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Study of hybrid photovoltaic module characteristics under local
nonuniformity of irradiation and partial shading
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The effect of shading and locally increased irradiance of a planar circuit based on c-Si solar cells (SCs) as part of
a hybrid photovoltaic module was investigated. It was found out that the magnitude and orientation of the shadow
on the surface of c-Si SCs lead to a change in its efficiency within 1 abs.%, which may be explained by a change
in the balance of resistive losses. The presence of high-irradiance areas on the surface of ¢-Si SCs up to Smm in
diameter (which matches the size of the concentrator A’B> SC) does not have a noticeable effect on the planar
circuit yield which remains close to the values characteristic of the conversion of diffuse radiation only.
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Hybrid photovoltaic modules (HPVMs) based on mul-
tijunction A®B> heterostructure solar cells (SCs), optical
concentrators, and also on silicon photoconverters, remain
efficient sources of energy under both the clear and cloudy
weather conditions. Such modules provide conversion of
direct solar radiation by concentrator photovoltaic cells and
that of diffuse (scattered) radiation by planar SCs[1-3].

A topical task arising in creating photovoltaic installations
with HPVMs is to ensure the planar c-Si SCs stability
under the condition of a local unevenness of irradiance
(energy illumination), for instance, in the case of shading
their surfaces [4-6]. Thereat, the effects associated with the
emergence of ultra-high irradiance spots (light flares) on
the surface of a planar SC in HPVM also turn out to be
significant.

The emergence of an ultra-high irradiance spot on the
surface of a planar circuit SC may be initiated by a damage
of the optical concentrator, reflection of solar radiation from
foreign objects with mirror-like surfaces, or slow response
or failure of the tracking system, which leads to the focal
point shift to the planar SC surface.

The goal of this work was studying the influence of these
effects on the HPVM electrical power.

The design of the studied hybrid module (Fig. 1,a)
was, in general, similar to that presented in [3]. It
included four optical concentrators of the ,Fresnel lens®
type each 40 x 40 mm in size, which focused radiation on
four small-size GalnP/Ga(In)As/Ge SCs, and also a c-Si
SC with a passivated emitter and rear contact (PERC). The
investigated planar SC was 80 x 79 mm in size (Fig. 1,5)
and was one fourth of the TSSB9 module [7]. Optical
concentrators jointly with the GalnP/Ga(In)As/Ge SCs
formed the concentrator circuit of the module, while those
with the c¢-Si SC formed the planar circuit. Average
transmittance of the Fresnel lenses was 90% in the SC

38

operating range, the total shading of the c-Si SC surface by
the concentrator circuit components (SC, current-collecting
busbars and radiators) was 12%.

Spectral and current-voltage (JV) characteristics were
measured for the c-Si SC under study in the concentration
factor range of (0.1—1.4)X. At the concentration factors
of up to 0.5X, the experimental JV characteristics were
well describable by the lumped-parameter model. In
the concentration factor range of (1.0—1.4)X, nonlinear
losses in the series resistance became significant, correct
accounting for which required the use of a distributed
equivalent circuit [8,9].

Based on the experimentally measured load JV character-
istics, parameters of the p—n- junction and series resistance
of the c-Si SC were determined; they are listed in the table.

The effect of partial shading of c-Si SC on its efficiency
was studied experimentally using continuous-combustion
simulator SS80AA Yamashita Denso (AM1.5G). SC was
irradiated from the front side with the flow of 100 W/m?
(0.1X) to 1400 W/m? (1.4X). Shading of the c-Si SC work-
ing surface was simulated by applying opaque rectangular
screens directly to the SC surface in two orientations,
namely, parallel or perpendicular to the contact grid busbars,
with gradually increasing the shaded part of the surface
(Fig. 2,a). Tt has been established that, when the irradiance
is 100 W/m? (simulation of the mode of the diffuse radiation
arrival), shading leads to an efficiency decrease within one
absolute percent due to a decrease in the total light power
on SC, deterioration in the thermodynamic conversion
mode, and decrease in the operating voltage. At the same
time, the efficiency behavior at 1000 W/m? (total flow of
the terrestrial solar radiation) appears to be different and
dependent on the shade orientation.

When SC is shaded parallel to the busbars, a slight
increase in efficiency is observed due to the contact grid
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Figure 1. Schematic illustration of the HPVM under study (a) and image of the c-Si SC included in it (b). I — Fresnel lenses (silicone)
on a glass base, 2 — concentrator c-Si SC, 3 — glass base, 4 — ¢-Si SC.

Parameters of the studied c¢-Si SC

Parameter Value
Density of the front-side irradiation photocurrent 40.83
(AML1.5G, 1000 W/m?), mA/cm?
Density of the rear-side irradiation photocurrent 30.77
(AM1.5G, 1000 W/m?), mA/cm?
Injection current density, A/cm?, 1.5-107%
Recombination current density, A/cm? 6.5-107°
Specific series resistance, € - cm? 2.05
Front-side irradiation efficiency 20.64
(AML1.5G, 1000 W/m?), %
Front-side irradiation efficiency 19.59
(AM1.5G, 100 W/m?), %

,unloading“ and reduction in the forward bias current
(injection and recombination) through the p—n-junction at
the same voltage: when the current flows in the shadowed
region, the voltage at the p—n-junction appears to be lower
(compared to the irradiated region) by twice the value of
its drop in the contact grid. In turn, when the shadow is
applied perpendicular to the busbars, the mode of forward-
bias current flowing is identical to that in a fully irradiated
SC, and voltage at the p—n-junction in the SC shaded region
differs only slightly from that in the irradiated part. If the
shadow is applied from the edge (the SC shading factor
being ~ 12—25%), then a slight decrease in efficiency is
observed. In this mode, no noticeable unloading of the
busbars occurs, and a significant photocurrent flows through
the shaded area, a part of which is drawn away by forward-
bias current through the p—n-junction.

The HPVM specific output power was calculated for the
circuits based on a planar c-Si SC (see the Table) and
concentrator GalnP/Ga(In)As/Ge SCs. The concentrator
circuit efficiency was 29% at 900 W/m?.
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The simulation results are presented in Fig. 2,b. In
calculations, the integral power of diffuse radiation was
assumed to be 100 W/m?, photocurrent of the c-Si SC was
calculated as

Amax
/ QL (1)r(2)da

Amin

e(l —¢)

J =
ph hc

Amax

+¥ / AQRA)T(2)dA, (1)

Amin

where Q& (1), QB(2) are the external quantum yields of
photoconductive response in the cases of light irradiation
from the front and rear surfaces, I'(1) is the irradiance
spectral density in case of diffuse radiation, Apmin—Amax 1S
the c-Si SC sensitivity range, £ is the front-surface shading
factor, n = 1 — (1 — p)A s the rear-surface effective shading
factor, p is the geometric shading factor, A is the underlying
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Figure 2. The c-Si SC efficiency (a) and HPVM specific

power (b) versus the shading factor. 7/, I’ — shading parallel to
the c-Si SC busbars, 2, 2’ — shading perpendicular to the busbars,
3 — single-facial ¢c-Si SC, 4—6 — bifacial c-Si SC at effective
rear-surface shading factors n = 0.5 (4), 0.25 (5) and 0 (6).

surface albedo, e is the electron charge, h is the Plancks
constant, C is the light velocity.

To clarify the effect of flares on the efficiency of solar
radiation conversion with a HPVM planar circuit, there
was simulated the dependence of specific power of the
front-contact and rear-contact planar circuits on the high-
irradiance spot diameter (Fig. 3).

Radiation that has passed through the 2 x 2 module of
lens concentrators gave rise to four spots on the surface of
studied c-Si SCs; total integral power of those spots was
52W at the 900 W/m? power density of direct radiation
falling on HPVM (Fig. 3). When the spots are small, the
planar circuit output power differs only slightly from the
same characteristic in the case of converting only diffuse
radiation. With increasing spot size, the output power
approaches value 1000 W/m? (AM1.5G) corresponding to
the case of converting the total radiation flux. Since the
pattern of the c-Si SC contact grid is not optimized for
converting the concentrated solar radiation, a significant

decrease in the planar circuit efficiency is observed in the
case of a small flare area because of an increase in ohmic
losses within the high-irradiance spot.

A more source of the efficiency reduction in the event
of the light spot emergence on the SC surface may be an
increase in the SC temperature in the high-irradiance region.
However, no significant temperature gradient and, hence, no
its effect on the efficiency was observed for the studied
c-Si SCs at all the considered spot parameters. In the
case of ambient temperature of 25°C and natural convective
cooling of HPVM, the temperature at each point of the c-Si
SC surface remained within the 60—70°C range in all the
modes. Displacement of the high-irradiance spot over the
¢-Si SC surface also did not affect the electric power. This
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Figure 3. a — schematic illustration of emergence of high-
irradiance spots on the c-Si surface. / — the GalnP/Ga(In)As/Ge
SC position, 2 — high-irradiance spot. » — output power of
the HPVM planar circuit versus the flare spot size. 3 — power
of the single-facial c-Si SC; 4—6 — power of the bifacial c-Si
SC at effective rear-surface shading factors n = 0.5 (4), 0.25 (9)
and 0 (6). The dashed lines represent the planar circuit output
power during converting flows of the total radiation (1000 W/m?)
and diffuse radiation (100 W/m?) (two lower lines, ~ 30 and
~ 15W/m?) with accounting for the optical concentrator losses
and losses for HPVM shading.
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is due to that the ohmic loss increase with increasing local
light load proceeds faster in the semiconductor SC layers
than in the busbars.

Thus, in the case of the diffuse radiation conversion,
shading of the planar circuit results in the yield reduction
according to a law somewhat stronger than linear because
of both the decrease in the converted light flux and
slight decrease in the c-Si SC efficiency. Emergence of
high-irradiance regions on the c-Si SC surface does not
deteriorate the HPVM planar circuit characteristics, but yet
does not make a significant positive contribution to its power
yield. The increase in the high-irradiance spot size to 30 mm
makes the HPVM planar circuit yield closer to the yield of
an isolated c-Si SC under the same conditions.
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