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Abstract- For a photovoltaic system in an urban building, building shadow occlusion is an often-encountered problem, 

photovoltaic array covered area will change with time, resulting in the photovoltaic array output volt-ampere performance curve 

being also different with time. With the engineering analytical model of silicon solar cells, the series-parallel of electrical circuits 

theory, and the solar Angle change formula, an approach to predicting the effect of shadows from surrounding buildings on the 

performance of solar photovoltaics is established. The simulation results show the difference of the PV array’s I-V and P-V 

performance curves with periods. An actual test is carried out for the completed photovoltaic project with building shadow 

occlusion, and the comparison with Matlab simulation I-V and P-V performance curve proves the predicting model can describe 

the output performance of the PV array with building shadow occlusion. 

Keywords: Building shadow occlusion, photovoltaic array, a predicting approach, simulation analysis, ambient temperature, 

solar irradiance. 

 

1. Introduction 

The PV array system is mainly affected by solar irradiance 

and ambient temperature, and the actual operation of the PV 

array often appears part of the PV module in the shadow of the 

surrounding buildings, shadow occlusion will make part of the 

photovoltaic module loss of direct solar radiation, so that the 

solar irradiance of the photovoltaic module is uneven 

distribution, resulting in the output performance of the 

photovoltaic array decline.  

Literature  

The hot-spot effect may even form and damage the 
photovoltaic module [1]. Partial building shadow occlusion is 

a kind of occlusion with certain regularity. Analyzing the 

effect of building shadow occlusion on PV array is of 

important significance in exploring the output performance of 

PV array. The partial shading effect on the photovoltaic array 

has been analyzed and studied in many aspects in China or 

abroad. Su Jianhui et al. [2] introduced an engineering 

analytical model of silicon solar cells, and Wu Zhongjun et al. 

[3] optimized the parameters for this model. Ding Ming, Chen 

Changsong et al. [4,5] established a prediction model of PV 

system output power based on the neural network prediction 

and simulation method, the direct prediction method of the 

historical output power of the photovoltaic system. Zhang 

Zhen, Xue Yang et al. [6,7] analyzed the output and 

performance curve changes of photovoltaic modules under 

partial shading conditions through simulation and 

establishment of photovoltaic module occlusion test based on 

the equivalent circuit model of the double diode and avalanche 

breakdown effect of photovoltaic modules. With the current 

equation of solar cells and the basic theory of circuits, Zhai 
Zaiteng et al. [8] theoretically deduced that piecework 

functions can be used to accurately describe the I-V output 

performance of partially blocked series PV modules. Zhu 

Wenjie, Hu Yihua, Liu Xiaoyan et al. [9~11] studied the PV 

array output performance under partially shaded conditions 

through modeling, simulation, and experiments. Zhu Wenjie 

et al. [9] analyzed the output power of photovoltaic array 

branches under partially shaded conditions in detail through 

simulation and experiments based on series-parallel circuits. 

Hu Yihua et al. [10] used Matlab/Simulink to simulate the 

output performance of a photovoltaic module in different 
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shaded conditions and analyzed the variation regulation of the 
output performance of PV module with the influence of 

shadow in detail. Liu Xiaoyan et al. [11] established a 

mathematical model describing the output performance of PV 

arrays with partially shaded conditions. Based on this, 

different occlusion situations are simulated and analyzed. 

Meng Anbo et al. [12] used Matlab/Simulink to establish 

model simulation and analysis to verify the role of bypass and 

anti-reverse diodes in photovoltaic arrays and summarized the 

output performance of photovoltaic arrays under complex 

shadow conditions. Yang Haoyuan et al. [13] established a 

dynamic model of PV array with the location, moving speed, 
and path of the shadow and carried out a simulation analysis. 

Tingting Pei et al. [14] established a dynamic model of 

photovoltaic arrays considering the change of light intensity 

and temperature with time and verified it by case simulation. 

Dan Yangqing, Tan Jianbin et al. [15,16] did research and 

analysis on optimal control and output efficiency 

improvement of PV arrays with partially shaded conditions. 

Zuo Xiaoyun et al. [17] proposed a dual-mode maximum 

power point tracking algorithm by studying the output 

performance of photovoltaic arrays under shadow conditions 

and verified and compared the MPPT of photovoltaic arrays 

realized by simulation and traditional perturbation observation 
method. Although the above literature has carried out a 

detailed analysis of the PV array affected shadow shading, the 

effect of surrounding building shadow occlusion on the output 

performance of photovoltaic array with certain regulation is 

rarely discussed. With the engineering mathematical model of 

silicon solar cell and the theory of series and parallel circuits, 

the mathematical model of PV array output performance under 

shadow occlusion is established in this paper, which provide 

an approach on predicting effect of shadows from surrounding 

buildings on performance of solar photovoltaic. According to 

the model, the effect of building shadow occlusion on PV 
array is simulated, and the output power of simulated actual 

PV power generation system is compared with the actual test 

value.  

The objective of this study is to establishes a mathematical 

model to predict the effect of surrounding building shadow 

occlusion on the performance of solar photovoltaic (PV) 

arrays. While previous research has extensively analyzed the 

impact of partial shading on PV arrays, there has been limited 

discussion on the specific effects of surrounding building 

shadows with certain regularity. Utilizing an engineering 

mathematical model of silicon solar cells and theories of series 

and parallel circuits, this paper fills this gap by providing a 
method to predict the performance of PV arrays under such 

shadow occlusion. 

Methodology 

The height of building and the sun height angle determine 

the length of shadow, the orientation of the building and the 

azimuth of the sun determine the direction of the shadow [18]. 

Therefore, to calculate the building shadows, it need have the 

height angle and the azimuth angle of the sun first. The 

formula to calculate the building shadows [19]: 

sin hs = sin φ ∙ sin δ + cos φ ∙ cos δ ∙ cos Ω                (1) 

cos As = (sin δ ∙ cos φ − cos δ ∙ cos φ ∙ cos Ω) sin hs⁄       

(2)    

Where 

        hs - solar altitude, 

        φ  - observer's latitude, 

        δ  - the solar declination, 

        Ω - hour angle. 

        As - azimuth angle  

φ is the local latitude (reserve one decimal place); δ is the 

declination of the sun; Ω is the solar hour Angle,Ω=(TT-

12)×150, TT is the true solar time, TT=CT+LC+EQ, CT is the 

Beijing time, Lc is the longitude correction (4min/ degree), if 

the local meridian is in the east of the Beijing meridian, Lc is 

positive, and vice versa, EQ is the time difference. We know 

that the sun's altitude angle is a function of time. 

Under the shadow of the building, the number of 

photovoltaic modules covered by the building shadow will 
constantly change at a certain moment. For a single cell 

element, when the shadow area is above 60%, the maximum 

power point of the PV module begins to change and shift to 

the left, and the photogenerated current of the battery element 

is less than the output current of the PV module when it runs 

at the maximum power point[20]. A large number of 

photovoltaic cells constitute photovoltaic modules that can 

provide a certain capacity of direct current energy through 

series and parallel. In this paper, the model of PV array under 

the surrounding building shadow occlusion use the 

photovoltaic modules as the analysis unit[21-23]. When the 
photovoltaic modules are covered by building shadow, a row 

or a column is covered at the same time, as shown in Figure 1. 

Therefore, the output performance of PV modules under 

shadow conditions can be analyzed according to the output 

performance of battery cells under shadow conditions. That is, 

when the shielding ratio of a module in the photovoltaic array 

exceeds 60%, it can be considered that the photovoltaic 

module is under the shadow shielding [2]. 

 

Fig. 1. (a). Longitudinal occlusion model of PV array. 

 

Fig. 1. (b). Lateral occlusion model of PV array. 
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Figure 1 Plane model of photovoltaic modules obscured 
by longitudinal and transverse shadows 

The building shadow occlusion model as shown in Figure 

2 is established, and the following assumptions are made in 

the built model: 

(1) In the photovoltaic array, the serial PV modules 

number is NS and the parallel PV modules number is NP, then 

the total photovoltaic modules Nt=Ns×Np; 

(2) The minimum distance between the photovoltaic 

module and the shielding building is 𝐥𝟏; 

(3) The height of the shielding building is H; 

(4) Here is to analyze the performance of the photovoltaic 

array under the building shading occlusion. In order to 

calculate, it is assumed that the photovoltaic array is arranged 

according to the projection direction of the building, without 

considering the effect of the solar azimuth Angle on the 

shading area change; 

(5) The length of the photovoltaic module in the 

projection direction is 𝐥𝟎; 

 

Fig. 2. (a). Schematic diagram of the sun's altitude angle                       

and azimuth angle. 

 

Fig. 2. (b). Schematic diagram of the photovoltaic   array 

under the surrounding building shadow. 

According to the position of the sun, the height of the 

surrounding building, and the position of the photovoltaic 

array, the total number of photovoltaic modules N in the 

system can be confirmed. To analyze a single array, perform 
the following steps: 

According to the constructed model, the projected length 

of the building can be denoted as: 

L=H/tan hs                   (3) 

The number of blocked photovoltaic modules NS2 is 
calculated as follows: 

N = {
INT (

L−l1

l0
),           

H L⁄ −l1

l0
− INT (

L−l1

l0
) ≤ 0.6

INT (
L−l1

l0
) + 1,   

H L⁄ −l1

l0
− INT (

L−l1

l0
) > 0.6

              

(4) 

In engineering applications, the reference data of solar 

cell modules is usually only a current-voltage curve under 

standard test conditions (STC), including maximum power 

point voltage, maximum power point current, open circuit 

voltage, and short-circuit current value. This paper use the 

solar cell engineering mathematical model as follows[2] : 

I=𝐼𝑆𝐶[1 − 𝐶1(𝑒𝑉 𝐶2𝑉𝑂𝐶⁄ − 1)]                       (5) 

C1 = (1 − Im Isc⁄ )exp [−Vm (C2VOC)⁄ ]           (6) 

C2 = (Vm VOC⁄ − 1)[ln(1 − Im ISC⁄ )]−1         

        (7) 

In the application of this model, when the solar irradiance 

does not exceed 2 solar constants, the deviation is small [2]. 

The photo-generated current generated by each 

photovoltaic cell inside the array is different when the solar 

irradiance is different, and the current generated by the 

shielded solar cell ISC1 is smaller than ISC2 that generated by 

the unshielded solar cell [24]. At this time, under the 

conditions of temperature, illumination and array pattern 

determination, the working current of the photovoltaic array is 

determined by the load. For a single series array, when the 

load impedance is very small, its working current of the array 

is the output current of the unshaded solar cell module ISC2. 

With the increase of the load impedance, the working current 
of the array continuously decreases to less than or equal to the 

photo-generated current of the shielded solar cell module IPH, 

and the working current of the single series array is the output 

current of the shielded PV module ISC1, and the photovoltaic 

module under surround building shadow occlusion operates at 

the maximum power point. 

For a single string of photovoltaic arrays, if the total 

number of PV modules in series is NS, the number of 

unshielded PV modules is NS1, and the number of shielded 

photovoltaic modules is NS2. According to the engineering 

suitable mathematical model of solar cell, the current equation 

of single string array under shadow condition and the 
mathematical model of a PV array under arbitrary shadow 

occlusion condition can be derived: 

The current equation of a single series array is: 

I = {
ISC1 {1 − C1 [exp (

V NS1⁄

C2VOC
) − 1]} , ISC2 ≤ I ≤ ISC1

ISC2 {1 − C1 [exp (
V NS2⁄

C2VOC
) − 1]} ,       0 ≤ I ≤ ISC2

               

(8) 

The array mathematical model under arbitrary shadow 

occlusion is: 

{ Ia = ∑ Ix
Np

x=1

Va = max{Vx}
                    (9) 
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In summary, formula (1), (2), (3), (4), (6), (7), and (8) 
constitute a mathematical model of the output performance of 

a single array under building shadow occlusion. Formula (1), 

(2), (3), (4), (6), (7) and (9) constitute the output performance 

mathematical model of any scale PV array under the building 

shadow occlusion. 

Output performance analysis of photovoltaic array under 

building shadow occlusion 

For an actual photovoltaic project, the solar irradiance and 

battery temperature are not standard value, and the following 

formulas are commonly used in engineering to calculate the 

four electrical parameters corresponding to different 
environmental conditions, namely maximum power point 

voltage V’m, maximum power point current I’m, open circuit 

voltage V’oc, and short-circuit current I’sc . 

T=Tair+K×S            (10) 

ΔT=T-Tref              (11) 

ΔS=S/Sref-1                                         (12) 

I’sc=Isc×S/Sref(1+aΔT)                          (13) 

I’m=Im×S/Sref(1+aΔT)                         (14) 

V’oc=Voc(1-cΔT)(1+bΔS)                       (15) 

V’m=Vm(1-cΔT)(1+bΔS)                       (16) 

In the formula, Sref is the reference solar irradiance, 

1000W/m2; Tref is the reference battery temperature, 25℃; Tair 
is the ambient temperature, K; K is the temperature coefficient 

of the solar cell when the solar irradiance changes, the typical 

value is 0.03℃•㎡/W; ΔT is the difference between the actual 

battery temperature and the reference battery temperature, K; 

S is the solar irradiance, W/㎡; ΔS is the difference between 

the actual solar irradiance and the reference solar irradiance, 

W/㎡; The short-circuit current corresponding to S and T is 

I'sc, the open circuit voltage is V'oc, the maximum power point 

current is I'm and the maximum power point voltage is V'm. a, 

b and c are constants, and the recommended values are 

a=0.0025/℃, b=0.5/℃, and c=0.00288/℃. 

3. Result and Analysis 

A total of 3 photovoltaic modules with type Yingli 

YL250p-29b were selected in series for simulation analysis, 

the shielding building height H=3.2m, and the location was 

Beijing, the true solar time was Beijing time. The electrical 
performance parameters of the PV array under standard test 

conditions (battery temperature 25℃, irradiance 1000W/㎡) 

are Pm=250W, Isc=8.92A,Im=8.39A, Voc=37.6V, Vm=29.8V. 

The solar irradiance is 880W/㎡ under the unshielded 

condition, the solar irradiance is 140W/㎡ under the shielded 

condition, and the ambient temperature is 30℃. 

According to formula (10) ~ (16), four electrical 

parameters under the corresponding solar irradiance can be 

calculated: 

To avoid the occurrence of a hot-spot effect in this 

simulation, it is assumed that each photovoltaic module is 

connected with a bypass diode. According to the above 
mathematical model and corresponding electrical parameters, 

the relationship diagram between the number of photovoltaic 

modules and time, the I-V performance curve, and P-V 

performance curve of photovoltaic arrays in different periods 

are obtained, as in Fig. 3, Fig. 4 and Fig. 5. 

 

Fig. 3.  Shielded single array changes over time. 

 

Fig. 4.  I-V curves of single array over the time periods. 

Table 1. Electrical parameters in different ambient 

conditions 

Solar 

irradiance 

(W/㎡） 

Ambient  

temperature

（℃） 

I’sc 

(A) 

I’m 

(A) 

V’oc 

(A) 

V’m 

(A) 

      

880 30 
8.5

5 

8.0

4 
31.46 24.94 

140 30 
1.2

8 

1.2

0 
20.86 16.54 
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Fig. 5. P-V curve of single series array over the time periods 

Fig. 3 shows the variation of the blocked single array over 

time, Fig. 4 shows the I-V curve of the single array in different 

time periods, and Fig. 5 shows the P-V curve of the single 

array over the time periods. From Fig. 3, 4, and 5, shows the 

output performance of PV arrays under the buildings shadow 

occlusion: 

1) According to the simulation conditions, the building 

shadow occlusion starts to affect the photovoltaic array at 

14:55, and the occlusion rate of the shadow on the 

photovoltaic module is different with time: the earlier the time, 

the slower the occlusion rate; The later the time, the faster the 
occlusion rate; 

2) When part of the photovoltaic module is blocked, the 

shielded single-series array changes over time in a stepped 

shape, the array I-V curve is knee shape, and the array P-V 

curve is multi-peak type; 

3) The occlusion rate of the photovoltaic module for the single 

array used in this simulation varies with time during time 

period 14:55~15:32, time period 15:32~16:00 and after 16:00: 

the earlier the time, the slower the occlusion rate; The later the 

time, the faster the occlusion rate; 

The above analysis results show that the power generation 

of photovoltaic arrays under the buildings shadow needs to be 
analyzed in different time periods to obtain more accurate 

power generation. The maximum power point of the array also 

changes over time. At this time, using the traditional MPPT 

method may make the PV array work near the small peak, and 

it is impossible to track the real maximum power point. 

4. Discussion  

In this paper, a photovoltaic project in Fangshan District 

of Beijing is selected for practical test to verify the 

mathematical model and analys its practicability. The test 

contents include: total solar radiation, solar scattered 

radiation, ambient temperature, photovoltaic array voltage and 
current. The total installed capacity of this project is 112kw, 

440 Yingli polycrystalline components YL250p-29b 

components and 5 Huawei SUN2000-20 inverters are used. 

Among them, 22 pieces are formed in a series, and 4 series are 

connected to one inverter in parallel. In order to prevent the 

generation of reverse current when running in parallel, each 

branch is connected with at least one blocking diode in series. 

The electrical parameters of the components have been 
mentioned above. In this paper, three strings of photovoltaic 

modules are selected as test objects, and two strings of 

photovoltaic modules are affected by the buildings shadow 

occlusion. As shown in Figure 6, when the photovoltaic 

modules that may be obscured by the shadow are completely 

in shadow, there are 8 photovoltaic modules in each string 

under the shadow occlusion, and both photovoltaic modules 

change with the shadow length. The other series is 

unobstructed, three series in parallel and connected to the 

same inverter. 

 

Fig. 6. Photovoltaic power generation project case site. 

As shown in Figure 6, a total of 16 photovoltaic modules 

are likely to be shielded by building shadows. The test data on 

September 9 were selected for analysis, the solar declination 

δ = 5.55°  and the latitude of the project location is φ =
39.72°, and EQ = 16.083min. According to formula (6), 

(8) and (9), the change regulation of the shielded photovoltaic 

modules number over time is obtained, as Figure 7. 

 

Fig. 7.  the number of shaded photovoltaic modules change 

regulation over time. 

From Figure 7, the PV array was obscured by building 

shadows starts from 14:20, and all modules that may be 

shielded are under shadow occlusion by 16:03. During this 

time period, the number of photovoltaic modules shielded at 

different times is also different. Therefore, the solar irradiance 

and ambient temperature in the middle of each time period are 
selected as the simulation conditions. According to the 
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monitoring data, the selected solar irradiance without 
occlusion, solar irradiance with occlusion, and ambient 

temperature are shown in Table 2. 

Table 2. Weather monitoring information of a photovoltaic 

project in Fangshan, Beijing 

 

According to the weather conditions shown in Table 2 and 

formula (10) ~ (16), four electrical parameters of photovoltaic 

modules with and without shadow occlusion in different 
periods can be calculated, as shown in Table 3. 

Table 3. PV module's electrical parameters over the periods 

 

According to the data in Table 3 and formula (1), (2), (3), 
(4), (6), (7) and (9), the simulation analysis was carried out 

and compared with the monitoring data. The results were 

shown in Figures (8) and (9) 

 

Fig. 8. I-V performance of the PV array over the time 
periods. 

 

Fig. 9. P-V performance of the PV array over the periods. 

Figure 8 shows the I-V curves of photovoltaic arrays over 

the periods, and Figure 9 shows the P-V performance curves 

of PV arrays over the periods.  It can be seen from Fig. 7 and 

Fig. 8 that: the influence of building shadow occlusion on the 

output performance of PV arrays; The fewer the number of 

shielded modules, the less obvious the knee performance of 

the I-V curve of the photovoltaic array, and the less obvious 

the P-V curve multi-peak performance. Therefore, if the 

number of photovoltaic modules shielded by building 
shadows just a small proportion, the traditional MPPT method 

will not be significantly affected; If the number of 

photovoltaic modules blocked by building shadows have a 

large proportion, the traditional MPPT method is not suitable. 

 

Fig. 10. (a). Histogram of simulated power generation. 

period 
Electrical  

parameter 

Before 

14:20 

14:20~ 

15:06 

15:06~ 

15:40 

15:40~ 

16:03 

After 

16:03 

without  

shadow  

occlusion 

Isc
′ （A） 8.16 6.92 5.59 4.23 2.72 

Im
′ （A） 7.68 6.51 5.26 3.98 2.55 

Voc
′ （V） 31.72 30.19 28.52 26.44 24.02 

Vm
′ （V） 25.14 23.93 22.61 20.95 19.04 

with  

shadow  

occlusion 

Isc
′ （A） 1.28 1.27 1.26 1.26 1.25 

Im
′ （A） 1.20 1.20 1.19 1.18 1.18 

Voc
′ （V） 20.86 20.99 21.17 21.23 21.36 

Vm
′ （V） 16.54 16.63 16.78 16.83 16.93 
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Fig. 10. (b).  Histogram of actual power generation. 

Fig. 10.  Comparison of simulated and actual values 

Figure 10(a) and 10(b) respectively show the simulated 

power generation data and the actual monitored values of the 

PV array in different time periods during the operation of the 

maximum power point between 13:00 and 17:50. It can be 

seen that except for time period 15:06~15:40, there is only a 
little difference in power generation in other periods, and in 

period 15:06~15:40, the simulated power generation is near 

twice the actual values. The reasons may be as follows: 1) the 

light intensity selected by the simulation cannot accurately 

represent the average light intensity in the period; 2) The 

maximum power point tracked by the MPPT of the PV array 

is the smaller extreme point. But in general, the mathematical 

model shown in this article can accurately analyze of PV array 

output performance under the shadow of buildings and can be 

used to simulate the actual project power generation. 

5. Conclusion 

This paper provides an approach on predicting PV array 

output performance in the partially shaded by surrounding 

buildings conditions. Four electrical parameters of the 

photovoltaic module, solar irradiance (monitored by solar 

radiometer), and ambient temperature (monitored by 

temperature recorder) are taken as input values. It can be used 

to analyze the PV array output performance partially shaded 

by surrounding buildings and to simulate the daily and 

monthly power generation of similar situations in different 

regions. 
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