
  
Chinese Journal of Electrical Engineering, Vol.3, No.3, December 2017 

Complete Parasitic Capacitance Model of 
Photovoltaic Panel Considering the Rain Water 

Shaolin Yu, Jianing Wang*, Xing Zhang, and Fei Li 
(School of Electrical Engineering and Automation, Hefei University of Technology, Hefei 230009, China) 

Abstract: Common mode current suppression is important to grid-connected photovoltaic (PV) 
systems and depends strongly on the value of the parasitic capacitance between the PV panel and the 
ground. Some parasitic capacitance models have been proposed to evaluate the magnitude of the 
effective parasitic capacitance. However, the proposed model is only for the PV panels under dry and 
clean environmental conditions. The dependence of rain water on the capacitance is simply described 
rather than analyzing in detail. Furthermore, the effects of water are addressed quite differently in 
papers. Thus, this paper gives complete parasitic capacitance model of the PV panel considering the 
rain water. The effect of the water on the capacitance is systematically investigated through 3D finite 
element (FE) electromagnetic (EM) simulations and experiments. Accordingly, it is clarified how the 
water affects the parasitic capacitance and methods of minimization of the capacitance are proposed. 
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1  Introduction 
It is known that common mode current is 

generated in non-isolated photovoltaic inverters due to 
grounded loop caused by parasitic capacitances[1-4]. 

Because of the parasitic capacitance, the leakage 
current can flow through the panels and the earth, leading 
to serious problems such as: grid current distortion, 
radiated electromagnetic interferences(EMI) and addi- 
tional losses in the PV system[5-6]. The seriousness     
of these effects has been an area of concern       
and controversial discussion over past years. The 
techniques to suppress the leakage current can be 
divided into the main three groups: modulations 
solutions[7-8], topology solutions[9-10], power filter 
solutions[11-13]. 

Among the common mode loop impedance, the 
parasitic capacitance is also a key factor that greatly 
influences the leakage current[1-2]. Although, there have 
been many papers established to study this parasitic 
parameter, little attention is paid on how to suppress 
the leakage current by reducing the parasitic 
capacitance. The previous research of parasitic capaci- 
tance can be characterized simply into two groups: 
single-capacitor model[14-16]and multi-conductor array 
model[17-19].These models of the parasitic capacitance 
are mostly used to analyses the parasitic capacitance as 
leakage current path. It is not enough to provide the 
direct guidance for minimization of the capacitance 
based on these models. 

The value of this parasitic capacitance depends on 
several factors, e.g., the size of the module, the height 
above the ground, the weather conditions and relative 
humidity[20-21], the way to obtain the value is mainly 
estimation based on experience. It varies from 7nF/kW 
to 220nF/kW[22-23]. Some papers address the parasitic 
capacitance of PV panel becomes larger in the humid 

environment. However, they do not give more 
explanation on how the weather condition influences 
the parasitic capacitance and why heavy humidity or 
rain might result in a significant boost of parasitic 
capacitance. In [24], it is proposed that if the panel 
surface is wet, the relative permittivity of the water 
turns out to be 80 in calculation and the parasitic 
capacitance will increase dramatically compared with 
dry surface condition. Nevertheless, in [25], the 
explanation as to why the parasitic capacitance 
becomes larger in the rain condition is that the surface 
of PV panel is covered by a conducting layer that 
increases the effective area between silicon cells and 
frame. It remains unclear whether the water should be 
considered as a dielectric or an electrode and how it 
affects the panel capacitance. 

This paper gives systematic research on the 
parasitic capacitance of the PV panel. The research 
starts with establishing models of parasitic capacitance 
of a PV panel. Then, the effect of the water on the 
parasitic capacitance is analyzed by considering it as a 
dielectric or an electrode respectively through 
numerous 3D FE EM simulations. Further, the EM 
mechanism behind is carefully examined for better 
understanding. Finally, experiments are conducted to 
validate the simulation and clarify the property of the 
water. Based on the analysis, the complete parasitic 
capacitance model of the PV panel considering the rain 
water is established and some methods are proposed to 
minimize the parasitic capacitance. 

2  The capacitance model of the PV panel 
in the dry environmental conditions 
The PV cell is an energy converter with a crystal 

diode that uses these miconductor P-N junctions to 
convert light energy into electrical energy. In order to 
extract the voltage and current generated by the 
photovoltaic effect, the upper surface of the silicon cell 
will be made by the metal grid line where the whole 
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back surface is attached by a layer of metal film, as 
shown in Fig.1(a). The electrode area on the cell 
module of a PV panel depends on the power of the PV 
panel, shown in Fig.1(b), the larger the power, the 
greater the electrode area of the cell module. 

Given the structure of the PV panel, the other 
electrodes of the PV panel are the aluminum frame, the 
rack and the generalized earth. The simplified diagrams 
of these electrodes are shown in Fig.2.  

Generally, the aluminum frame of the PV panel, 
the metal rack, the generalized earth and the silicon cell 
will form a multi conductor capacitance matrix: cell-to- 
frame capacitance Ccf, cell-to-rack capacitance Ccr, cell- 
to-ground capacitance Ccg, frame-to-rack capacitance    
Cfr, frame-to-ground capacitance Cfg, rack-to-ground 
capacitance Crg. In fact, the aluminum frame and the 
rack are always grounded. So Cfr, Cfg, Crg will not exit 
in the real PV system. In [24], the detailed pi-shape 
model is proposed, the parasitic capacitance are split 
into three parts, the Ccg, the Ccf and the Ccr, as 
illustrated in Fig.3(a). The capacitance model in dry 
and clean conditions can be extracted in Fig.3(b). Since 
the aluminum frame and the mounting rack are all 
grounded in the real PV system, for the sake of 
simplicity, it is assumed that they have the same 
potential level. Therefore, these three capacitances are 
paralleled, and the total parasitic capacitance of a 
single piece PV panel should be the sum of the three 
parts. 

 
(a) A silicon cell 

 
(b) The cell module 

Fig.1  The electrode of the silicon cell 

 
(a) The aluminum frame               (b) The rack 

 
(c) The earth 

Fig.2  The other three electrodes 

 
(a) The traditional capacitance 

model of a PV panel 
(b) Three types of panel 

capacitances 
Fig.3  Parasitic capacitance model for a PV panel 

The Ccf has a certain relationship to the frame size 
of the PV panel. The Ccr is related to the structure, size 
and shape of racks, where its value is very small when 
compared with Ccf. The Ccg depends on the height of 
ground. If the height between the panel and the ground 
is more than 500mm, Ccg is less than 20pF per square 
meter and can be omitted. In addition to the factors of 
the PV panel itself, weather related factor can play a 
main role which influences the parasitic capacitance. 
The capacitance Ccr and Ccg are not easily affected    
by the weather condition. Thus, both the parasitic 
capacitances Ccr and Ccg can be neglected in the 
following analysis. The capacitance Ccf is the dominant 
parasitic capacitance in PV panel. In this paper,      
how the water affects the capacitance Ccf will be 
investigated in detail. The principle can also be applied 
to the Ccr and Ccg.  

According to previous research related to the 
capacitance in rain conditions, the property of water 
can be summarized as one of two categories: a 
dielectric with high permittivity or an electrode 
equivalent to a conducting layer. If the water is only 
considered as the dielectric, it may have some effects 
on the Ccf, where the corresponding model is shown in 
Fig.4(a). If it is considered as the electrode, a new 
capacitance coupling between cell and water may be 
formed. Cell-to-water capacitance Ccw will be added to 
the model, as proposed in Fig.4(b). The next analysis 
will investigate the real reason for the effect of water 
on the capacitance.  

3  The effect of water on the PV panel 
capacitance  

The Ccg is coupled by the two electrodes silicon 
cell and the frame. It is the intrinsic capacitance of a 
PV panel, and the value comparatively is fixed when  

 
(a) The model of water as dielectric  (b) The model of water as electrode 

Fig.4  Capacitance models extracted from the previous paper 
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the panel has been manufactured. The region between 
silicon cell and frame is not a standard parallel plate 
capacitor structure. In [26], this structure of capacitive 
coupling between silicon cell and frame is called the 
parasitic edge capacitance and some analytical formulas 
are derived to calculate the value of Ccf. The method by 
formulas is not inadvisable here due to its complexity. 
3D FE EM simulations are employed for a comprehensive 
analysis. 

3.1  The 3D simulation model 

According to the actual construction of the PV 
panel, the simulation model can be built in Ansys 
Maxwell 3D. The effects of permittivity and size of the 
inner materials (glass, EVA, back sheet, etc.) are taken 
into account the capacitance simulation. Fig.5(a) shows 
the simulation model referring to the real PV panel 
with rated power 50W. The thickness and permittivity 
of each layer are listed in Table 1. The overall 
dimensions can be measured and the thickness of the 
glass and is provided by the manufacturer. The other 
thicknesses of the inner layers are not provided and 
hard to measure. Also, the permittivity of the materials 
is not provided either. However, this data can be 
obtained from paper[24]. The permittivity of the material 
is similar from case to case, but the thickness of the 
inner layers can vary a little bit for different PV panels. 
However, because the inner layers, such as EVA and 
edge seal, are much thinner than the glass, their effect 
on the parasitic capacitance just take a minor part. 
Further, the error of their thickness only affects the 
absolute capacitance rather than the effect of the water 
on the parasitic capacitance. 

 
(a) Simulation model 

 
(b) The physical structure and dimensions 

Fig.5  Simulation models in Ansys Maxwell 

Table 1  Simulation parameters 
Layer Thickness/mm Relative permittivity εr 
Frame 
Glass 

1.0 
3.2 

— 
5.7 

EVA 0.5 2.6 
Si 0.3 — 

Edge seal 0.5 4.4 
Back sheet 0.2 10 

3.2  Simulation analysis of effect of the water as a 
dielectric or an electrode 

In simulation, software can only treat water as an 
electrode or a dielectric in one process. Thus, in the 
following research, the property of water is assigned as a 
dielectric and an electrode respectively for comparative 
analysis. The research covers the dependence of 
positions and physical dimensions of the water on the 
parasitic capacitance. 

3.2.1  Effect of the position of water 

Modeling of the position variation of the rain in the 
panel surface using the water block model is shown in 
Fig.6(a). The water touches the frame at beginning, then 
the distance w keeps increasing along the direction 
until the water block touches another side frame. 

The simulated result is shown in Fig.6(b). The 
Ccf_water represents the simulation value of cell-to-frame 
capacitance Ccf with the water in the panel surface. It 
can be observed that when the water block has a certain 
distance with the frame, in both situations, the Ccf_water 
is about 61pF, which is the same value as the simulated 
results of the PV panel surface without water. When the 
water touches the frame, the value of Ccf_water will 
increase, especially for the water as an electrode. Its 
value is much greater than water as a dielectric. 

3.2.2  Effect of the water size 

●  No electrical contacts with the frame 
The water block is placed in the middle of the 

panel surface in Fig.7(a). Its width w keeps increasing 
from 200mm to 500mm. The simulated results of 
Ccf_water versus width w are shown in Fig.7(b). As the 
water area gradually become larger, both the Ccf under 
these two situations basically keep a steady value about 
61pF, which is the same value as the simulated results 
of the PV panel surface without water. Thus, no matter 
what the properties of the water, there is no influence 
on the Ccf if the water keeps a distance with the frame. 

 
(a) 3D simulation model of a panel with a water block in the surface 

 
(b) Simulated Ccf_water at different positions 

Fig.6  The effect of water on Ccf in different position 
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(a) 3D model of a panel with a water block in the center 

 
(b) Simulated Ccf_water 

Fig.7  The effect of water area on the capacitance Ccf 
when the water has no electrical contacts with the frame 

●   Electrical contacts with adjacent sides of the frame 
One side of the water block electrically contacts 

with the frame with the width of 200mm, while the 
other side be elongated along the frame, as shown in 
Fig.8(a). 

As shown in Fig.8(b), although the simulation 
results of water as an electrode is much larger than 
water as a dielectric, in both the two cases, capacitance 
is getting larger as w is gaining its length. Thus, no 
matter if water works as a dielectric or an electrode, the 
larger the exposure to the frame, the greater the 
capacitance is. 
●   Electrical contacts with all sides of the frame 

The marginal area of the panel is gathered by the 
water, its width w keeps increasing until the water 
covers all the panel surface, as shown in Fig.9(a). 

 
(a) 3D model of a panel with a water block touching two edges 

 
(b) Simulated Ccf_water 

Fig.8  The effect of water area on the capacitance Ccf when 
the water electrically contacts with adjacent sides of the frame 

 
(a) 3D model of a panel with water touching all edges 

 
(b) Simulated Ccf_water 

Fig.9  The effect of water area on the capacitance Ccf when 
the water electrically contacts with all sides of the frame 

The simulation results are shown in Fig.9(b). It 
can be seen that if water is assigned as a dielectric, the 
capacitance increases as width w increases in the initial 
stage. Then, the value remains steady as the width w 
reached about 30mm and beyond. By contrast, if water 
works as an electrode, the capacitance increases as the 
width w increases and becomes the maximum when water 
covers all the surface panel. It can be seen that the 
capacitance caused by the water as an electrode is 30 
times larger than that caused by the water as a dielectric. 

According to the simulation results, some guidelines 
can be concluded. Fig.10 shows the effective area of 
water that influences the capacitance Ccf. The panel can 
be divided into two areas that are A and B. Area B is the 
close region near the edges of the panel and A is the 
middle region not adjacent to the edges.  
●  If the water is considered as a dielectric, it is able to 

affect the Ccf only when it gathers in area B. The 
water in region A has no effect on the capacitance. 

●  If the water is considered as an electrode, it has 
influence on the capacitance only when it electrically 
contacts the edge. The capacitance Ccf increases 
proportionally with the area of the water. 

●  When the water fully covers the panel, the capacitance 
Ccf simulated if the water is considered as electrode 
is about 30 times larger than that if the water is 
considered as a dielectric. It shows that the increase of 
the capacitance Ccf affected by the water as electrode 
is much larger than that if the water is a dielectric. 

 
Fig.10  The effective area of water that influences on  

the capacitance Ccf of a PV panel 
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3.3  The EM field mechanization behind the parasitic 
capacitance  

In an effort to obtain an insight into these issues, 
electric field energy (EFE) simulation is employed here 
to investigate the electric field energy distribution 
responsible for the capacitance value. The stronger the 
energy the greater the capacitance value is. 

The following Fig.11 shows the distribution of the 
2D electric field energy of PV panel in different 
situations. Fig.11(a) shows the simulation results of 
panel model without water on surface, the EFE mainly 
concentrates on the edge area of the silicon cell. It 
indicates that the capacitive coupling space is between 
the frame and the cell in dry conditions. When a layer 
of water covers the surface panel and keeps a certain 
distance from the frame, the distribution of EFE is 
similar with the PV panel in a dry condition, as shown 
in Fig.11(b). That is why the value of Ccf in these two 
situations is approximately equal. 

Once the water electrically contacts with the 
frame, the distribution of EFE will be different. In 
Fig.11(c), the water collects around the frame and its 
property is set as the dielectric. Although the water is 
involved in the capacitance coupling due to its dielectric 
characteristics, the EFE still mainly concentrates on the 
edge region. That means the capacitance is still coupled 
between the cell and frame. The Ccf becomes larger 
owing to the high permittivity of water in this situation. 
When the water is considered as an electrode, the EFE 
distribution is shown in Fig.11(d). The most important 
feature demonstrated by the simulation is that the 
capacitive coupling not only through the edge region 
but also through the space between the cell and the 
water. The new capacitance cell-to-water capacitance 
Ccw will be formed in this situation. A large amount of 
EFE stored between the cell and water leads a quite 
large parasitic capacitance. 

4  Experimental validation 
Measurements were firstly performed to validate 

the accuracy of the simulation. The PV panels with 
three sizes in dry environmental condition, whose rated 
power varies from 10W to 250Ware selected. Fig.12 
shows the experimental setup. It is measured by 

 
 (a) A PV panel without water on the 

surface 
(b) The water is not close to the 

frame 

 
(c) The water electrically contacts the

frame as dielectric 
(d) The water electrically contacts 

the frame as electrode 
Fig.11  The distribution of the 2D electric field energy 

through Ansys Maxwell 2D 

 
Fig.12  Experimental setup 

Chroma 3302, which has the same principle with RLC 
instrument. The positive pole and the frame are 
respectively clamped to test the capacitance Ccf. The 
experimental and simulation results of Ccf are 
presented in Table 2. It can be seen that the results are 
close to each other, but with some error. The main 
reasons of the error are listed as follows: 
●  These parameters in Table 1 are a reference in other 

literature and may not be completely consistent with 
the real experiment model we used. 

●  The overall dimensions of the simulation model may 
be a little different from the real PV panels due to 
measurement errors. 

●  The numerical calculation has 5% error itself. 
Considering the above circumstances, these errors 

are in an acceptable range. The experiments can verify 
the accuracy of the simulation methods. 

The following experiments were carried out to 
validate the simulation analysis. The glass glue was 
used to divide the panel surface into three areas, as 
shown in Fig.13(a). The symbol S1/3 represents the 
water covering the one third of the panel surface. S2/3 is 
two-thirds of the surface, and S means the water covers 
the whole panel surface. 

Table 2  Comparison of experimental and  
simulation results 

Power/W Simulated /pF Tested/pF Error(%) 
10 23 31 26 
50 61 85 28 

250 240 300 20 

 
(a) The setup 

 
(b) The tested and simulated results 

Fig.13  Experiment of the effect of water on   
the capacitance when the frame is exposed 
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It is found in Fig.13(b) that the Ccf_water increases 
as the area of water increases. Compared to the 
simulation results considering the water as a dielectric, 
the simulation data considering water as an electrode 
is very close to the tested value. By impression, it 
seems that water should be considered as electrode 
according to the measurements. However, it can be 
seen that the measurement results are always a little bit 
larger than the simulation. The difference can be from 
the error between measurements and simulation as 
described above. However, by looking carefully, it 
seems that the water can be regarded as a combination 
of electrode and dielectric in terms of the effect on 
capacitance.  

To further validate whether the water has effect as 
a dielectric, another measurement is conducted. Unlike 
the exposed frame in Fig.13(a), the metal frame surface 
in Fig.14(a) was attached by a thin layer of glue to 
isolate the water from the metal frame. Another form of 
sealing is not only sealing the surface of the frame, but 
also the region between the cell and the frame, as 
shown in Fig.14(b). Then, the experiment is carried out 
in accordance with the above procedures. 

The tested results are shown in Fig.15, it is clear 
that the value of Ccf decreases dramatically with the 
frame sealed by glue. This is because once the water is 
isolated from the frame, the cell-to-water capacitance 
Ccw no longer leads into the grounded loop. As a result, 
the tested capacitance is still the coupling capacitance 
between cell and frame. Another observation is that the 
capacitance value in form 1 is a little larger than form 2. 
It is because the water gathered around the edge of the 
panel in Fig.14(a) enhances the ability of binding 
capacity of the charge due to its property of dielectric. 
It validates that the water also has some effects on the 
capacitance due to its dielectric characteristics in 
practice. The water can be regarded as a combination 
of an electrode and a dielectric. 

           
(a) The frame sealed in form1    (b) The frame sealed in form2 

Fig.14  Experimental of the effect of water on   
the capacitance when the frame is sealed by glue 

 
Fig.15  The tested results in different condition 

5  The complete capacitance model of PV 
panel considering the rain environment 
Regarding the effect on the parasitic capacitance, 

the water can be regarded as a combination of an 
electrode and a dielectric. Thus, the complete model of 
the parasitic capacitance of the PV panel can be 
derived as shown in Fig.16. When the water gathers in 
the panel surface, the cell-to-water capacitance Ccw will 
be formed. If the water electrically contacts the frame, 
for example when the rain water covers the panel, the 
switch in Fig.16 should be closed and the Ccw is led 
into the grounded loop. Its value depends on the 
effective overlap area between the water and the cell. If 
the water does not electrically contact the frame, for 
example when the panel is in humid environment and 
the water drops discretely on the surface, the switch 
will be opened and the Ccw is separate from the 
grounded loop. The water can only increase the 
capacitance Ccf a little bit due to its property as a 
dielectric. 

6  Methods of minimization of the parasitic 
capacitance 
Some methods for minimization the capacitance 

are listed based on above analysis. 
As shown in Fig.11(a), the electric-field energy 

mainly concentrates on the field of tempered glass. It is 
the dominant factor which has a great influence on the 
value of the capacitance. According to the simulated 
calculation, if the permittivity of tempered glass is 
reduced by half, the parasitic capacitance of the PV 
panel would have a 40% or so decline. So, from the 
respect of materials, we can reduce the parasitic 
capacitance by lowering the permittivity of the tempered 
glass. 

The above conclusions also reveal that if the water 
electrically contacts with the frame, the capacitance 
increases dramatically as the area of water increases. 
Therefore, a layer of polymers can be attached around 
the mental frame to avoid the water electrically 
contacting with the frame, as shown in Fig.14. The 
feasibility of this optimal consideration has been 
proven in the above experiment. 

By optimizing the layout of PV panels, it can also 
minimize the capacitance in a rain environment. Ideally, 
the panel is mounted with a certain tilt θ to the ground, 
as proposed in Fig.17. The area of water accumulated  

 
Fig.16  The complete capacitance model of the PV panel 

considering rain environment 
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(a) PV panel on the roof        (b) PV panel on the ground 

Fig.17  PV panels in two typical applications 

on the panel surface is usually very large for those 
building applied photovoltaic which is almost mounted 
in parallel with the building roof, as shown in Fig.17(a). 
When the water covers the panel surface and 
electrically contacts the frame, the capacitance will 
depend on the area of water. So, the tile to the ground 
of the PV panel should be considered to avoid a large 
amount of water accumulating on the panel surface. For 
those surface power station in Fig.17(b), the Ccf could 
not be heavily affected by water due to its larger tilt θ 
to the ground. 

7  Conclusion 
This paper presents comprehensive analysis about 

the effect of water on the parasitic capacitance of the 
PV based on numerous 3D FE simulations. The EM 
mechanization behind the parasitic capacitance in 
different situations is explained. The experimental 
results validate the simulation analysis and clarify the 
property of the water. The water can be regarded as a 
combination of an electrode and a dielectric in terms of 
the effect on the capacitance of the PV panel. However, 
the role as an electrode is dominant on the effective 
parasitic capacitance of the PV panel. If the water 
covers fully the panel surface and electrically contacts 
the grounding edge, the effective parasitic capacitance 
can increase 30 times in our case. Thus, to minimize 
the panel capacitance, the core method is to isolate the 
electrical contact between the water and the grounding 
system or to decrease the area of the water. Of course, 
if a panel without metal frame is used, that will 
eliminate the dominant effect of water on the parasitic 
capacitance.  
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