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Abstract 

Several studies on PV solar cells are found in the literature which use static 
models. Those models are mainly one-diode, two-diode or three-diode mod-
els. In the dynamic modelling, a variable parallel capacitance is incorporated. 
Unlike the previous studies which do not clearly establish a relationship be-
tween the capacitance and the voltage, in the present paper, the link between 
the capacitance and the voltage is investigated and established. In dynamic 
modelling investigated in this paper, the dynamic resistance is introduced in 
the modelling of the solar cell. It is introduced in the current-voltage charac-
teristic. The value of the dynamic resistance is evaluated at the maximum po- 
wer point and its effect on the maximum power is investigated. The study 
shows for the first time, that the dynamic resistance must be introduced in 
the current-voltage characteristic, because it has an influence on the PV cell 
output. 
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1. Introduction 

The world is facing an energy crisis due to the growing energy demand and the 
environmental damages linked to fossil fuel energy sources. Photovoltaic con-
version of solar energy is an alternative source which is clean, sustainable and 
very promising, because of the researches for higher efficiency solar cells. Several 
PV models have been studied. Most of them are static models based on a single 
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diode and some parasitic parameters [1] [2] [3]. Other simulations are based on 
a two-diode model [4] [5] [6] [7]. The one-diode, two-diode and three-diode models 
have also been used in several works on hybrid Photovoltaic/Thermal panels [8] 
[9]. Comparatively to the works about the static models, few studies are made 
about dynamic modelling. The dynamic modelling incorporates a variable par-
allel capacitance. The different parameters of those models, such as the PV cell 
impedance, are frequency dependant. In [10], the effect of capacitance on the 
output characteristics of solar cells is discussed. The model takes the parallel ca-
pacitance and the parasite resistances Rsh and Rs into account. The I - V curves 
are drawn for different frequencies. A split of the characteristics is observed, 
which is due to the charge or discharge of the internal capacitance. The model is 
built in a MATLAB environment. In [11], the dynamic model also includes a 
parallel capacitance as well as Rsh and Rs. The bases of the Impedance Spectros-
copy (IS) are explained and applied to detect the Potential-Induced Degradation 
(PID) of c-Si PV panels. In [12], a dynamic PV model is studied, which incorpo-
rates capacitance and reverse-bias characteristics. The model also includes a se-
ries inductance. Some cell parameters are obtained from measurements of the im-
pedance at various frequencies. The nonlinear equation of the I - V characteristics 
is numerically solved using MATLAB Simulink Toolbox. Some work has also been 
made to study the effect of solar array capacitance on the performance of switch-
ing shunt voltage regulator [13]. Some other work has been performed for the char-
acterization of solar cells by Impedance Spectroscopy [14]. The dynamic model-
ling is also a tool for the study of Negative Capacitance (NC) that has some effects 
in Organic Light-Emitting Diodes (OLEDs) [15] [16] [17]. This literature review 
shows that, in the case of dynamic modelling of the PV cell, the parallel capaci-
tance is a very important parameter. But the previous studies do not clearly estab-
lish a relationship between the capacitance and the voltage; moreover, in those 
previous dynamic modellings, where the capacitance effect is investigated, the 
dynamic resistance is not included in the I - V characteristic. In the present pa-
per, a clear relationship between the capacitance and the voltage is investigated. 
Moreover, the dynamic resistance Rd is introduced in the current-voltage cha- 
racteristic, which leads to a new expression of this current-voltage character-
istic. The value of Rd is evaluated at the maximum power point in order to 
know whether it has an effect or not on the maximum output power of the 
PV cell. 

2. Method 

The capacitance and its variation with time as well as the voltage have an impor-
tance effect on the dynamic behaviour of a PV cell. Hence, the investigation un-
dertaken in this paper will, in a first time, focus on the capacitance, to have a 
clear relation of its variation with the voltage. Then, in a second step, the dynamic 
resistance will be introduced in the dynamic model of the solar cell, leading to its 
introduction in the current-voltage characteristic. 
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2.1. The Capacitance of the Solar Cell 

A variation of the voltage applied to a p-n junction is linked to a variation of 
charge, which yields a capacitance. Two different capacitances have to be taken 
into account: the transition (or space charge) capacitance Ct and the diffusion ca-
pacitance Cd. Cd and Ct are parallel, so that the cell capacitance is expressed as: 

d tC C C= +                             (1) 

In dynamic regime, the junction schematic representation is given in Figure 
1. 

Therefore, the effect of the transition and diffusion capacitance on the diode is 
sketched in Figure 2. 

In several papers [12] [18], the junction or transition capacitance, which is 
due to the charges stored in the depletion region, is expressed as: 

0

1
t

d

C
C

V
=

−
Φ

                           (2) 

In Equation (2), Φ is the diffusion potential; Vd = U is the voltage over the 
diode; C0 is the voltage for U = 0. The voltage V = Φ − U is the potential between 
the limits of the depletion region. The transition capacitance dominates for small 
voltages. 

The diffusion capacitance Cd is due to the charges stored outside the depletion 
region, in the neutral regions, when the solar cell is under illumination. In some 
works [12], it is expressed as: 

d
d

T

I
C

nV
τ

=                            (3) 

In Equation (3), τ is the mean carrier lifetime. Id is the current conducted by 
the forward biased diode. VT is the thermal voltage and is expressed as: 
 

 

Figure 1. Schematic representation of the junction in dynamic regime. 
 

 

Figure 2. Effect of the transition and diffusion capacitances on the diode. 
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T
KTV
q

=                             (4) 

Cd dominates for forward biased p-n junctions. 
In several works, the Negative Capacitance (NC) is studied. The admittance 

Y(ω), for a frequency ω, is expressed as [15]: 

( ) ( )
( )

I
Y

V
δ ω

ω
δ ω

=                          (5) 

for δI and ~ ei tV ωδ . 
A small δV voltage impulse yields a transient harmonic current δI. The ca-

pacitance is expressed as: 

( ) ( )1 ImC Yω ω
ω

=                          (6) 

The conductance g(ω) is expressed as:  

( ) ( )Reg Yω ω=                           (7) 

In all cases, the capacitance is linked to the voltage. In several works [19] [20], 
the capacitance is linked to the excess minority carrier’s density under illumina-
tion. Let a p-n junction under illumination be considered. In the p base, the ex-
cess minority carriers density generated δ(x) is gotten from the continuity equa-
tion. The resolution of this equation yields the photocurrent density Jph, the photo-
voltage Vph and the capacitance. The photovoltage Vph is expressed as: 

( )
2

0
ln 1 b

ph T
i

N
V V

n
δ 

= + 
 

                      (8) 

where ( ) ( )0 0xδ δ= = ; Nb is the base doping density; ni is the intrinsic carriers 
density. The transition capacitance Ct and the diffusion capacitance Cd are ex-
pressed as [19] [20]: 

2
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nqC
V N

=                            (9) 

( )0d
T

qC
V

δ=                          (10) 

Hence, from Equation (1), one gets: 

( )
2

0i

T b T

nq qC
V N V

δ= +                       (11) 

Moreover, from Equation (8), for V = Vph, one gets: 

( )
2

0
1 e T

i

V
b VN
n
δ

+ =                        (12) 

Consequently, one gets: 

( )
2
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in
N

δ
 
 = −
 
 

                      (13) 
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Then the capacitance, given by Equation (11), becomes: 

2 2

e 1T

V
V

T b

i i

T b

n nq qC
V N V N

 
 = + −
 
 

                  (14) 

Finally, one gets: 
2

e T

V

T b

i VnqC
V N

=                         (15) 

Equation (15) shows explicitly, for the first time, the voltage dependence of 
the capacitance. 

2.2. Dynamic Model and Dynamic Resistance Estimate 

Very often, the single diode dynamic model is used for the dynamic study of so-
lar cells. In some of the studies, only the forward-bias conducting diode Df, the 
parallel capacitance Cp (which is voltage dependant), the shunt resistance Rsh and 
the series resistance Rs are taken into account, as shown in Figure 3 [10] [11]. 

In such model, the impedance Z of the circuit is given by: 

( ) ( )Re ImZ Z j Z= +                       (16) 

where: 

( ) 2 2 2Re
1

sh
s

p sh

R
Z R

C Rω
= +

+
                    (17) 

( )
2

2 2 2Im
1

p sh

p sh

C R
Z

C R
ω
ω

= −
+

                     (18) 

In Equations (17) and (18), ω is the frequency. In other works [12], a more 
extended model is used, which, in addition, includes a series inductance Ls and a 
reverse-bias diode Dr, with a breakdown voltage Vbd, as shown in Figure 4. 
 

 

Figure 3. Single diode solar cell dynamic model. 
 

 

Figure 4. PV cell dynamic model including the reverse-bias diode and the series induc-
tance. 
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For such model, the impedance Z is expressed as: 
2

1 1
p shsh

s s

C RR
Z R j L

ω
ω

α α

  = + + −    + +   
              (19) 

where 2 2 2
p shC Rα ω= . 

The study of the variation of Z with the frequency ω is a mean to determine 
the cell parameters such as Rsh, Rs, Cp and Ls. 

In the present paper, by taking into account Figure 1 and Figure 2, the dy-
namic resistance Rd is included in the model, without the reverse-bias diode and 
the series inductance, as shown in Figure 5. 

The introduction of Rd in the model is justified by the following calculations. 
Let the capacitance current be considered. The diode voltage Vd is expressed as: 

d sV V R I= +                         (20) 

The charge Q is: 

dQ CV=                          (21) 

Therefore, the current i is given by: 

( )d d
d

CV VQ Ci C V
t t t t

∂ ∂∂ ∂
= = = +
∂ ∂ ∂ ∂

               (22) 

( ) ( )s
s

V R I Ci C V R I
t t

∂ + ∂
= + +

∂ ∂
                (23) 

Then the current-voltage characteristic is given by [10]: 

( ) ( )
exp 1 ss s

ph s s
T sh

V R IV R I V R I CI I I V R I C
nV R t t

  ∂ + + + ∂
= − − − − + −   ∂ ∂   

 (24) 

In Equation (24), Iph is the photocurrent, Is is the diode saturation current and 
n is the diode ideality factor. 

In the present paper, Rd is introduced as indicated below: 
For a voltage u over the capacitance, C is expressed as: 

Q it tC
uu u
i

δ δ
δδ δ
δ

= = =                        (25) 

Since du iRδ δ=  
One gets: 

 

 

Figure 5. Single diode solar cell dynamic model including the dynamic resistance. 
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1

d

C
t R

∂
=

∂
                         (26) 

Moreover: 

( )s
s s s

V R I V I V I V V VR R gR
t t t t V t t t

∂ + ∂ ∂ ∂ ∂ ∂ ∂ ∂
= + = + = +

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
     (27) 

In Equation (27), g is the conductance. Hence: 

( ) ( )1s
s

V R I V gR
t t

∂ + ∂
= +

∂ ∂
                  (28) 

Therefore, Equation (24) becomes: 

( )exp 1 1s s s
ph s s

T sh d

V R I V R I V R I VI I I C gR
nV R R t

  + + + ∂
= − − − − − +   ∂   

 (29) 

The solution of the nonlinear Equation (29) yields the output of the solar cell 
under illumination: 

If the term 0sgR ≈ , Equation (29) becomes: 

exp 1s s s
ph s

T sh d

V R I V R I V R I VI I I C
nV R R t

  + + + ∂
= − − − − −   ∂   

    (30) 

3. Results and Discussion 
3.1. The Variation of the Capacitance 

Let a solar cell be considered with the following parameters: 0.5925 VocV = ;
10 31.45 10 cmin −= × ;  17 310 cmbN −= ;  191.602 C10q −= × ;  299.16 KT = .  A 

plotting of logC against V is sketched on Figure 6. It is a straight line with slope  
1 1 16847

ln10 T

a
V

= =  and intercept log 1.8839tb C= = − . For the chosen solar  

cell, the voltage increases quickly from 0.013 pF (for the short-circuit) to 125.3 
μF (for open voltage 0.5925 VocV = ). 

Hence; for any value of the voltage, the capacitance can be calculated and that 
is useful for the evaluation of the current as shown by Equation (29) and the 
impedance. 
 

 

Figure 6. Plotting of logC against the voltage V. 
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3.2. Evaluation of the Dynamic Resistance 

The evaluation of the dynamic resistance Rd was made by using the following 
reduced equation: 

exp 1s s s
ph s

T sh d

V R I V R I V R I
I I I

nV R R
  + + +

= − − − −  
   

          (31) 

The calculation was made for the following PV cell described in [10]: 

1.035 AphI = ; 101.05 10 AsI −= × ; 1.2n = ; 0.08sR = Ω ; 3.15shR = Ω  

At the maximum power point ( 0.5 VmV = ; 0.8 AmI = ), it is found: 
23.53dR = Ω . 

The present work gives, for the first time, an estimation of the dynamic resis-
tance. 

This estimation of Rd at the maximum power point shows that, like Rsh, 

d sR R . 
Equation (31) shows that the variation ΔIm of the current, due to the introduc-

tion of Rd in the solar cell characteristics, at the maximum power point is: 

0.024 Am s m
m

d

V R I
I

R
+

∆ = =                     (32) 

Hence the relative variation of Im is 0.03m

m

I
I
∆

= . It shows that Rd leads to a 

3% reduction of the current, at the Maximum Power Point (MPP). 
It should be noted that Rd is intensity dependent, as shown by Equations (30) 

and (31). For the short-circuit (V = 0), it is higher, so that its influence on the 
short-circuit intensity Isc is very weak. The short-circuit intensity Isc is linked to 
the photocurrent, Iph by the following relation: 

1

ph
sc

s

sh

I
I

R
R

≈
+

                         (33) 

As for the open voltage Voc, it can be expressed by the semi-empiric relation 
[21]: 

8
2

1ln
mA1.5 10
cm

ph g
oc T

J E
V V

q

 
 
 ≈ +
  
    

                 (34) 

In Equation (34), Jph is the photocurrent density, Eg is the band gap and q is 
the electron charge. Hence the introduction of Rd which leads to a very small 
decrease of Isc results in a weak decrease of Voc. But as shown above, its influence 
on Im at the maximum power point is not negligible. Consequently, the dynamic 
resistance Rd has an influence on the maximum output power m m mP I V= , while 
its influence on Isc and Voc is negligible. 

4. Conclusion 

The capacitance of the solar cell was investigated and its variation with the volt-
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age was analyzed. The dynamic resistance Rd, linked to the parasitic capacitance 
has been introduced in the dynamic modelling of the solar cell. Rd has been in-
troduced in the current-voltage characteristics and its value has been estimated 
at the maximum power point. It has been shown that it has a significant influ-
ence on the maximum power current Im and consequently on the maximum power 
Pm. Hence, the introduction of the dynamic resistance Rd in the I - V characteris-
tics is quite relevant.  
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