al. reported that when
a single cell in a series-connected module is half-shaded, the
module’s maximum power loss is 32%, while full shading of
the cell results in a maximum power loss of 79%, which are
18% and 21% lower than the theoretical values, respectively
[17]. Similarly, Alberto Dolara et al. observed that when a single
cell in a module comprising two cell strings arranged in parallel
is fully shaded, the module’s power loss is 31%, reflecting a 19%
reduction compared to the theoretical estimate (50%) [18]. The
underlying reason for this phenomenon is that a cell shaded
by external factors has to bear a reverse-bias created by other
parts exposed to sunlight. This reverse-bias generates a
reverse-bias current in the shaded cell that flows in the same
direction as the photocurrent, thereby mitigating the adverse
impact of partial shading on the overall performance of the
PV module.

Volker et al. introduced an extension term to account for diode
breakdown and developed a model capable of reproducing the
I-V characteristics of PV modules under partial shading [19].
Their results showed that shading 75% of a cell, corresponding
to only about 2% of the total module area, could still cause a
power loss as high as 70%. Even with a bypass diode spanning
18 cells, the loss was only reduced to 55%, indicating that partial
shading can induce performance degradation far disproportion-
ate to the shaded area. The significance of this work lies in

incorporating reverse-breakdown behavior into the simulation
framework of shaded PV modules. A limitation of this model
is that it treats the shaded cell as a whole and does not distinguish
the different contributions of the shaded and unshaded parts to
the module reverse current, making it difficult to reveal the
detailed mechanisms of reverse-current formation and hotspot
development under partial shading.

To address this issue, unlike the work of Volker et al., which
treats a partially shaded cell as an integral whole, our study
develops a power-generation characteristic model for partially
shaded PV module, aiming to clarify the formation mechanism
of reverse current and improve the physical meaning of the
model parameters under partial shading conditions. The core
of this model is the explicit recognition that, under partial shad-
ing, the unshaded region of the cell is also under reverse bias and
that its reverse-bias voltage can induce an additional current. On
this basis, separate current expressions are established in the
equivalent model for the shaded region and the unshaded region,
and these two contributions are treated as parallel branches that
together constitute the reverse-bias current term of a partially
shaded PV module, thereby enabling a separated description
of the contributions from different regions within a partially
shaded cell. Furthermore, by adjusting the shading ratio and
measuring the corresponding I-V data, the parameters of the pro-
posed theoretical model were fitted and validated. Compared
with existing models that can only reproduce the overall output
characteristics of a module under partial shading, the present
model can further reveal the different contributions of the shaded
and unshaded regions to the reverse current, thereby improving
the physical interpretability and engineering applicability of the
model parameters.

2 | Experimental Details and Research Process

The PV module used in this study is a crystalline silicon PERC
module comprising 36 cells connected in series with a bypass
diode in parallel. The nominal parameters of the module are
as follows: P.,=100W, V,.=18V, and I,.=6.66A. The
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(a) Common shading scenarios in distributed photovoltaics. (b) Simulation method for partially shading. (c) Research process in this
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ambient temperature during the experiments was 20°C (£1°C).
Solar irradiance incident on the module was measured using a
solar irradiance meter from Lailx Technology. To ensure consis-
tent conditions, the module’s tilt angle was adjusted to maintain
a fixed irradiance of 900 W/m?.

Opaque materials with zero transmittance were affixed to the PV
glass to simulate partial shading conditions (as demonstrated in
Figure 1b). The shading ratios for a single cell were systematically
set to 0, 1/4, 1/2, 3/4, and 1. An I-V testing platform for the PV
module was constructed using a DC electronic load (ITECH
1T8813B) and a data acquisition system (ITECH IT9380) to scan
the I-V curves of the module under various shading conditions.

This study aims to determine the contributions of the shaded and
unshaded regions within a partially shaded cell in a PV module by
investigating their I-V characteristics individually and performing
numerical fittings. The research process, as illustrated in Figure 1c,
consists of five steps. Step 1: Measure the I-V curves of the PV
module under various shading ratios. Step 2: Obtain the I-V char-
acteristics of the shaded cell based on the previous measurements
and establish the relationship between the reverse-bias voltage of
the shaded cell, the module’s voltage, and the shading ratio. Step 3:
Develop an equivalent circuit model and the solar cell equation for
the shaded cell by distinguishing the shaded and unshaded por-
tions within the same cell. Step 4: Determine the parameters in
the solar cell equation for both the shaded and unshaded portions
through numerical fitting, as well as the parameters in the rela-
tionship between the reverse-bias voltage of the shaded cell, the
module voltage, and the shading ratio. Step 5: Based on the pro-
posed model and parameters, compare and analyze the contribu-
tions of the shaded and unshaded portions to the current of the PV
module and examine the impact of partial shading on the short-
circuit current and fill factor of the PV module.

3 | Results and Discussion

3.1 | Much Larger Current than Expected and
Explanation

We initially measured the I-V curves of the PV module under
various partial shading ratios, as shown in Figure 2. These curves
exhibit characteristics consistent with those reported in the liter-
ature [19]. For comparison, we also present the theoretical I-V
curves of the module for each shading ratio in Figure 2, calcu-
lated using a simplified series-parallel model, which does not
account for the reverse-bias current. The theoretical current is
calculated as the product of the unshaded ratio, 1-R, and the cur-
rent of the unshaded module, that is, Itheo = (1 - R) X Iunshaded-

It can be clearly observed that, under various partial shading
ratios, the actual output current, Iy, is significantly higher
than Ithe, This difference is especially pronounced when the
PV module is short-circuited. To facilitate the description, we
define a quantity A to describe the difference between the mea-
sured short-circuit current, Iy peas, and the theoretical short-
circuit current, Iy theo, Where Alg. = Isc.meas — lse-Theo» aS also
indicated in Figure 2. The values of Iy meass Isc-Theos and Al
under various shading ratios are provided in Table 1.

This additional current, Al can be attributed to the reverse-bias
current generated in the shaded cell. The reverse-bias current
includes the leakage-current related to the shunt resistance,
the reverse-bias-current of an ideal p-n junction, and the break-
down current across the junction. As illustrated in Figure 3a, the
PV module can be divided into two parts: a single shaded cell and
the remaining 35 unshaded cells. For ease of description, they are
referred to as “1-cell” and “35-cells”, respectively. These two parts
are connected in series, which imposes a constraint that the cur-
rent through the shaded cell must equal that through the
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Comparison between measured and theoretical -V curves of PV module under various shading ratios. (a) R=1/4. (b) R=1/2.

(c) R=3/4. (d) R=1. For reference, I-V curves of the unshaded module were also given.
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TABLE 1 |
module under varying shading ratios.

Short-circuit current and open-circuit voltage of PV

R Isc-meass A Isc-Theos A AL, A Voo, V
0 5.037 — 0 20.869
1/4 4.952 3.778 1.174 20.773
1/2 4.453 2.519 1.934 20.781
3/4 3.049 1.259 1.790 20.714
1 1.650 0 1.650 20.524

unshaded cells. As a result, the current generated by “35-cells” is
“blocked” by “1-cell”, leading to charges accumulation at the cell’s
terminals. This accumulation subjects “1-cell” to a reverse-bias
voltage, which induces a reverse-bias current in “1-cell” flowing
in the same direction as the photocurrent, Inghag. When the
reverse-bias voltage becomes sufficiently high, it can even trigger
an avalanche multiplication effect in “1-cell”. However, the mag-
nitude of the reverse-bias current during avalanche breakdown is
limited by the short circuit current of the unshaded module and,
therefore, will not become excessively large.

The I-V curves of “1-cell” (with R=0, 1/2, and 1) and “35-cells”
are shown in Figure 3b, represented by dashed and solid lines,
respectively. When R =0, the operating state of “1-cell” (black
dashed line) is identical to that of “35-cells”, except that its output
voltage is 1/35 of the output voltage of “35-cells”. However, when
R # 0, the I-V curves of “1-cell” become more complex. If the load
resistance of the module is sufficiently large, such that the output
current of “35-cells” is less than the maximum photocurrent Iy, X
(1-R) that “1-cell” can generate, “1-cell” operates in a forward-
biased state, represented by the dashed line on the right side of
the axes. As the load resistance decreases, “1-cell” begins to limit
the module’s current, causing it to suffer from reverse-bias. The
smaller the load resistance, the closer the module operates to
short-circuit conditions, making the current limitation imposed
by “I-cell” more pronounced. Consequently, the reverse-bias
voltage (Vi.,) experienced by “l-cell” increases. V.., drives a
reverse-bias current (I,) in “l-cell”, which flows in the same
direction as the photocurrent. As V., increases, the avalanche
multiplication effects occur, leading to a rapid rise in I, within
“l-cell”, as shown by the dashed lines on the left side of the
axes. According to the aforementioned constraint, the sum of
the I, X (1-R) and I, in “l-cell” must equal the current of
“35-cells”. Therefore, the intersections of the horizontal dashed
lines with the I-V curves represent the operating states of “1-cell”

and “35-cells” at a given module output current. When the
module operates under short-circuit conditions, the V., experi-
enced by “1-cell” equals the voltage of “35-cells”, and the current
of “l-cell” reaches the maximum value: the short-
circuit current of the module.

From Table 1, it can also be observed that the change in Al
shows a trend of initially increasing and then decreasing with
the increase in R of “l-cell”, reaching a maximum of 1.934 A
at R=1/2. This indicates that the shaded and unshaded portions
of “1-cell” contribute differently to I.,, with the unshaded por-
tion providing a larger I,.,. This is because the unshaded portion
has a higher carrier concentration (photogenerated carriers),
resulting in a more significant avalanche multiplication effect
compared to the shaded portion. When R <1/2, the increase
in Al with R can be attributed to the gradually increasing
V.ev- However, when R > 1/2, the decrease in Al, with R can
be explained by the reduced area of the unshaded portion. A
detailed comparison of the contributions of the shaded and
unshaded portions to I, will be provided in subsequent sections.

3.2 | I-V Characteristics of the Shaded Cell

The I-V characteristics and operational mechanisms of a PV mod-
ule under partial shading are primarily determined by those of the
shaded cell. Therefore, in this section, we derive the I-V character-
istics of the shaded cell by analyzing the data in Figure 2 (the I-V
characteristics of the module), which will serve as the foundation
for investigating the module’s operational mechanisms.

Initially, the relationship between the reverse-bias current of the
shaded cell (I.,) and the voltage of the entire module (Vinoqule)
was determined using the method illustrated in Figure 4a, result-
ing in the ILey-Vinodule curves. Each point on the module’s I-V
curve provides the values of Vi;oqule and the corresponding cur-
rent (I) flowing through the module. The current I consists of two
components: the photocurrent of the shaded cell (Ipn-shaq) and
Ly Here, Iyn.shaq is constant for a given shading ratio, equal
to Isctheo s presented in Column 2 of Table 1. By subtracting
Ihshaa from I, I, can be calculated. The resulting Irev-Vimodule
curves are depicted in Figure 4b. It can be observed that I,
decreases as Viyodule increases. When Vinoque is sufficiently high,
Iy gradually decreases to zero, corresponding to the scenario
where the voltage across the shaded cell is zero. As Viodule
increases further, the shaded cell transitions to a forward-biased
state, and the shape of the Iey-Vinodule Curve is governed by the
characteristics of a p—n junction under forward-bias. The Vi,odule
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(a) The equivalent circuit diagram of a PV module with one cell shaded. (b) The I-V curves of the shaded cell and the remaining 35
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the module, under various shading ratios. (c) Relationship between the voltage of the shaded cell and the voltage of the module, under various shading
ratios. (d) I-V curves of the shaded cell and the remaining 35 unshaded cells, under various shading ratios, when the shaded cell is in reverse bias. (e)
Relationship between the voltage of the shaded cell and the module current, under various shading ratios. (f) Relationship between the reverse-bias

current and voltage of the shaded cell under various shading ratios.

values at which the shaded cell transitions from reverse-bias to
forward-bias vary under different shading ratios. For shading
ratios of 1/4, 1/2, 3/4, and 1, the Vi,0qule Values corresponding
to Iey =0 are 16.97, 18.58, 19.59, and 20.60 V, respectively.

Next, the relationship between the voltage across the shaded cell
(V1cen) and Vipoqule Was determined. As shown in Figure 4a, by
drawing a horizontal line from the point (I, Vipoqule), 20 intersec-
tion with the I-V curve of the unshaded module can be obtained.
The voltage at this intersection, V7, corresponds to the output
voltage of the unshaded module (composed of 36 cells) when
the output current is I. Under shaded conditions, the 35
unshaded cells within the module operate in the same state as
the cells in the unshaded module, with a current-voltage char-
acteristic of I, V1/36. Therefore, the total voltage provided by the
35 unshaded cells can be expressed as: Vs ceis = V1 X 35/36. The
voltage across the shaded cell, V7 .y, can then be calculated as:
Vi-cell = Vinodule - V1 X 35/36. The relationship between V_.; and
Viodule 18 illustrated in Figure 4c. It can be observed that when
Vmodule 1S relatively low, the shaded cell operates in a reverse-

Solar RRL, 2026

biased state, with the reverse bias increasing as Vi,oqule decreases.
When Vi,oqule €Xceeds a certain threshold, the shaded cell tran-
sitions to a forward-biased state. The points where V;_ce;; = 0 cor-
respond to the module voltages at which I, =0, as indicated by
the dashed lines in Figure 4.

Based on the above analysis, we obtained the I-V characteristics
of the shaded cell in its reverse-biased state (the right half of
Figure 3b), which are plotted in Figure 4d (with the horizontal
axis taking negative values). For completeness, the I-V character-
istics of the 35 unshaded cells are also plotted (with the horizon-
tal axis taking positive values). Under various shading ratios, the
actual short-circuit current of the entire module, as shown in
Figure 2, corresponds to the intersection points in Figure 4d.
For nonshort-circuit conditions, the operating states of “1-cell”
and 35 other cells within the module can also be determined from
Figure 4d: by drawing a horizontal line with a given current I, the
intersection of this line with the colored curve indicates the oper-
ating state of 1-cell, while the intersection with the black curve
represents the operating state of the 35 unshaded cells. The width
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of the colored translucent rectangles in Figure 4d corresponds to
the voltage variation range of the 35 unshaded cells under vari-
ous shading ratios. It can be observed that, compared to the
shaded cell, the voltage variation range of the 35 unshaded cells
is relatively small. Moreover, the greater the shading ratio, the
smaller the voltage variation range of the 35 unshaded cells.

Asmentioned above, V7 . results from charge accumulation across
the cell. Therefore, it is expected to be more sensitive to the module
current, I. Figure 4e presents the relationship between V7 o and I It
can be observed that the shaded cell remainsin a reverse-biased state
at high module currents; the larger the current, the greater the
reverse-bias voltage. When the module current decreases below a
certain threshold, marked by the intersection of the V7 ey-I curves
with the line V.1 =0, the shaded cell transitions to a forward-
biased state. For shading ratios of 1/4, 1/2, 3/4, and 1, the module
currents at this transition point are 3.92, 2.59, 1.28, and 0.14 A,
respectively. These values correspond to the photocurrents of the
shaded cell, as listed in Column 2 of Table 1. As shown in
Figure 4e, when the shaded cell is in a reverse-biased state, V7 ¢ey
is indeed highly sensitive to variations in the module current.

The key mechanism behind the generation of I, in the shaded
cell can be directly reflected by the relationship between I,
and V7., as illustrated in Figure 4f. Under full shading condi-
tions, a distinct inflection point appears on the I e~V e curve
when V_n = —18.2 V. This indicates that when the reverse-bias
voltage exceeds 18.2 V, the reverse-bias current of the cell increases
significantly. According to semiconductor theory, when the
reverse-bias voltage across a silicon p-n junction reaches a critical
value, avalanche multiplication occurs [20]; and the avalanche
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breakdown voltage is around 18 V when the doping concentration
of approximately 8 x 10*° on the lightly doped side. Additionally,
Xu also reports that the avalanche breakdown voltage for solar
cells in the dark is approximately 18 V [21]. Therefore, the inflec-
tion point can be rationally explained by the occurrence of signifi-
cant avalanche multiplication within the solar cell. Meanwhile,
the actual avalanche breakdown voltage should be slightly greater
than 18V, as avalanche breakdown is defined by an infinite
reverse current at the breakdown voltage. To the right of the inflec-
tion point, the reverse-bias current does not remain constant but
instead increases approximately linearly with voltage. This behav-
ior indicates the presence of leakage current in the solar cell,
which corresponds to a finite shunt resistance. From Figure 4f,
a decrease in the shading ratio leads to a significant increase in
the reverse-bias current under the same reverse-bias voltage.
This observation demonstrates that the shaded and unshaded por-
tions of the module contribute differently to the reverse-bias cur-
rent, with the unshaded portion making a larger contribution.

3.3 | Solar Cell Equation Distinguishing the
Shaded and Unshaded Portions

In the previous sections, the I-V characteristics of the shaded cell
have been extracted and analyzed. In this section, we build the
equivalent circuit and solar cell equation for the shaded cell
based on the previous conclusions. The equivalent circuit is shown
in Figure 5a, where the shaded and unshaded portions are distin-
guished and connected in parallel [22]. I and V7 o represent the
total current and voltage of the shaded cell, respectively. I,y is the
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(a) Equivalent circuit of the partially shaded solar cell in the PV module. The unshaded portion contributes the photogenerated current

I, a diode reverse-bias current Ip;, a leaky current corresponding to the shunt resistance Ip;, and an avalanche current I,;; while, the shaded portion

contributes Ip,, Ips, and I4,. (b) Comparison between measurements and numerical fitting of the Iey-V7.cen curves under different shading ratios. (c)
Comparison between measurements and numerical fitting of the V3 cen-Vimodule curves of the shaded cell under different shading ratios. (d) Calculated
I-V curves using the proposed solar cell equations comparing with the measured results, under various shading ratios.
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photocurrent of the unshaded portion, given by I, = (1-R) X I.
Ip; and Ip, denote the leakage currents associated with the shunt
resistance for the unshaded and shaded portions, respectively. In;
and I, represent the reverse-bias currents for the ideal p—n junc-
tion of the unshaded and shaded portions, respectively. I,; and I,
correspond to the avalanche breakdown currents for the unshaded
and shaded portions, respectively.

Based on the model proposed in Figure 5a, the equation for the
reverse-bias current, I, = I- I, of the shaded cell can be written as,

Liey =1 — Ipp =I1ey—shaded T Alrey - unshaded

el (55

+Rx Vl—cell +R Vl—cella(l_ Vl—cell) —nl

Rp Rp Vi
qu—cell
1—-R) =1 — =1
+( )*s*{exp(kaT> }

Vl—cell Vl—cell
+(1-R) =% 4+ (1-R) + <
( )* Rp ( )* Rp

V. —n2
*b(l—l;ceu) +(1=R)* Iy,

wb(1- T

Liev-shaded a0d I rev-unshaded Tepresent the contributions to I, from
the shaded and unshaded portions, respectively, Among which:

ey

Liev_shaded =Ip2+Ip2+1az

qu—cell
=RxI lcell) g
" S{exp( T ) } @
Vl —cell Vl—cell ( Vl—cell) -nl
+ R + R al1-
Rp Rp Vira

The first term represents the reverse current of the ideal p-n
junction, which is very small. Here, R is the shading ratio, I
is the reverse saturation current of the shaded cell, and m is
the ideality factor. The second term represents the reverse ohmic
current, where R), is the equivalent shunt resistance of the shaded
cell. The third term corresponds to the reverse-bias current
caused by the avalanche effect, where it is assumed that the ava-
lanche multiplication is primarily triggered by the reverse ohmic
current associated with the shunt resistance [19]. a represents the
fraction of the ohmic current involved in the avalanche break-
down, Vp,; is the junction breakdown voltage in the dark,
and n1 is the avalanche breakdown exponent in the dark, which
in ideal conditions is approximately 4 [21].

According to the semiconductor theory [20], the mechanism of the
avalanche multiplication effect is as follows: the charge carriers

gain energy from the reverse-bias electric field, then collide with
electrons in the atoms of the depletion region, generating new
electron-hole pairs; this chain reaction continues, leading to
the avalanche multiplication effect. Therefore, the photocurrent
I, flowing through the depletion region can be imparted with
energy and serve as the trigger current for the avalanche multipli-
cation effect. Thus, the expression for the reverse-bias current of
the unshaded portion I ey-unshadeda Should be written as:

Vi_cel
Trey—unshaded = (1—R) *[;* |:6Xp <qm}l¢73TH> - 1]
+(1-R)# V=1 +(1-R) *L:en*b@——‘/vlfwn) "

R Br2

+(1-R) *Iph*b(l——‘@jﬂ“> o

Br,2

3

The fourth term represents the reverse-bias current triggered by
the avalanche multiplication effect induced by the photocurrent.
Under illuminated condition, the fraction of the reverse ohmic
current that triggers the avalanche multiplication effect to the
photocurrent should be the same, denoted by the parameter b.
Vg2 is the avalanche breakdown voltage under illuminated con-
dition (900 W/m?), and n2 is the avalanche breakdown exponent
under illuminated condition.

3.4 | Parameters Fitting of the Solar
Cell Equation

In the case of full shading (R = 1), the reverse-bias current of the
shaded cell can be represented solely by Equation (2), which
requires the fewest parameters. Therefore, we first fit the L.~
Vicen curve when R=1 to determine the parameters R,, a,
Vgr1, and nl. The fitting result is shown by the red solid line
in Figure 5b, with a coefficient of determination (R-Sq) of
0.995, indicating that Equation (2) can effectively explain the
I-V characteristics of the shaded solar cell. The obtained param-
eters Rp, a, Vg1, and nl were determined to be 39.81Q,
3.46 x 107, 19.63 V, and 2.68, respectively, as listed in Table 2.

Next, we fixed the parameters R, a, V.1, and nl, and fitted the
Liev-Vicen curves for three different shading ratios, R=3/4, 1/2,
and 1/4, using Equation (1). The fitting results for these ratios are
shown in Figure 5b, with R-Sq values of 0.996, 0.992, and 0.984,
respectively. The values of the parameters b, Vp,,, and n2
obtained from the fitting process are listed in Table 2. It is evident
that, for various shading ratios, the parameters describing the
unshaded portion of the solar cell in the formula remain nearly
constant. This suggests that the components of Equation (1),
which have clear physical significance, can effectively describe
the I-V characteristics of partially shaded solar cells under
reverse-bias conditions.

TABLE 2 | Parameters in Equation (1) obtained based on numerical fitting of the I.e,-V;.cen curves in Figure 5b.
R RP’ Q a VBr,ly \% nl b VBr,Z’ \% n2
1 39.81 3.46E-4 19.63 2.68 — — —
3/4 39.81 3.46E-4 19.63 2.68 2.39 E-2 41 6.8
1/2 39.81 3.46E-4 19.63 2.68 2.01 E-2 40 7.0
1/4 39.81 3.46E-4 19.63 2.68 2.11 E-2 39 6.9
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3.5 | Determine Relationship between V; c.y and
the Module Voltage Parameters Fitting of the Solar
Cell Equation

In practical measurements, the voltage of the shaded cell, V1 ¢,
cannot be directly obtained. Instead, the voltage of the entire
module, Vihodule and the shading ratio, R, are more readily mea-
sured. Therefore, establishing a relationship between V7.,
Viodules @and R will greatly facilitate the practical application
of Equation (1). To achieve this, we will first determine the func-
tional form of the relationship between V7 _ce1, Vinodules and R, and
then use numerical fitting to determine the parameters of the
equation.

As shown in Figure 4c, the voltage of the shaded cell, V} cep,
exhibits an approximately linear relationship with the module
voltage, Vinodule- This dependency is expressed using the follow-
ing equation

Viccell =AV modute — = V3s—cells 4)

where the parameter A reflects the influence of the series resis-
tance in the PV module. The dependence of V;_.;; on R needs to
be incorporated in the Vis.es term. Since the 35 cells are
unshaded, their operating equation satisfies

Vv
I35 cens =Isc—1Io {exp (%) _ 1} )
B

It is evident that V35 ceps is determined by Izs.ceps, and Iss.ceps iS
constrained by the current of the shaded cell, making it related to
R. In the simplest case, that is, when V ey =0, Isscens = Ise X (1-
R). Under this condition, Vs s can be expressed as

kBTln {ISCR

V35 ceits =35 4 + 1} =0.911n [BR+1] (6)

0

where kpT/q=0.026V at room temperature. And since the
reverse saturation current I, of a solar cell is not a constant,
we replace I/l with a variable parameter B.

When the shaded cell is under reverse-bias, the relationship
between Vs centss Vimodules and R becomes complex. As discussed
above, Iss .15 is primarily contributed by the reverse avalanche
current flowing through the shaded cell (excluding the photogen-
erated current). Conversely, the reverse avalanche current is
determined by V., which equals Vioquie - V3s-cens- There-
fore, it is impossible to derive a clear analytical formula for
the relationship between V,oque and R. Taking into account that
the reverse avalanche current differs between the shaded
and unshaded portions, we directly added two terms to
Equation (6) to describe the dependence of Vs cenrs 0N Vinodule
and R. These terms are in a form similar to that of the avalanche
current: the breakdown voltages Vg, 1 and Vp,, are used to define
the range of Vinoqule's influence on Vis ceps, While the exponents
n3 and n4 represent the degree of the influence. The resulting
formula for V3s.ceps is given as follows

Visceits =0.911n [BR+ 1] = CR(V modute/ Vpr1)™

(7
- D(l - R) (Vmodule/VBr,z)n4

where Vg,.; and Vp,,, which were determined in the aforemen-
tioned fittings, are set to 19.63V and 40V, respectively.
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Combining Equations (4) and (7), the relationship between
V1cel, Vimodutes and R can be expressed as

Vmodule =
Vl —cell =AVmodule —0911n [BR + 1] +CR|——

19.63
v m ®)
+D(1 —R) ( module)

40

Based on the data in Figure 4d, numerical fitting was performed
to determine the parameters. The values of A, C, D, n3 and n4
were determined to be 1.09, —3.07, —13.33, 0.45, and 0.70, respec-
tively. The parameter B varies with the shading ratio, taking val-
ues of 9.38E8, 1.61E8, 2.65E7, and 3.77E6 for R=1, 3/4, 1/2, and
1/4, respectively. Furthermore, we fitted the relationship
between B and R, and the fitting results show that B can be
described as

B=834948.34 exp (R/0.14234) — 1252524.23 ©)

with a coefficient of determination R-Sq = 1. The fitting results of
V1-celVmodule for various shading ratios are shown in Figure 5c,
with R-Sq =0.999, 0.999, 0.997, and 0.993, respectively. This dem-
onstrates that Equation (8) effectively captures the relationship
between Vi cet, Vinodules @and R.

In the solar cell equations obtained above, i.e., Equations (1) and
(8), most of the terms have clear physical meanings, and there-
fore their forms and corresponding parameters do not change
with R. The calculated I-V curves of the PV module under vari-
ous shading ratios were compared with the measured results pre-
sented in Figure 5d. The excellent agreement between the
calculated and measured results suggests that, by combining
Equations (1) and (8), we can effectively describe and analyze
the I-V characteristics of a given PV module without bypass
diodes under various shading ratios. Furthermore, this approach
enables a detailed understanding of the operating states of both
the shaded cell and the unshaded cells, as well as the contribu-
tions of the shaded and unshaded portions in the same shaded
cell to the module current.

3.6 | Comparison Contributions of the Shaded and
Unshaded Portions

Based on the solar cell equations obtained, we compare the con-
tributions of the shaded and unshaded portions to the reverse-
bias current I..,. Since the parameters in the equations do not
change with the shading ratio R, we take R =3/4 as an example
and calculated the reverse-bias current density of the shaded and
unshaded portions by ILey-shaded/R and Ley.unshaded/(1-R), respec-
tively. The results are shown in Figure 6. As can be seen, at the
same reverse-bias voltage, the reverse-bias current density of the
unshaded portion is significantly larger than that of the shaded
portion, and the gap increases as the reverse-bias voltage increases.
At reverse-bias voltages of 5V, 10V, 15V, and 17V, the reverse-
bias current density of the unshaded portion is approximately 3
times, 4 times, 8 times, and 11.3 times that of the shaded portion,
respectively. These results clearly indicate that, for partially shaded
cells in a PV module, the unshaded portion provides the dominant
reverse-bias current path. Additionally, the photogenerated
current itself is also contributed by the unshaded portion.
Comprehensively, for partially shaded solar cells, when the
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FIGURE 6 |
unshaded portions to the reverse-bias current density of the module.

Comparison of the contributions of the shaded and

shading ratio is not excessively large, the contribution of the
shaded portion can be approximately neglected, and only the con-
tribution of the unshaded portion needs to be considered.

The contributions of each component to the reverse-bias current
Iy were also analyzed in detail in Figure 6. It can be observed
that the reverse-bias current of the unshaded portion, Ie,.
unshaded> 1S primarily contributed by the avalanche current trig-
gered by the photogenerated current, which is much larger than
the avalanche current triggered by the reverse Ohmic current.
Additionally, the avalanche current induced by the reverse
Ohmic current in the unshaded portion is much larger than that
in the shaded portion.

4 | Conclusions

Partial shading is a common phenomenon in distributed PV sys-
tems. The shaded cell in the module will be in a reverse-biased
state, generating a reverse-bias current that flows in the same
direction as the photogenerated current. To date, no studies have
provided a detailed explanation of the mechanisms behind the
reverse-bias current under partial shading conditions, particu-
larly without distinguishing the contributions of the shaded
and unshaded portions in the shaded cell.

In this work, the I-V characteristics of a PV module with one cell
being partially shaded by different ratios (R =0, 1/4, 1/2, 3/4, and
1) were measured. Using the “avalanche breakdown” mecha-
nism, solar cell equations with clear physical significance were
constructed for the shaded cells. The established equations dis-
tinguish the contributions of the shaded and unshaded regions to
the reverse-bias current by introducing the reverse-bias current
term triggered by the avalanche multiplication effect induced by
the photogenerated current in the unshaded region. Based on the
measured -V data, numerical fittings were employed to obtain
the parameters of the established equations. All parameters were
found to be independent of the shading ratio R, ensuring that the
solar cell equations we developed have clear physical meaning
and good practical applicability. Using these equations, we
can accurately and conveniently predict the operating states of
the shaded and unshaded cells in the PV module, as well as
the contributions of the shaded and unshaded portions in the
same shaded cell to the overall current of the module, based
on the actual shading conditions. Based on the obtained
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equations, it is demonstrated that the reverse-bias current density
of the unshaded portion is approximately 4-12 times that of the
shaded portion. Therefore, for cases with relatively small shading
ratios, the contribution of the shaded portion of the shaded cell
can be approximately neglected, and only the contribution of the
unshaded portion needs to be considered. The solar cell equa-
tions developed in this paper are of great significance for the
qualitative and quantitative analysis of the I-V characteristics
and operational states of PV modules under partially shading.
Combined with the monitoring data, they can provide reliable
theoretical and data support for fault detection, operation, and
maintenance of photovoltaic systems. However, the study pre-
sented here does not account for variations in light intensity
and does not consider the impact of bypass diodes, which are
commonly installed in PV modules. In future work, we will fur-
ther investigate the impacts of light intensity and bypass diodes.
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