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At present, the Fresnel lens are commonly used as the condenser in high-concentrating photovoltaic (HCPV) modules. It is
ideally believed that the output power of a III–V triple-junction solar cell which is placed on the focal plane of a Fresnel lens
is the largest, because the intensity of the sunlight on the focal plane is the largest. Actually, according to our work, the
dispersion of sunlight through a Fresnel lens and the nonparallelism and divergence of the incident light will lead to changes
in the spectrum and the homogeneity of illumination, and cause a drop of the solar cell output. In this paper, the influence of
the dispersion and nonparallel incidence of the light on the output of a triple-junction solar cell at different positions near the
focal plane were theoretically studied, combined with the light-tracing simulation method and triple-junction solar cell circuit
network model. The results show that the III–V triple-junction solar cell has the highest output power in both sides of the
focal plane positions. The output power can be increased by about 15% after being optimized. The simulation results were
verified by the experiments.

1. Introduction

The triple-junction cell is currently one of the most common
multijunction cells used in high-concentrating photovoltaic
(HCPV) modules. It is composed of three p-n junctions in
a series. Each subcell in it absorbs different wavelengths light
[1–4]. HCPV modules based on Fresnel lens have now
become a research hotspot [5, 6]. Work was carried out for
Fresnel lens design [7, 8] focused on improving the illumina-
tion energy on the cell, by improving the efficiency of the
optical lens. However, the output power of the solar cell is
not only related to the illumination energy but also to the
spectral distribution and the uniformity of the illumination.
The three subcells in a typical triple-junction solar cell
respond to three spectral bands: the short band, 300–
700nm; the medium band, 700–900nm; and the long band,
900–1700 nm [9]. Owing to the dispersion, and considering
that the refractive indices of different spectral bands are dif-
ferent, the illumination distributions of the three spectral

bands are also different and nonuniform on the focal plane
of lens.

Steiner et al. [10] discovered that the output current of
their new multijunction solar cell decreased slightly on the
designed focal plane of the lens. However, no work was car-
ried out for further research. In this paper, we used the
method of ray-tracing simulation [11] and the solar cell cir-
cuit network model [12–18] to analyze the illumination
distribution and the power performance of the solar cell at
different positions of the optical axis. The illumination distri-
bution of different spectral bands and the power output per-
formance of triple-junction solar cells were obtained.

2. Mathematical Modelling

2.1. The Dispersion of Fresnel Lens. Because a lens has
different refractive indices for various frequencies of light,
the direction of transmission of a monochromatic light is
different after sunlight enters the lens, so it disperses when
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leaving the lens, and the colors are arranged in a certain order
to form spectra. This is the dispersion phenomenon of the
lens. Let us make a detailed analysis as shown below.

Figure 1 shows the normal incidence light passing
through a Fresnel lens, where x is the distance between the
incident light and the optical axis, x′ is the half width of the
light spot on the receiving surface, z is the distance between
the receiving surface and Fresnel lens, f is the focal length,
and F is the focal point.

By the geometric relation in Figure 1, there is

x′
x

= f − z
f

1

The calculation formula above can be written as

x′ = Ax 2

As you can see, given f and z, a certain x corresponding
to a certain x′, and x and x′ have the same distribution form.
For a parallel light incident, with different positions x1,
x2,… xn of incident light, there is

xn′ = Axn 3

Figure 2 shows the schematic diagramof aparallel incident
light path. When the vertical incidence of light is uniformly
distributed at the incident plane, the energy distribution of
the convergent surface on the receiving surface is also uni-
form without considering energy loss caused by the refrac-
tion of light passing through the lens.

If x is the maximum distance between the incident light
and the optical axis, then x′ is themaximum distance between
the light spot of the receiving surface and the optical axis, so
that the range of light for a given wavelength will be given at
the given receiving surface. For different wavelengths of light,
the focal length is different, so the light range on the receiving
surface is also different.

Figure 3 is the light path diagram of a parallel polychro-
matic light. Here the definition of illumination width is half
of the actual illumination range, represented by the subscript
m, where Xm is the width of incident light illumination, x′mγ is
the width of a certain wavelength of light on the receiving

surface, and f γ is the focal length of a certain wavelength of
light. There is

xmγ′ =
f γ − z

f γ
xm 4

When position Z is larger than f , it is still valid.
If the illumination distribution of incident light is uni-

form, it is also uniform for the light of a certain wavelength
on the receiving surface, so that the illumination energy dis-
tribution of the receiving surface can be calculated. Set wγ as
the unit wavelength light radiation power on the incident
surface of the unit area and wγ

′ as the unit wavelength light
radiation power on the per receiving surface of the unit area.
Because of the conservation of energy, there is

wγdγ ⋅ 4x2m =wγ
′dγ ⋅ 4x′2mγ 5

Therefore,

wγ
′ =

f 2γ

f γ − z
2 wγ 6

It can be seen that the illumination distribution of differ-
ent wavelengths of light is generally different and the range of
illumination is also different, so the illumination distribution
on the receiving surface must be nonuniform. We can calcu-
late the degree of nonuniformity of the illuminated distribu-
tion caused by the dispersion.

2.2. Concentrating Illumination of Nonparallel and Divergent
Incident Light. For a monochromatic light at a certain wave-
length, when the ray is not parallel to the optical axis, the
light does not gather at the focal point of the lens but con-
verges to a point on the plane passing through the focus
and perpendicular to the axis; this plane is called the focal
plane, as shown in Figure 4. When the incident light is diver-
gent, the light in different directions converges at different
points on the focal plane which improves the quality of the
illumination energy near the focal point. The greater the
divergence angle of the light source is, the more scattered
the light energy will be.

Incident light
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x

x′

O F
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f
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Figure 1: The light path of a normal incidence light passes through a Fresnel lens.

2 International Journal of Photoenergy



Incident light

The incident plane The receiving surface

O F

Z

f

Figure 2: The schematic diagram of parallel incident light path.
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Figure 3: The light path diagram of parallel polychromatic light.
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Figure 4: Schematic diagram of a nonparallel monochromatic incident light focusing through a lens.

3International Journal of Photoenergy



Figures 5 and 6 are the results of our previous work [19].
Figure 5 shows the results of a 500nm monochromatic inci-
dent light with different divergence angles concentrated by a
lens. For parallel light, the light converges to the focal point,
and if the solar cell is located at the focal point, the center of
the cell will have great light intensity. When the light has a
divergent angle, the light through the lens will not be concen-
trated entirely on the focal point. The larger the divergent
angle is, the more scattered the spot near the focus will
be, and the larger the spot is. The size of the spot is sen-
sitive to the divergence angle of the light source, and the
divergence angle, even at 1°, will have a very obvious effect
on the spot size.

Figure 5 is the result of light for a single wavelength.
The real situation is that the distribution of illumination
on the solar cells is the result of the convergence of multi-
ple wavelengths of light in the case of the spectral distribu-
tion of AM1.5d. Figure 6 is the distribution of the light
intensity ratio on the surface of a solar cell at the focal
point under the AM1.5d spectrum distribution, and the
width of the cell is 10mm. The light intensity ratio here
is defined as the ratio of the concentrated light intensity
to the standard light intensity.

Figure 6 shows that the parallel incident light (divergence
angle is 0°) is concentrated highly on the center of the cell.
When the divergence angle increases, the light intensity ratio
decreases, and the maximum light intensity ratio of the cell
center decreases. This indicates that the divergence of light
will obviously weaken the nonuniformity of the illumination
on the solar cell surface. Because the nonuniformity of illu-
mination has a negative impact on the performance of the
cell, the divergence angle of the light source has a greater
impact on the cell performance.

2.3. Circuit Network Model for Triple-Junction Solar Cells
under Nonuniform Illumination. The equivalent circuit of
the conventional triple-junction cell is shown in Figure 7(a).
The triple-junction cell is composed of three p-n junctions
in the upper, middle, and lower parts, and each p-n junction
is connected by the tunnel diode. The three junctions of the
triple-junction cell are equivalent to three subcells, and each
subcell is replaced by a dual-diode model. The equivalent cir-
cuit of a triple-junction cell can be used to solve the electrical
characteristics of the cell under different concentration ratios
and temperatures.

We know that triple-junction cells actually work under
nonuniform illumination. In order to consider the influence
of the heterogeneity of illumination on the cell performance,
the cell can be divided into many smaller cells, with each
smaller cell corresponding to different irradiation intensities
at different locations. The basic idea of the circuit network
model is to divide the cell into many smaller cells. The pri-
mary cell circuit is equivalent to a circuit formed by a parallel
connection of many small cells. Each small cell has the elec-
trical characteristics similar to the original cell. Each small
cell is replaced by a dual diode model, respectively. The cross
connection between smaller cells, the contact between the
surface and the metal grid of the original cell, and the inter-
connection of the metal grid itself, are connected by resis-
tances. The circuit network is shown in Figure 7(b) [19].

3. Results and Analysis

3.1. Concentrating Characteristics of Fresnel Lens. In order to
study the photovoltaic characteristics of triple-junction cells
under Fresnel lens concentrators, we first studied the concen-
trating characteristics of Fresnel lens for three bands of solar

(a) (b)

(c) (d)

Figure 5: The diagram of the result of a 500 nm monochromatic incident light with different divergence angles concentrated by a lens. (a)
Divergence angle at 0°. (b) Divergence angle at 1°. (c) Divergence angle at 2°. (d) Divergence angle at 3°.
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light (short: 300–700nm, medium: 700–900nm, and long:
900–1700). These three bands correspond to the three sub-
cells of triple-junction cells.

Figure 8 shows the variation of the spot diameter of
three bands with the position of the optical axis under a
Fresnel lens for parallel incident light. For Z value, Z = 0 is
the focal plane of the lens of full-band solar light. The neg-
ative value Z is expressed above the focal plane, close to
the Fresnel lens, and the positive value Z is expressed below
the focal plane and far away from the lens. The Fresnel lens
material is PMMA.

It can be seen from Figure 8 that the diameter of the spot
of the three bands below the Fresnel lens varies with the
change of the optical axis position. For the shortwave band,
there is a minimum spot diameter of 3.7mm at 5.5mm above
the focal plane. The minimum spot diameter is the same as
0.8mm of the middle and long wavelengths, but the location
is slightly different. The middle band is 4.5mm below the
focal plane, and the long band is 5.5mm below the focal
plane. At the focal plane position of the lens, the diameter
of the short-band light spot is 5.8mm, and the diameter
of the middle-long-band light spot is about 2mm. The

difference of the diameter of the light spot in different
bands shows that the degree of nonuniformity of light in
different bands is different for a certain size of the cell.

Figure 9 shows that the light spots vary with the installa-
tion position of the triple-junction cell in the experimental
test. The size of the III–V triple-junction cell is 5mm∗5mm.
The Fresnel lens is 100mm∗100mm with a focal length of
110mm, and the material of the lens is PMMA. The outdoor
experiment is carried out on the roof of our Institute in
Guangzhou. The DNI is about 700–800W/m2, and the atmo-
spheric temperature is about 25°C.

From Figure 9 we can observe that when the distance
between the triple-junction cell and the lens changes, the spot
on the cell will change significantly. In the process of moving
from 5mm above the focal plane to 5mm below the focal
plane, no change can be observed to the overall size of the
spot, almost covering the surface of the cell, while the spot
color slowly changed from red and orange to blue and violet.
We have known from Figure 8 that the refractive indices of
different wave bands of sunlight are different, so the illumina-
tion distribution of different bands in the optical axis will be
different. Figure 9 shows that when Z = −5mm, the light spot
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Figure 6: The distribution of the light intensity ratio on the surface of a solar cell at the focal point under the AM1.5d spectrum distribution;
the width of the cell is 10mm. (a) Divergence angle at 0°. (b) Divergence angle at 1°. (c) Divergence angle at 2°. (d) Divergence angle at 3°.
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of the short-wavelength band is small and the light spot of
the long-wavelength band is larger, so the outer ring of the
spot is observed to be orange red. When Z = 5mm, the
short-wavelength band light spot is large and the long-
wavelength light spot is smaller, so the outer ring of the spot
is blue purple. When Z = 0mm (the focal plane), the three
bands of light converge to be white light, and the light spot
is relatively concentrated.

Because a triple-junction cell is composed of three sub-
cells absorbing three different wave bands of light, the differ-
ences of illumination distribution on the triple-junction cell
surface will inevitably affect the power output performance
of triple-junction cells.

3.2. Triple-Junction Solar Cell Characteristics. Sunlight can be
considered as parallel light. However, due to factors such as
dust and the limitations of lens-processing technology, light
will inevitably diverge after passing through a lens. So we
simulated the photovoltaic characteristics of triple-junction
cells under the illumination of light sources with different
divergence angles.

Figure 10 is the change of the short circuit current,
maximum-output power, fill factor, and efficiency of a
5mm∗5mm triple-junction cell with the position of the opti-
cal axis when the divergence angles of a light source are 0°,
0.1°, 0.2°, 0.5°, 1°, 2°, and 4.4° respectively.

Seen from Figure 10, at the focus of the lens (focal plane)
position, when the incident light is more parallel (divergence
angle less than 0.2 degrees), the short circuit current of the
cell is greatly reduced. This is because the differences of the
intensity of the short-, medium-, and long-light bands is
large, and it leads to the current mismatch of the three sub-
cells. Moreover, the illumination distribution is very nonuni-
form, so the fill factor (FF) is also very low, causing the
efficiency and the output power of the cell to be very low.
When the divergence degree is greater than 0.2° (or equal to
0.2°) and less than 0.5°, the focal spot becomes larger, which
is almost the same as the area of the cell. The nonuniform
degree of illumination distribution on the cell decreases, so
the short circuit current and fill factor are all high, which
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Figure 7: The circuit network model of triple-junction cells under nonuniform illumination.
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Figure 8: The variation of the spot diameter of three bands with the
position of the optical axis under Fresnel lens.
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makes the efficiency and output power larger. When the
divergence is greater than 0.5 degrees, the spot is too scat-
tered, and its area is larger than the area of the cell. Parts
of the illumination were out of the cell. Although the illumi-
nation on the cell is more homogeneous, the energy
decreases. So although the fill factor is larger, the short cir-
cuit current is too low, which makes the cell efficiency and
output power smaller.

From the results of Figure 10, we also find that when the
divergence degree is 0.2 degrees, the performance of the cell is
the best if the cell is located at the upper and lower sides of
the focal plane (Z = −9mm, Z = 11mm). We know that, in
practical application, sunlight can be considered as parallel
light. However, due to factors such as dust and limitations
of lens-processing technology, light will inevitably diverge
after passing through the lens. Normally, it is considered at
about 0.2 degrees. Therefore, we can determine the position
of the upper and lower sides of the focal plane as the optimal
position of the cell performance. The maximum-output
power of the cell (2.7W) at this optimal position is about
17% higher than that at the focal plane (2.3W).

In order to verify the results of the numerical simulation,
we use the existing experimental platform to carry out the
experiment. The experimental platform and device are
shown in Figure 11. The test cell is a triple-junction cell with
an area of 5mm∗5mm.

We tested the short circuit current of the triple-junction
solar cell in the different optical axis positions many times.
We found that the short circuit current in different axial posi-
tions presents regular distribution.

Figure 12 shows the influence of the optical axis position
on the short circuit current of the triple-junction cell. It uses

repeated testing data 3 times, and tests 20 experimental
points from 5mm above the focal plane to 5mm below the
focal plane, with a 0.5mm interval.

Neglecting the influence of some outdoor measurement
errors, we can see from the diagram that the short circuit cur-
rent of the triple-junction cell has a minimum value at the
focal plane, and there is a maximum value at the both sides
of the focal plane. Compared with the focus position, the
short circuit current at both sides of the focus increases by
about 10%.

Figure 13 shows the change in the maximum-output
power of the triple-junction cell with the position of the opti-
cal axis. We can see from the diagram above, the maximum-
output power also has a minimum value at the focal plane,
and there is a maximum value at both sides of the focal plane.
Compared with the focus position, the maximum-output
power at both sides of the focus increases by about 15%.

Figure 14 shows the changes in the fill factor of the triple-
junction cell with the position of the optical axis. It can be
seen that the change regulation of the fill factor is similar to
that of the maximum-output power. Compared with the
focus position, the fill factor at both sides of the focus also
increases by about 15%. It can be found from the results
above that the experimental results are in agreement with
the simulated results.

4. Conclusion

In this paper, we first establish theoretical models to simulate
the concentrating characteristics of Fresnel lens, considering
the effects of the lens dispersion and the nonparallel inci-
dence of light. It is found that for different bands of light,

Fresnel lens
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Cell

Cell

−5
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0

2.5

5

Focal plane
(mm)

Figure 9: Light spots vary with the installation position of the triple-junction cell (along the direction of the optical axis).
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Figure 10: Variation of the cell characteristic parameters with the optical axis position under different divergence angles of light sources
(cell size 5mm∗5mm): (a) short circuit current; (b) maximum-output power; (c) fill factor; (d) cell efficiency.

Figure 11: Experimental platform and device.
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due to the dispersion phenomenon of the light through the
lens and the nonparallel incidence of light, the location of
Fresnel’s focus, the distribution of light, and the size of spot
are different after the lens. Then, we simulated the photoelec-
tric performance of the triple-junction cell. It is found that, at
the focal plane of the lens, due to the difference of illumina-
tion distributions between three wave bands, there is current
mismatch between the subcells of the triple-junction cell,

causing the decrease of the short circuit current. And, due
to the greater inhomogeneity of the illumination at the focal
plane of the lens, the fill factor of the cell decreases. There-
fore, there is a minimum value of the short circuit current,
maximum-output power, and fill factor of the triple-
junction cell in the focal position of the Fresnel lens, and
there is a maximum value on both sides of the focal point.
The output power on both sides of the focal point is increased
by more than 15% over that of the focal plane. The simula-
tion results are verified by the experimental results.
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