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Abstract: The uniform illumination profile that falls on the PV cell is good for PV 11 

output and lifespan, however the flux distribution of the concentrating PV appears to 12 

be non-uniform in most cases which is harmful for the overall performance of the 13 

concentrating photovoltaic. In order to overcome this disadvantage, a novel 14 

asymmetric compound parabolic concentrator concentrating PV with uniform flux 15 

distribution is proposed in this paper. A two-dimensional finite element model is built 16 

for electrical performance simulation of the concentrating photovoltaic module. The 17 

prototype of the concentrating photovoltaic module is manufactured and assembled to 18 

conduct the indoor lab experiment under Standard Test Condition to verify the 19 

feasibility and reliability of the model. The outdoor experiments are conducted to 20 

show the electrical performance of the concentrating photovoltaic module under the 21 

real weather condition. Then the model is used to analyze the electrical performance 22 

of the PV cell under the flux distribution created by the proposed concentrator. The 23 
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results show that the electrical performance of the proposed concentrating 24 

photovoltaic module is close to that under the uniform flux distribution with the same 25 

total radiation level, which confirms that the proposed concentrator is beneficial for 26 

the PV output under concentrating illumination due to uniform flux distribution.    27 

Keywords: concentrating photovoltaic (CPV); flux distribution; two-dimensional 28 

finite element model; electrical performance 29 

 30 

1 Introduction 31 

Solar concentrating system can attain a larger solar irradiation than that without 32 

solar concentrator. For PV application, solar concentrating system can get a higher 33 

flux intensity which can save lots of PV cells and reduce the cost significantly in 34 

theory.  There are many CPV (concentrating photovoltaic) systems were designed and 35 

studied by researchers. Du et al. designed a mirror lens CPV with the active water 36 

cooling [1]. Renzi et al. analyzed the performance of two 3.5kWp CPV systems under 37 

real operating conditions [2]. Li et al. simulated and tested a low concentrating solar 38 

concentrators integrated with building for CPV [3, 4]. Mallick et al. designed an 39 

asymmetric concentrator in the specular reflection or total internal reflection forms for 40 

building integrated CPV application [5-7]. 41 

However, many solar concentrators can only provide non-uniform flux 42 

distribution, which usually have significant impact on the PV output. What’s more, 43 

the presence of non-uniformity increases the temperature across some portions of the 44 

cells and causes hotspots which will finally intensify material aging and thus tend to 45 

deteriorate the cell performance. As the concentration ratio increases, it will become 46 

more difficult to maintain uniformity of the flux on the solar cells. In Coventry's study, 47 

an experiment comparison was conducted on a single solar cell in both uniform and 48 
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non-uniform flux distribution. The results showed that there is a reduction in open 49 

circuit voltage of 6.5 mV and an obvious deviation of I-V curves is observed under the 50 

uniform and non-uniform illumination conditions, and the author pointed out an 51 

efficiency drop from 20.6% with uniform illumination to 19.4% with non-uniform 52 

illumination [8, 9]. Katz et al. [10] produced a localized illumination for a 100 mm² 53 

triple-junction GaInP2 /GaAs/Ge cell with the uniform front metallization with the 54 

total power varies from 0.1 W to 8 W. The experiment results indicated that the open 55 

voltage, fill factor and PV cell efficiency all got a decline affected by the local 56 

illumination compared with the uniform illumination. Manor et al. [11] conducted the 57 

experiment for the large photoactive area organic cell with poly (3-hexylthiophene) 58 

(P3HT)/PCBM BHJ under the uniform and localized illumination and the results 59 

showed that a decline of the open voltage was observed between the localized and 60 

uniform illumination. 61 

On the contrary, there are many precedents of improving the performance of the 62 

concentrators by flatten the flux illumination profile that falls on the receiver of the 63 

concentrator where the PV cell is attached. Li et al. [12] concluded that the lens-64 

walled CPC (compound parabolic concentrator) whose flux distribution is more 65 

uniform than the normal mirror CPC shows higher fill factor values and the 66 

experiment certified their conclusions. Wang et al. [13] proposed that for the tube 67 

receiver with parabolic trough collector system, decreasing the heat flux gradient and 68 

peak magnitude on the receiver can reduce the thermal stress and avert receiver 69 

failure. Hatwaambo et al. [14] demonstrated that the fill factor of the low 70 

concentrating CPCs can be improved by a semi-diffuse aluminum sheet reflector with 71 

rolling grooves oriented parallel to the plane of the solar cell module due to more 72 

uniform flux distribution across the solar cell.    73 
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Franklin and Coventry [9] indicated that the parabolic trough concentrator has 74 

the Gaussian flux profile on the cell. Li et al presented that the lens concentrator has 75 

also a non-uniform distribution [15]. Some methods can also be considered to 76 

improve the flux distribution, such as the use of active or passive cooling mechanisms 77 

[16-18], use of high-grade silicon solar cells, and/or the use of semi-diffuse reflectors 78 

[14] on the already existing concentrator geometries have been tried. Huang et al 79 

indicated that when the receiver plane is placed somewhat upwards or downwards 80 

from the focus, the Fresnel solar concentrator can improve the uniformity of flux 81 

distribution [19]. Secondary optical elements can also be used to weaken negative 82 

effects of the non-uniformity [20, 21]. Perez-Enciso et al. [22] proposed a method to 83 

achieve a uniform flux distribution with a multi-faceted point focus concentrator, 84 

however for most of solar concentrators, the uniformity of flux distribution is still an 85 

inevitable problem. 86 

Compound parabolic concentrators are the typical solar concentrator with 87 

Gaussian flux profile which is a promising concept for it can works with a fixed 88 

installation. The high solar irradiation can make solar cells produce larger amounts of 89 

currents, but the non-uniform illumination lowers the efficiency due to the losses 90 

caused by the increase in series resistance. Mammo et al. [23] revealed that efficiency 91 

deviation is mainly due to the non-uniform illumination distribution. 92 

In order to overcome this disadvantage, and the need of achieving homogenous 93 

flux distribution on photovoltaic, thermal or other kind of receivers in solar 94 

concentrating devices is a common issue. Thus, this paper displayed a novel 95 

concentrating PV with uniform flux distribution. It is found through the ray tracing 96 

simulation that the flux distribution of the proposed novel concentrating PV is very 97 

uniform with the variance value of 0.327 which is much more uniform than that of the 98 
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normal symmetric mirror CPC whose variance value is 4.764 with the same geometric 99 

concentration ratio. Through the simulation and experiment, the modeled I-V curves 100 

for the PV cell under the uniform flux distribution and that under the flux distribution 101 

created by the proposed concentrator show a good agreement, which indicates that the 102 

electrical performance of the concentrating PV module is close to that under the 103 

uniform flux distribution with the same total radiation level. The study proves the 104 

benefits of the proposed concentrator for the output improvement of the solar cells 105 

under concentrating illumination. As for the cost of the proposed CPV module, It was 106 

demonstrated by Mallick et al. that for the low-concentration dielectric compound 107 

concentrator PV technology, a reduction of the overall system cost of up to 53% could 108 

be expected in volume production instead of the small number of systems currently 109 

manufactured though the cost of the dielectric concentrator may outweigh the PV 110 

material cost savings, especially when the price of PVs has fallen significantly [6]. 111 

And the material quality of the concentrator proposed in the paper is only 1/4–1/5 of 112 

that of the dielectric concentrator, so it can further reduce the cost as well as the 113 

weight. 114 

 115 

2 The CPV module  116 

2.1 The geometry 117 

The geometry of the proposed concentrator is designed in the asymmetric 118 

structure as shown in Fig. 1, which is composed of the asymmetric compound 119 

parabolic curves in the form of the lens structure and mirrors. An air gap is set 120 

between the lens and mirrors, thus the sun rays can be collected either by the total 121 

internal reflection or by the specular reflection, which will increase the optical 122 

performance of the concentrator. For the further structure optimization, the 123 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

6 

 

concentrator is designed by rotating the original concentrator around the up end point 124 

of the absorber M by a certain degree λ  which means that the incidence angle for the 125 

original concentrator θ  will be θ  for the optimization concentrator: =θ θ λ  . The 126 

optimization structure of the concentrator integration with PV is detailed studied in 127 

the paper. The angle between the normal of the absorber and the incident ray is 128 

defined as the incidence angle for the proposed concentrator. The geometric 129 

concentration ratio ( C ) is 2.4x, which is defined as: Aperture width/Absorber width. 130 

 131 

2.2 The layout form of the CPV module  132 

The structure shown in Fig. 2 is the layout form of the concentrating PV module 133 

where the PV cell is attached to the absorber of the concentrator. Some key position 134 

parameters of the CPV module can be concluded as: the rotation angle of the 135 

concentrator is 5° and the concentrator is titled at 10° (the angle between the normal 136 

of M’N’ and the incident ray). In the following sections, the optical and electrical 137 

performance of the CPV module at this layout form is detailed presented.  138 

 139 

3 Simulation analysis and discussions  140 

3.1 The optical performance of the CPV module 141 

The software Lighttools
®
 is used to perform the ray tracing simulation for the 142 

proposed concentrator thus to find out the optical efficiencies and flux distribution on 143 

the absorber of the concentrator. Lighttools
®
 is a fast and accurate ray-tracing 144 

photometric analysis program which provides the optical system modeling and 145 

performance evaluation for non-imaging optical design.  146 

During the simulation process, the material of the concentrator is set as PMMA 147 

and the specular reflectivity is set to be 85%. The number of total incident rays is 148 
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10000 and the intensity of the solar radiation is 1000 Wm
-2

. All the incidence rays are 149 

assumed to be parallel and the schematic diagram of the ray tracing simulation is 150 

shown in Fig. 3. 151 

 152 

The optical efficiencies of the proposed concentrator at varies incidence angles 153 

are depicted in Fig. 4. From the results, it can be seen clearly that the optical 154 

efficiency is very high within the acceptance range of 0-60°, the average value of 155 

which is 86.6%.  156 

Through the ray tracing simulation, the flux distribution on the absorber of the 157 

proposed concentrator and the normal symmetric mirror CPC with the same 158 

geometric concentration ratio of 2.4x can be obtained. The flux distributions for two 159 

types of CPCs are shown in Fig. 5. The variance value of the averaged local 160 

concentration ratios is used to evaluate the uniformity of the flux distribution. From 161 

the results, the average value of the local concentration ratios of the proposed 162 

concentrator is 2.2, which means that the concentrator can increase the solar radiation 163 

on the PV by a factor of 2.2x but the variance value of the results is only 0.327 which 164 

indicates that the non-uniformity of the illumination profile is very small. As for the 165 

normal symmetric mirror CPC, the average value of the local concentration ratios is 166 

2.07 which is lower than that of the proposed concentrator, and the variance value of 167 

the results is 4.764 which is much larger than that of the proposed concentrator. 168 

Above all, it’s clearly that the optical efficiency of the proposed concentrator is larger 169 

than that of the symmetric mirror CPC, and the flux distribution of the proposed 170 

concentrator is also much more uniform than that of the symmetric mirror CPC, 171 

which means that the proposed concentrator is definitely a better choice for the better 172 

concentrating PV output.  173 
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  174 

3.2 PV simulation by a two-dimensional finite element model   175 

3.2.1 PV cell  176 

The PV cell that is used for the CPV model is shown in Fig.6, which consists of 177 

6 unbroken and 2 segmental emitter regions, 7 fingers in PV cell length direction and 178 

1finger in PV cell width direction and 1 bus-bar. The whole PV cell is modeled by 179 

considering the flux distribution that produced by the proposed concentrator at the 180 

specific incidence angle under the actual working condition. A comprehensive and 181 

accurate comparison with the lab experiment results is conducted to validate the 182 

model. The detailed parameters under STC (standard test condition) of the PV cell are 183 

shown in table 1. 184 

3.2.2 Illumination profiles 185 

From the flux distribution analysis (given in the averaged local concentration 186 

ratio) of the proposed concentrator mentioned above, it’s obvious that the flux 187 

distribution of the proposed concentrator is very uniform, thus in the following 188 

section, the electrical performance of the proposed CPV module is detailed analyzed 189 

to verify the benefits for the PV output under the concentrating illumination.    190 

The flux distribution of the uniform distribution and the flux distribution of the 191 

CPV module profiles (G(x)) in the cell bus-bar direction is shown in Figure. 7. The 192 

flux distribution of CPV module is derived by the ray tracing simulation, and the 193 

mean illumination on the PV cell for both cases is 2.2 suns. It should be noted that the 194 

non-uniform illumination in the bus-bar direction is considered only, which is 195 

determined by the joint way between the proposed concentrator and the PV cell, and 196 

the various factors that lead to the non-uniform illumination in the finger direction 197 

will not be considered in this article. 198 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

9 

 

 199 

3.2.3 Mathematical modelling 200 

Since the DC current flow in a conductive medium is dealt with, the Partial 201 

Differential Equation (PDE) to be solved in the domain is the continuity equation,  202 

 e

jV J Q                                                    (1) 203 

Where V  is the electric potential, V; eJ  is the current density, Am
-2

; jQ  is the 204 

current source term, Am
-3

; and   is the sheet conductivity of the material which is 205 

defined as,  206 

1/ ( )sh eR t                                                     (2) 207 

Where shR is the sheet resistance,Ω ; et is the depth of the emitter, m. 208 

The current source jQ  is interpreted to be generated by the diode. Thus, the one 209 

diode model is used because according to Van. et al. [24], more accurate values can 210 

be found for all parameters for such a model. The jQ  can be expressed by eq. (3) with 211 

considering the photo-generated current, recombination, and shunts [25], 212 

3

1 2 3exp exp 1
g e j

j j

b b

E q V
Q C G C T C V

k T nk T

    
       

    
                  (3) 213 

And in the dark bus-bar and finger regions is expressed by 214 

3

2 3exp exp 1
g e j

j j

b b

E q V
Q C T C V

k T nk T

    
      

    
                       (4) 215 

Where G is the illumination with profile described; T is the cell temperature; 216 

gE is the band gap energy; bk is the Boltzmann constant; eq is the electron charge; jV  217 

is the junction electric potential; n  is the diode ideality factor; and 1C , 2C and 3C  are 218 

coefficients specific to a given cell (see [26] and reference therein). 219 
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3.2.4 Boundary conditions 220 

There are three types of boundary conditions will be considered in this 221 

simulation study as shown below [26, 27], 222 

Interface condition:  1 2 0bn J J                                                                      (5) 223 

Electric insulation: 0bn J                                                                                  (6) 224 

Bus-bar electric potential: cellV V                                                                              (7) 225 

Where bn  is the unit normal to the boundary; 1J  and 2J  are the current density 226 

vectors at the boundary of the adjacent media; and J  is the current density vector at 227 

the external boundary. 228 

The interface condition is used to ensure the continuity of the current at 229 

interfaces between the different media at all internal boundaries; Electric insulation is 230 

considered within the areas of the longitudinal outside edges of the bus-bar and 231 

external boundaries of the emitter section; the external load is considered to be 232 

connected with the ends of the bus-bar which therefore should have the same electric 233 

potential as the cell operating voltage cellV , an input parameter [26, 27]. 234 

 235 

4. Experimental validation and analysis 236 

4.1 Model validation 237 

In order to validate the model, the prototype was manufactured and fabricated as 238 

shown in Fig. 8. The indoor lab experiment is conducted under a solar simulator 239 

(Oriel Sol3A Model 90943A) from Newport Corporation which generates a ray 240 

intensity of 1000 W/m
2
 (uniform illumination is less than 2% in an active area of 100 241 

x 100 mm
2
), and the lab experiment setup is shown in Fig. 9. The ambient 242 

temperature is 25 ℃.  243 
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 244 

With the experiment results of the proposed CPV module, the input parameters 245 

for the numerical simulation can be identified, which is detailed summarized in Table 246 

2. It should be noted that during the simulation, the temperature on the whole PV cell 247 

is set to be 298K in corresponding with the experiment test. 248 

The experimental and modeled I-V curves for the proposed CPV module are 249 

shown in Fig 10. From the results, it can be seen clearly that the experiment and 250 

simulation results show a good agreement, and the deviation of the short circuit 251 

current ( scI ) and open circuit voltage ( ocV ) is very small. However, the maximum 252 

power ( maxP ) of the experiment is smaller than the simulation result, which causes 253 

the deviation of the I-V curves. The values of the maximum power for the experiment 254 

and simulation results are 278.982 mW and 299.462 mW respectively, which delivers 255 

a relative deviation of 6.68%. The deviation of that can be explained as follows: in the 256 

numerical simulation, the ideal CPV model is considered, however actually, there are 257 

all kinds of errors that may lead to the deviation. These errors can be concluded as: on 258 

the one hand, for the optical concentrators, the performance degradation is a common 259 

phenomenon due to all kinds of errors, such as: manufacturing errors which caused 260 

imperfect surfaces as compared with the designed concentrator (structure 261 

malformation), and imperfect polishing on the concentrator’s surfaces; coating errs; 262 

the deviation of the concentrator and the PV cell (When soldering the concentrator on 263 

the PV cell base, assembly errors existed); on the other hand, test errors due to the test 264 

instruments accuracy and artificial errors are inevitable. The influence of the 265 

manufacture errors may be significant especially when the concentrator is designed in 266 

the form of the total internal reflection because the total internal reflection depends 267 

largely on the quality of the concentrator’s interface. There were precedents of these 268 
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errors influencing the optical performance of the concentrators which have been 269 

analyzed by many researchers. Mammo et al. conducted both electrical and optical 270 

performance analysis for the reflective 3D crossed compound parabolic concentrating 271 

photovoltaic system, and the experimental characterization of the optical efficiency 272 

was found to show a deviation of 19.4% from the 3D ray tracing simulation results 273 

[23]. Abu-Bakar, et al. [28] evaluated the performance of the asymmetrical compound 274 

parabolic concentrator and an average deviation of 11% was observed between the 275 

experiment results and the simulation results. In conclusion, the simulation results are 276 

basically corresponding with the lab experiment results, thus the feasibility and 277 

reliability of the model are verified.    278 

 279 

4.2 The comparison of the PV performance under the uniform flux distribution and 280 

the flux distribution created by the proposed concentrator  281 

In this section, the PV cell model described above is used to investigate the 282 

electrical performance comparison of the PV cell under the uniform flux distribution 283 

and the flux distribution created by the proposed concentrator to analyze the 284 

performance of the CPV module and its benefits for the PV output under the 285 

concentrating illumination condition due to the relatively uniform flux distribution on 286 

the PV cell. 287 

4.2.1 The comparison of I-V curves    288 

The flux distribution profiles are presented in Fig. 7, and the average flux 289 

intensity per surface area is same for both of them [29]. The modeled I-V curves for 290 

the uniform flux distribution and the flux distribution created by the proposed 291 

concentrator are plotted in Fig. 11. A good agreement is observed between the two 292 

modeled I-V curves and there is a very small difference but can’t be displayed in the 293 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

13 

 

figure, which indicates that the electrical performance of the PV cell under the 294 

illumination profile created by the proposed concentrator is close to that under the 295 

uniform illumination profile with the same total radiation level. Thus, it can be 296 

concluded that the proposed concentrator can increase the solar radiation that falls on 297 

the PV cell by a ratio of 2.2X, non-uniformity of which can be totally ignored thus to 298 

increase the electrical performance of the concentrating PV cell that can be used in 299 

various areas.   300 

 301 

4.2.2 The comparison of the surface voltage distribution  302 

The voltage distribution on the PV cell surface under the open-circuit condition 303 

for the uniform flux distribution and the flux distribution created by the proposed 304 

concentrator are shown in Fig. 12. It can be seen from the results that for the uniform 305 

flux distribution, the voltage is almost same on the whole PV surface with a largest 306 

difference value of 0.0005 V, which may be caused by the layout of the fingers and 307 

bus-bar. For CPV module, the difference value between the largest voltage and the 308 

lowest voltage on the PV cell surface is 0.009V, which deliveries a relative difference 309 

ratio of 1.42%. The voltage tendency through the cell is due to “distributed diode 310 

effects”, which can be concluded as: the lateral resistances in the cell leads to a 311 

voltage drop across the cell surface, causing different positions on the cell surface to 312 

operate at different voltages and therefore produce different current densities [9].  313 

Thus, although the change tendency of the voltage distribution throughout the 314 

PV surface under the flux distribution created by the proposed concentrator is a little 315 

more obvious than that under the uniform flux distribution, the difference value is 316 

very small that it further prove the conclusion drawn from Fig. 11. 317 

 318 
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4.2.3 The comparison of the current density distribution  319 

The three-dimensional plots of the current density on the PV cell under the short-320 

circuit condition for: (a) uniform flux distribution; (b) flux distribution created by the 321 

proposed concentrator are depicted in Fig. 13.  The distribution of the current density 322 

is proportional to the distribution of the solar intensity, which means that the higher 323 

illumination regions have higher current density values. Due to the high conductivity 324 

of the finger and the bus-bar and so with neighbouring emitter regions generating 325 

almost the same current, the generated current will be absorbed and passed to the 326 

fingers and bus-bar directly. Furthermore, the emitter resistance causes a junction 327 

voltage which increases with the distance from the finger. As a result, the regions 328 

closer to the finger contribute a higher net current to the cell’s output, which is called 329 

as the “current-crowding”. Thus, the positions closer to the finger and bus-bar have a 330 

higher current density. Moreover, there can also be a component of minority carrier 331 

diffusion laterally through the bulk, which further reduces the current density from 332 

positions distance from the fingers and bus-bar as detailed discussed by Aberle et al. 333 

[30] but is not fully accounted for in this model. So in conclusion, the nearer to the 334 

finger, the higher the current density will be, and the peak value always appears in the 335 

closer regions of the fingers and bus-bar for both illumination conditions.  336 

As for the larger peak values in the edge regions of the PV cell (the width of the 337 

area is 2 mm) can be concluded as: there is no fingers in this region, the nearest finger 338 

is the finger in the bus-bar direction which is vertical to the other 7 fingers. Therefore, 339 

the generated current will be absorbed by this vertical finger only while in other 340 

emitter regions with the same width, the generated current will be absorbed equally by 341 

the fingers on the either side, so the peak values are larger in this edge region than 342 

those in other emitter regions. The current density in the fingers and bus-bar is not 343 
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plotted, because of the great difference of the conductivity between the emitter region 344 

and the bus-bar and finger, which will make the current intensity profile in the emitter 345 

regions difficult to be visualized if the current intensity in the finger and bus-bar is 346 

included in Fig. 13. 347 

From the results shown in Fig. 13, the current density distribution on the PV cell 348 

under the uniform flux distribution is more uniform than that under the flux 349 

distribution created by the absorber. However, it’s clearly that the peak values in the 350 

emitter regions are almost at the same level but only at some regions show a decreases 351 

that result in the three-dimensional plot of the current density is not as smooth as that 352 

under the uniform flux distribution. The decrease mainly occurs at the left and middle 353 

side of the PV cell, this can be explained by: the average solar intensity in these 354 

regions is lower than the average value through the whole cell (Fig. 5, Fig. 7), thus the 355 

current density which is proportional to the solar intensity will be a little lower.    356 

 357 

4.2.4 Overall comparison for the experiment and simulation results 358 

As shown in table 3, there are the five parameters such as ocV , scI , mP , FF , PV 359 

cell efficiency for the CPV module under the experimental test and the numerical 360 

simulation. It should be noted that for the concentrating PV cell, the efficiency of it is 361 

gotten by: the maximum power ( mP )/the total solar radiation that enters the aperture 362 

of the concentrator (rather than the actual energy that the PV cell captures). From the 363 

results, it can be seen that the difference values of five parameters between the 364 

uniform flux distribution and the flux distribution created by the absorber is very 365 

small, which further verify that the flux distribution of the CPV module is close to the 366 

uniform flux distribution that it is beneficial for the concentrating PV output.  367 
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Compared with the non-concentrating PV cell, it can be seen that the proposed 368 

concentrator can increase the maximum power (Pm) by a factor of 1.93x for the 369 

simulation results and this value is 1.80x for the experiment results. The decrease of 370 

the experiment results as compared with the simulation results is mainly due to the 371 

optical loss which is mainly caused by the manufacture errors.  372 

 373 

4.3 Outdoor experiment tests 374 

In order to find out the electrical performance of the CPV module under the real 375 

weather condition and thus further validate the math model established in the paper, 376 

we conduct the outdoor experiments with the portable solar module analyzer from RS 377 

PRO
®
, and the tests are on 17

th
 Dec. 2017 at 12:22 (Test 1) and 15:14 (Test 2) 378 

respectively. Detailed outdoor test conditions are shown in table 4 and simulation 379 

parameters under outdoor test conditions are presented in table 2. Experimental and 380 

modeled I-V curves for CPV module: (a) under Test 1 condition; (b) under Test 2 381 

condition are shown in Fig. 14. From the results, it can be seen clearly that the 382 

experiment and simulation results show a good agreement, and the deviation of the 383 

short circuit current ( scI ) and open circuit voltage ( ocV ) is very small. The same as the 384 

indoor lab experiment, the maximum power ( maxP ) of the outdoor experiment is 385 

smaller than the simulation result, which causes the deviation of the I-V curves. The 386 

deviations of the maximum power can be illustrated as: for the outdoor Test 1: the 387 

simulation and experiment maximum power are 249.0 mW and 240.3 mW and the 388 

relative deviation is 2.40%; for the outdoor Test 2: the simulation and experiment 389 

maximum power are 208.1 mW and 198.8 mW and the relative deviation is 4.50%. 390 

Thus, through the outdoor experiments validation, the feasibility and reliability of the 391 

model are further verified. 392 
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 393 

5 Conclusions 394 

A novel CPC-type CPV module is proposed and detailed analyzed in this paper. 395 

A two-dimensional finite element model is used to perform the numerical simulation 396 

for the PV to confirm the benefits of the CPV module proposed in the paper due to the 397 

relative uniform flux distribution. The whole PV cell is modeled by considering the 398 

flux distribution that produced by the proposed concentrator to make a more 399 

comprehensive and accurate comparison with the lab experiment results to validate 400 

the model that is used for the numerical simulation. Furthermore, the numerical 401 

simulation results are presented to compare the PV performance difference under the 402 

flux distribution created by the concentrator and the uniform flux distribution with the 403 

same total radiation level. The key conclusions are as follows: 404 

(1) The flux distribution of the proposed concentrator is very uniform with the 405 

variance value of 0.327 which is much more uniform than the flux 406 

distribution of the normal symmetric mirror CPC whose variance value is 407 

4.764 with the same geometric concentration ratio and the optical efficiency 408 

of it is as high as 91.8%; 409 

(2) A good agreement is observed between the experimental and modeled I-V 410 

curves, and the deviation is mainly caused by the manufacture errors of the 411 

concentrator, which verify the feasibility and reliability of the model that is 412 

used for the numerical simulation; 413 

(3) The modeled I-V curves for PV under the uniform flux distribution and the 414 

flux distribution created by the concentrator show a good agreement, which 415 

indicates that the electrical performance of the CPV module proposed in the 416 
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paper is close to that under the uniform flux distribution with the same total 417 

radiation level.  418 

(4)  From the comparison of the voltage distribution and the current density 419 

distribution on the PV cell for the uniform flux distribution and the flux 420 

distribution created by the absorber, it further proves the non-uniformity of 421 

the proposed concentrator is very small, which is almost close to the uniform 422 

flux distribution. 423 

(5) Simulation five parameters of the PV cell under the uniform illumination 424 

profile and illumination profile created by the concentrator show little 425 

difference, which both increase the maximum power of the PV cell by a ratio 426 

of 1.93x as compared with the non-concentrating cell. 427 

Therefore, the concentrating PV module proposed in this paper can work in the 428 

uniform flux distribution which is beneficial for the concentrating PV output and 429 

shows a promising concept in the low-concentrating PV technology. 430 
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Figure captions 531 

Fig.1. The geometry of the proposed concentrator and its optimization structure. 532 

Fig.2. Layout form of CPV module. 533 

Fig.3. Schematic diagram of the ray tracing simulation for the CPV module. 534 

Fig.4. Optical efficiencies at various incidence angles. 535 

Fig.5. Averaged local concentration ratios for the proposed concentrator (Distance is 536 

counted from L in Fig. 1) and the normal mirror CPC. (Results are derived from the 537 

same incidence angle for both kinds of concentrators). 538 

Fig.6. PV cell in the experiment. 539 

Fig.7. Illumination profiles for: (a) uniform flux distribution; (b) flux distribution of 540 

the CPV module in the bus-bar direction. 541 

Fig.8. The prototype of the proposed CPV module. 542 

Fig.9. The experiment setup. 543 

Fig. 10. Experimental and modeled I-V curves for CPV module under STC. 544 

Fig.11. Modeled I-V curves for the PV cell under the uniform flux distribution and 545 

the flux distribution created by the concentrator. 546 

Fig.12. PV cell surface voltage distribution under the open-circuit condition for: (a) 547 

uniform flux distribution; (b) flux distribution created by the proposed concentrator. 548 

The color data represents the voltage. 549 

Fig.13. Three-dimensional plot of the current density on the PV cell under the short-550 

circuit condition for: (a) uniform flux distribution; (b) flux distribution created by the 551 

absorber. Both height and color data represent current density. Current density in the 552 

fingers and bus-bar is not plotted.  553 

Fig.14. Experimental and modeled I-V curves for CPV module: (a) under Test 1 554 

condition; (b) under Test 2 condition. 555 

556 
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Table captions  557 

Table 1 Parameters of the PV cell under STC. 558 

Table 2 Input parameters used in all simulations. 559 

Table 3 Experiment and simulation results. 560 

Table 4 Outdoor test conditions. 561 
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Fig.1. The geometry of the proposed concentrator and its optimization structure. 565 
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Fig. 2. Layout form of CPV module. 570 
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 572 

Fig. 3. Schematic diagram of the ray tracing simulation for the CPV module. 573 
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Fig. 4. Optical efficiencies at various incidence angles. 577 
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 581 

Fig. 5. Averaged local concentration ratios for the proposed concentrator (Distance is 582 

counted from L in Fig. 1) and the normal mirror CPC. (Results are derived from the 583 

same incidence angle for both kinds of concentrators). 584 

   585 

586 
 Fig. 6. PV cell in the experiment 587 

 588 
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 589 

(a) 590 

 591 

(b) 592 

Fig. 7. Illumination profiles for: (a) uniform flux distribution; (b) flux distribution of 593 

the CPV module in the bus-bar direction. 594 
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 595 

Fig. 8. The prototype of proposed CPV module. 596 

 597 

Fig. 9. The experiment setup. 598 
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Fig. 10. Experimental and modeled I-V curves for CPV module under STC 601 

. 602 
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 603 

Fig. 11. Modeled I-V curves for the PV cell under the uniform flux distribution and 604 

the flux distribution created by the concentrator. 605 

                                                                                                               Unit: V 606 
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(a) 608 
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 609 
(b)  610 

Fig. 12. PV cell surface voltage distribution under the open-circuit condition for: (a) 611 

uniform flux distribution; (b) flux distribution created by the proposed concentrator. 612 

The color data represents the voltage. 613 

 614 

 615 

                                                                                                               Unit: A 616 

 617 
(a)  618 
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 619 
(b)  620 

Fig.13. Three-dimensional plot of the current density on the PV cell under the short-621 

circuit condition for: (a) uniform flux distribution; (b) flux distribution created by the 622 

absorber. Both height and color data represent current density. Current density in the 623 

fingers and bus-bar is not plotted. 624 
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(a) 634 
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(b) 636 

Fig.14. Experimental and modeled I-V curves for CPV module: (a) under Test 1 637 

condition; (b) under Test 2 condition.638 
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 639 

Table 1 Parameters of the PV cell under STC. 640 

Parameters Experiment under STC 

ocV (V) 0.590 

scI  (A) 0.387 

mP (mW) 155.619 

FF (%) 68.112 

Efficiency (%) 15.34 
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Table 2 Input parameters used in all simulations. 653 

Cell geometry and resistivities  

Cell length (finger direction) (cm)  7  

Cell width (bus-bar direction) (cm) 1.5  

Bus-bar width (mm) 2  

Finger width (µm) 20  

Finger resistance per unit length (Ω cm
-1

) 0.3  

Emitter sheet resistance (Ω/□) 100  

  

 Test conditions 

Operation conditions Indoor  Test 1 Test 2 

Temperature (K)   298.0  280.5 280.3 

Mean illumination Intensity (Wm
-2

) 2200.00  1571.46 1305.48 

    

Diode equation parameters    

C1 (AW
-1

) 0.3020188 
 

0.453753 0.37338 

C2 (Am
-2

K
-3

) -8.14E+08 
 

-1.58E+11 -2.82E+10 

C3 (Am
-2

V
-1

) -1.736953 
 

-0.146937 -0.146937 

Ideality factor n   1.938 2.4274 2.1405 

Eg (eV) 1.124 1.124 1.124 

 654 

 655 

 656 

Table 3 Experiment and simulation results. 657 
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Parameters Experiment CPV module Uniform 

Voc (V) 0.629 0.631 0.628 

Isc (A) 0.648 0.649 0.649 

Pm (mW) 278.982 299.462 299.440 

FF (%) 68.421 73.136 73.508 

Efficiency (%) 11.071 11.883 11.882 

 658 

Table 4 Outdoor test conditions. 659 

 Location Time/Date 

Wind speed/ 

ms
-1

 

Solar radiation/ 

Wm
-2

 

Ambient 

Temperature/℃ 

Test 1 Hefei 

(31.83N, 

117.25E)  

12:22/ 

17.Dec.2017 

1.2 714.3 7.5 

Test 2 

15:14/ 

17.Dec.2017 

1.3 593.4 7.3 

 660 
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 664 

Nomenclature 

C  Geometric concentration 

ratio 

T (K)  PV cell working temperature 

gE (eV) Material band-gap energy 

(1.124 eV for silicon) 

et  (m) the depth of the emitter 

FF (%)  Fill factor V (V) Solar cell/module voltage 

G (W/m
2
) Illumination profile jV (V)  Junction voltage 

scI (A) Short-circuit current ocV (V)  Open-circuit  voltage 

eJ (A/m
2
)   Current density 

Greek symbols 

bK (J/K)  Boltzmann constant 

n                          Diode ideal factor Λ (°)  A certain degree 

Pmax (mW)  Maximum power θ  (°)  The incidence angle for the 

optimization concentrator 

jQ  (A/m
3
)  Generated current density θ (°)  The incidence angle for the 

original concentrator 

eq (C)  Electron charge σ (S/m)  Conductivity of the material 

shR (Ω)  Sheet resistance λ (°)   Rotation angle 

 665 


