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Abstract—Photovoltaics (PVs) are typically modeled only for
their forward-biased dc characteristics, as in the commonly used
single-diode model. While this approach accurately models the I–V
curve under steady forward bias, it lacks dynamic and reverse-bias
characteristics. The dynamic characteristics, primarily parallel ca-
pacitance and series inductance, affect operation when a PV cell or
string interacts with switching converters or experiences sudden
transients. Reverse-bias characteristics are often ignored because
PV devices are not intended to operate in the reverse-biased re-
gion. However, when partial shading occurs on a string of PVs, the
shaded cell can become reverse biased and develop into a hot spot
that permanently degrades the cell. To fully examine PV behavior
under hot spots and various other faults, reverse-bias character-
istics must also be modeled. This study develops a comprehensive
mathematical PV model based on circuit components that accounts
for forward bias, reverse bias, and dynamic characteristics. Using
a series of three experimental tests on an unilluminated PV cell, all
required model parameters are determined. The model is imple-
mented in MATLAB Simulink and accurately models the measured
data.

Index Terms—Characterization, dynamic model, photovoltaic
cells, reverse breakdown, simulation tool.

I. INTRODUCTION

ACCURATE photovoltaic (PV) models are needed to sim-
ulate PV cells and panels at a detailed level without long

computation time. Applications that require these models in-
clude the PV emulation equipment used for controllable in-
door experiments and large-scale simulations that would other-
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wise be very costly to build [1]. Appropriate PV models trade-
off simplicity with accuracy to run the required calculations
quickly, while providing enough detail to model the desired
characteristics.

The most common PV model is the single-diode circuit
model, which is a nonlinear dc model that is fully detailed in
works such as [2], [3]. There are various more detailed PV mod-
els described in [4] and [5] that mainly focus on accuracy for dc
characteristics in the forward-biased region. The dynamic and
reverse-bias characteristics are commonly neglected, but these
characteristics do affect PV operation, particularly, in fault con-
ditions and high-frequency applications. This study emphasizes
the capacitive, inductive, and reverse-bias characteristics that
are incorporated in the proposed PV model.

Dynamic characteristics are apparent when PVs are con-
nected to switch-mode power converters [6] and should not
be ignored. PVs exhibit nonlinear parallel capacitance [7] that
can be modeled in a similar way to p-n junction diode capac-
itance, as in [8]–[11]. There are a number of established PV
models that include parallel capacitance. In [12], PV cell ca-
pacitance is measured using frequency analysis and modeled as
diffusion capacitance. In [7], Si cells are tested at different tem-
peratures, and capacitance is modeled as diffusion and junction
capacitance. In [13], both capacitive and inductive aspects are
modeled and identified using time-domain analysis. In [1], a
PV model with inductance and diffusion capacitance is imple-
mented in MATLAB Simulink and Plexim PLECS. While these
models capture dynamic characteristics, they do not incorporate
reverse-breakdown characteristics.

The reverse-biased characteristics are necessary for accu-
rately emulating a string under mismatch or partial shading con-
ditions, where the shaded cell becomes reverse biased. When
PVs are reverse biased past a certain threshold, the p-n junc-
tion goes into reverse breakdown, which results in significant
reverse current through the cell. This current flow heats the
material, creating a hot spot that can degrade or damage the
cell [14], [15]. Bypass diodes are commonly placed across PV
strings to mitigate hot spot formation, but it does not completely
eliminate the problem [16]. Accurately modeling reverse-biased
characteristics is necessary to further examine mismatch effects
in PV strings. There are some PV models that incorporate re-
verse breakdown effects, as in [4] and [17], but the model is
not compared to measured data and a parameter identification
procedure is not provided. Because the literature on modeling
PVs in reverse bias is limited, the p-n junction diode literature
was also investigated. A detailed p-n junction diode model in-
corporating tunneling and avalanche effects is described in [18]
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Fig. 1. Dynamic PV model equivalent circuit.

Fig. 2. PV I–V curve showing where the characteristics of each equivalent
circuit component dominate the curve.

and [19], but requires detailed manufacturing and material data
that are not publicly available.

While PV forward-bias, dynamic, reverse-breakdown char-
acteristics have been explored at various levels of detail in
the previous literature, there is a need for a comprehensive
model incorporating all of these aspects. This study describes a
dynamic circuit-based PV model for both forward and reverse
bias that incorporates parallel capacitance and series inductance.
The governing mathematical equations and physical reason-
ing are provided. Model parameters are identified from both
datasheet information and measured data. One dc sweep and two
ac frequency sweep tests are conducted to fully define the model
parameters. The model is implemented in MATLAB Simulink
as a standalone block that is made publicly available.

II. PROPOSED DYNAMIC PHOTOVOLTAIC MODEL

A PV cell is essentially a p-n junction with parasitic resis-
tances, capacitance, and inductance that can be modeled using
circuit components, plus a current source representing photocur-
rent. The full PV equivalent circuit model is shown in Fig. 1. In
addition to the basic single-diode PV model, which consists of
the photocurrent source Iph(·), forward-bias conduction diode
Df , shunt resistance Rsh , and series resistance Rs , this model in-
corporates a series inductance Ls , variable parallel capacitance
Cp(·), and reverse-bias conducting diode Dr with a breakdown
voltage offset Vbd . This is the large-signal model for a PV cell.
Fig. 2 shows the regions where Df , Rsh , and Dr are most
prominent in the I–V curve. Forward diode Df characteristics
dominate under forward voltage bias. Reverse diode Dr charac-
teristics dominate when reverse-biased beyond the breakdown
voltage Vbd , which emulates avalanche and zener breakdown. In
between 0 and Vbd , where neither diode is conducting significant
current, resistive characteristics of Rsh dominate. Although not
explicitly labeled, Rs characteristics are most prominent past

TABLE I
PV MODEL VARIABLES

Model Input
G irradiance [W/m2]
T temperature [◦C]

Ipv PV current [A]

Model Output
Vpv PV voltage [V ]

Internal Parameters
k Boltzmann constant [J/K]
q electron charge [C]

Gn nominal irradiance [W/m2]
Tn nominal temperature [K]

Datasheet Parameters
Iscn nominal short circuit current [A]
Vocn nominal open circuit voltage [V ]
Impp maximum power point current [A]
Vmpp maximum power point voltage [V ]
Ki current temperature coefficient [A/K]
Kv voltage temperature coefficient [V/K]
Ns number of cells in series

Measured Parameters
Rs series resistance [Ω]
Rsh shunt resistance [Ω]
Ls series inductance [H]
a diode ideality factor

Vbd breakdown voltage [V ] (negative value)
Isr reverse saturation current [A]
Kr reverse breakdown scalar coefficient
Cj0 zero-bias junction capacitance [F ]
φ0 zero-bias junction potential [V ]
τ mean carrier lifetime [s]

τbd breakdown mean carrier lifetime [s]

the “knee” of the diode characteristics, i.e., above the maximum
power point (MPP) voltage and below Vbd .

PV characteristics are affected by changes in illumination G
and temperature T . The model is set up such that G, T , and PV
current Ipv are inputs, and the output is the resulting PV voltage
Vpv . All model variables and units are outlined in Table I. A
portion of the parameters are taken from the datasheet; the rest
are determined from measured data.

The model assumes passive components Rs , Ls , and Rsh
are constant—effects of G and T are negligible on them. The
Rs and Ls are associated with the physical length, area, and
shape of the leads. These values tend to be small for individ-
ual cells, but can be substantially higher for PV panels. Larger
Rs leads to higher conduction losses, particularly for cells with
higher rated current levels. The Rsh value is linked to the PV
material, thickness, and manufacturing quality. The parallel ca-
pacitance Cp value is not constant; it is affected by the PV
operating point. Similarly, the forward diode Df and reverse
diode Dr have nonlinear characteristics that are affected by
temperature.

A. Governing Equations Development

The proposed PV model governing equations are based on
the equivalent circuit model, shown in Fig. 1. First, the parallel
components are described relative to the PV model inputs (G,
T , Ipv ) and voltage over the forward diode Vd , and Vd is solved
for using a nonlinear solving technique. Then, the model output
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Vpv is determined from Vd and Ipv using the series element’s
governing equations.

1) Photocurrent: The photocurrent Iph represents the cur-
rent of electrons excited by illumination. Its value is directly
proportional to G, with the difference between T and nominal
temperature Tn creating a small offset. The governing equation
for Iph is

Iph(G,T ) =
[
Iscn

(
Rs + Rsh

Rsh

)
+ Ki(T − Tn )

]
G

Gn
(1)

where Iscn is the nominal short-circuit current, Ki is the current
temperature coefficient, and Gn is the nominal irradiance [2].

2) Diodes: Both forward and reverse diodes are affected by
temperature T through the thermal voltage

Vt(T ) =
kT

q
Ns (2)

where k is Boltzmann’s constant, q is an electron charge, and Ns

is the number of series cells. The forward diode Df conducts
when the PV is forward biased, and its current Idf is

Idf (T, Vd) = Is(T )
[
exp

(
Vd

aVt(T )

)
− 1

]
(3)

where a is the diode ideality factor that ranges from 1 to 2 and
the diode saturation current Is , as derived in [2], is

Is(T ) =
Iscn + Ki(T − Tn )

exp
(

Vo c n +Kv (T −Tn )
aVt (T )

)
− 1

(4)

where Vocn is the nominal open-circuit voltage, and Kv is the
voltage temperature coefficient. The reverse diode Dr conducts
current when the PV is reverse biased, and its current Idr is

Idr (T, Vd) = Isr exp
(

KrVbd

aVt(T )

)[
exp

(
−KrVd

aVt(T )

)
− 1

]
.

(5)
Note that current is defined in Dr ’s forward-conducting direc-
tion and Vbd is a negative voltage. Even between cells with
similar forward characteristics, reverse characteristics can vary
widely [19]. The aim of this model is to capture general reverse-
breakdown trends without delving into intricate nonidealities.

3) Parallel Capacitor: PV parallel capacitance Cp comes
from the sum of three different sources: junction, diffusion,
and breakdown capacitance. These capacitances are nonlinear
values that depend on temperature and the operating point. Fig. 3
shows Cp as a function of Vpv and the regions where each type
of capacitance dominates.

Junction or transition capacitance Cj comes from charge
stored in the depletion region at the semiconductor p-n junc-
tion. It dominates at small positive and negative voltages, where
the junction is not conducting significant current [8]–[10]. The
Cj is determined according to

Cj (Vd) =
Cj0√

1 − Vd

Ns φ0

(6)

as done in [11], where Cj0 is the zero-voltage capacitance, and
φ0 is the zero-voltage junction potential. The φ0 is an upper

Fig. 3. Parallel capacitance over PV voltage showing where breakdown (Cbd ),
junction (Cj ), and diffusion (Cd ) capacitance dominate.

voltage bound for the model; therefore, it should hold that φ0 >
Vocn .

Diffusion capacitance Cd comes from the charge stored in
the neutral region of the semiconductor outside the depletion
region. Thus, it dominates above the MPP voltage, where the
junction carries significant current. The magnitude of Cd tends
to be larger than that of Cj . It is prominent when the p-n junction
is forward biased and negligible when reverse biased. The Cd is
directly proportional to the diode junction current Idf according
to

Cd(T, Vd) =
τIdf (T, Vd)

aVt(T )
(7)

where τ is mean carrier lifetime [8].
Breakdown capacitance Cbd dominates when the cell goes

into reverse breakdown. Tunneling, Shockley–Read–Hall re-
combination, and avalanche are physical factors that contribute
to p-n junction breakdown [19]; modeling these factors individ-
ually would result in an overly complicated model. In an effort
to maintain simplicity, Cbd is modeled similarly to Cd such that

Cbd(T, Vd) =
τbdIdr (T, Vd)

aVt(T )
(8)

where τbd is the effective carrier lifetime under breakdown.
The overall parallel capacitance Cp is

Cp(T, Vd) = Cj (Vd) + Cd(T, Vd) + Cbd(T, Vd) (9)

where Cj , Cd , and Cbd must be positive; if any capacitance
result is negative, it is set to 0. Parallel capacitance current IC p

is governed by

IC p(Vd) = Cp(T, Vd)
dVd

dt
(10)

4) Shunt Resistance: Shunt resistor current IRsh is

IRsh(Vd) =
Vd

Rsh
(11)

according to Ohm’s law.
5) Diode Voltage: Applying Kirchhoff’s current law to these

currents yields

0 = Iph(G,T ) − Idf (T, Vd) − IC p(Vd)

+ Idr (T, Vd) − IRsh(Vd) − Ipv (12)
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Fig. 4. Ac small-signal PV model, where Rs and Ls are static, and Cp (·) and
Rp (·) depend upon environmental and operating conditions.

which is a nonlinear equation that can be solved for Vd given
G, T , and Ipv as inputs. Nonlinear problem solving techniques,
such as Newton–Raphson, can be employed. The differential
term IC p can be solved for with standard numerical integration
techniques used for simulation.

6) PV Voltage: Once the diode voltage Vd is determined, PV
voltage Vpv is calculated according to

Vpv(Vd, Ipv) = Vd − IpvRs − Ls
dIpv

dt
. (13)

The differential term here is also solved for using numerical
integration simulation techniques.

B. Alternate Current Small-Signal Model

The small-signal model is analyzed for completeness and also
to calculate the capacitance Cp and inductance Ls values. The
ac small-signal model is depicted in Fig. 4. Under ac analysis
the Rs , Ls , and Cp(·) values are equivalent to the previously
described large-signal model. The Iph , diode characteristics for
Df and Dr , and Rsh become an equivalent parallel resistance
Rp(·), whose impedance depends on G, T , Ipv , and Vd . Small-
signal impedance Z is expressed mathematically as

Z =
[
Rs +

Rp

α + 1

]
+ j

[
Lsω −

ωR2
pCp

α + 1

]
(14)

where ω = 2πf is the radian frequency, and α = ω2R2
pC

2
p .

III. EXPERIMENTAL TESTS

Basic datasheet information and three experimental tests are
used to identify all required model parameters. All tests are con-
ducted on unilluminated (dark) PV cells, such that these tests can
be conducted in a typical electronics lab without expensive solar
simulator equipment. A Keithley 2429 SourceMeter was used as
a dc power source, an Agilent 33250A Function Generator with
a transformer generated the ac signal, a Textronix MSO4034
Oscilloscope captured and recorded the ac waveforms, and a
computer running a Python script that communicates via GPIB
automated the process.

A. Datasheet Information

PV datasheets typically supply nominal operating character-
istics such as the short-circuit current Iscn , open-circuit volt-
age Vocn , MPP voltage Vmpp , and MPP current Impp . Most
datasheets also supply a Voc temperature coefficient Kv and an
Isc temperature coefficient Ki . If the temperature coefficient is
not supplied, the value can be estimated based on PV modules of

Fig. 5. Equipment setup for the three PV characterization tests.

the same material, e.g., Kv = 176.6 mV/K and Ki = 3.5 mA/K
for monocrystalline Si Sunpower cells [20].

B. Test 1: Current–Voltage Curve

The first test measures the I–V curve, where the power source
is directly connected to the PV under test, as illustrated in Fig. 5.
The measurement range must be wide enough and at a high
enough resolution to accurately capture both forward diode and
the reverse-breakdown characteristics. For Test 1, the power
source was set in constant-current mode and swept over the
operating range in 1 mA increments.

C. Test 2: Alternate Current Frequency Sweep

The second test is an ac frequency sweep on the unillumini-
ated PV cell under no dc bias (0 V, 0 A) to identify Rs and
Ls . The function generator connects through a transformer (for
isolation) to the PV, as shown in Fig. 5. The following compo-
nent value calculations are based on magnitude measurements
only and not on the phase angle; if desired, values could also be
derived based on phase angle measurements.

Fig. 6 shows an example bode plot for the ac small-signal
PV model described in (14). The lowest impedance value is the
resonance point, which is equivalent to Rs . The lowest measured
impedance from the ac frequency sweep is taken as Rs . Then,
Rp is calculated from a low-frequency impedance measurement
Zlowf according to

Rp = |Zlowf | − Rs. (15)

In the mid-frequency range, the impedance magnitude begins
to decrease with increasing frequency because Cp characteris-
tics dominate. From this mid-frequency impedance magnitude
|Zmidf |, Cp is

Cp =
1

Rpω

√
(Rs + Rp)2 − |Zmidf |2

|Zmidf |2 − R2
s

(16)

assuming Rs and Rp were already determined. Above the res-
onant point, Ls dominates and impedance magnitude increases
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Fig. 6. PV ac small-signal model bode plot.

with frequency. In this high-frequency range, impedance mag-
nitude |Zhighf | is used to calculate Ls according to

Ls =
1
ω

√
|Zhighf |2 −

Rs + Rp

1 + α
+

R2
pCp

1 + α
(17)

using the known Rs , Rp , and Cp values.
As frequency increases beyond 1 MHz, parasitics or unin-

tentional coupling from cables and connectors are more likely
to affect the measurement. The frequency needed to calculate
Ls must be higher than the resonant point, but choosing a fre-
quency on the lower end of this range is advisable. In this paper,
measurements at 2 MHz were used to calculate Ls . Also, us-
ing shorter cables and connectors with short leads can reduce
inductance loops and reduce the measurement error.

D. Test 3: Alternate Current Measurements for Capacitance

The third test is a constant-frequency ac measurement to de-
termine Cp at various operating points. The power source is
in series with the transformer driven by the function generator
such that the ac measurement can be taken over a range of dc
operating points, as shown in Fig. 5. At each operating point,
first Rp is calculated at 500 Hz according to (15) and Cp is cal-
culated at 100 kHz according to (16). Breakdown voltage Vbd
is chosen as the voltage with the lowest measured capacitance.

IV. PARAMETER FITTING

A monocrystalline (m-c) and a poly-crystalline (p-c) Si PV
cell of the same dimension (6 in. × 6 in.) were subjected to
the three tests described in Section III. The Rs and Ls were
identified from Test 2, and Vbd from Test 3. The remaining pa-
rameters were found using the MATLAB Curve Fitting Toolbox
fit function employing a nonlinear least-squares method to fit pa-
rameter values to the measured data. For each parameter (or pair
of parameters), the associated governing equation is specified

Fig. 7. PV model implemented as a Simulink block.

using the fittype function and the best-fit parameter values are
identified.

From the I–V curve measured in Test 1, Rsh is determined
as the linear fit of the curve from Vbd/2 to Vmpp/2, where the
I–V curve is relatively linear. The current through Rsh is sub-
tracted according to (11), and the voltage over Rs is subtracted
according to Ohm’s law. The resulting I–V curve, with parasitic
resistances calculated out, only exhibits characteristics for the
forward and reverse diodes; it is used to fit (3) in the forward-
bias region to determine a and (5) in the reverse-bias region to
determine Isr and Kr .

Next, the capacitance–voltage (C–V) curve, measured in Test
3, is split into three regions: below Vbd , between Vbd and Vmpp ,
and above Vmpp , which correspond to breakdown, junction, and
diffusion capacitance, respectively. First, the transition capaci-
tance is fit to C—V curve from Vbd to Vmpp according to (6) to
determine Cj0 and φ0 . The transition capacitance is subtracted
from the measured capacitance such that the resulting C–V curve
represents diffusion and breakdown capacitance. Then, the dif-
fusion capacitance is fit in the forward region above Vmpp ac-
cording to (7) to determine τ , and breakdown capacitance is fit in
the breakdown region below Vbd according to (8) to determine
τbd .

The full dynamic PV model is implemented in MATLAB
Simulink blocks; an algebraic constraint block is used to solve
(12). The PV model is implemented as a stand-alone block,
shown in Fig. 7, that masks the numerous equations and allows
users who are less familiar with PV modeling to utilize the block
as a tool. Simulink models for both cells are publicly available
at http://katherinekim.net/PVmodel.html. The Python code used
to run the three tests and parameter fitting MATLAB code is also
available for download.

A. Polycrystalline Si Cell

The measured p-c cell was an unused grade BB2 cell; its full
parameter set is summarized in Table II. The cell’s I–V curve
for the measured data and model are compared in Fig. 8(a).
The model fits well to the data over the full range of operation,
with only a slight divergence around the breakdown voltage.
The cell has a high Rsh and low Vbd , which means the cell
exhibits good reverse-blocking characteristics. The p-c cell’s
measured and modeled C–V curves are compared in Fig. 8(b).
Below Vbd = −12.0 V, capacitance begins to increase due to
breakdown capacitance, which is neglected in most PV models,



KIM et al.: DYNAMIC PHOTOVOLTAIC MODEL INCORPORATING CAPACITIVE AND REVERSE-BIAS CHARACTERISTICS 1339

TABLE II
PV MODEL PARAMETERS FOR P-C AND M-C SI CELLS

parameter p-c cell m-c cell unit
k 1.3806503 × 10−23 J/K
q 1.60217646 × 10−19 C

Gn 1000 W/m2

Tn 298.15 K
Iscn 8.49 7.61 A
Vocn 0.623 0.624 V
Impp 7.89 7.03 A
Vmpp 0.46 0.45 V
Ki 0.00552 0.00495 A/K
Kv -0.00224 -0.00224 V/K
Ns 1 1
Rs 0.070 0.0460 Ω
Rsh 371 91.8 Ω
Ls 7.94 × 10−8 5.00 × 10−8 H
a 1.38 1.31

Vbd -12.0 -23.5 V
Isr 0.246 0.0997 A
Kr 0.0369 0.0114
Cj0 7.95 × 10−6 1.17 × 10−5 F
φ0 0.956 0.82 V
τ 6.50 × 10−7 5.76 × 10−6 s

τbd 1.32 × 10−8 0 s
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Fig. 8. (a) I–V and (b) C–V curves comparing measured data and model for
the p-c and m-c PV cell. (a) Current versus voltage. (b) Capacitance versus
voltage.

but is apparent in this cell. The proposed model shows good
fitting in all three capacitive regions.
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Fig. 9. (a) I–V and (b) C–V curves comparing measured data and model for the
p–c PV cell under dark and illuminated conditions. (a) Current versus voltage.
(b) Capacitance versus voltage.

B. Monocrystalline Si Cell

The measured m-c Si cell was an unused grade BB3 cell (one
grade below the p-c cell); its parameters are also summarized
in Table II. Fig. 8(a) compares the measured and modeled I–V
curves. This cell shows a lower Rsh (attributed to the lower
grade) and lower Vbd (attributed to more uniform crystalline
structure) than the p-c cell. The model fits well to the data
over the operating range with only a slight divergence below
Vbd . The measured range was limited thermally, i.e., imposing
higher currents heated up the cell, altering the I–V characteris-
tics. Accurate measurements over a larger range would result
in better fit parameters, but the parameters are adequate for the
given operating range. Fig. 8(b) shows the m-c measured and
modeled C–V curves, which are well matched. While the transi-
tion and diffusion capacitance trends are clear, voltage does not
become sufficiently reverse biased to observe breakdown capac-
itance trends. Breakdown capacitance can be easily ignored in
this cell by setting τbd = 0.

V. ILLUMINATION EXPERIMENT

The p-c cell is tested under an indoor illumination setup us-
ing a halogen light powered by a dc supply so that the 60 Hz
grid frequency did not interfere with the ac tests. The cell was
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illuminated at 60 W/m2—a relatively low irradiance to reduce
temperature increase—and Tests 1 and 3 were performed on
the cell. The p-c cell model was simulated under the same
conditions. Fig. 9 compares the dark and illuminated results.
Fig. 9(a) shows the I–V curve; except for some deviation around
the breakdown voltage, general characteristics exhibits good
matching between model and data. Fig. 9(a) shows the C–V
curve in the forward-biased region, where the illumination in-
creases diffusion capacitance. The measured data appears to
have a slightly higher increase than predicted by the model,
but the general trends are consistent. Illumination had little ef-
fect on the capacitance in the reverse-biased region. Further
improvements to this model might focus on better fitting the
reverse-biased and capacitive characteristics to changes in illu-
mination and temperature, which is left as future work.

VI. CONCLUSION

A mathematic PV model with nonlinear dynamic character-
istics in both forward- and reverse-bias regions is developed
and fully described in (1)–(13). The model incorporates re-
verse breakdown, series inductance, and transition, diffusion,
and breakdown capacitance that are not commonly modeled. A
set of three tests conducted with basic electronics equipment
along with basic fitting tools in MATLAB are used to iden-
tify all model parameters for a measured PV cell. The model
is fit to both a p-c and m-c Si cell, and show good matching
for both I–V and C–V curves over the desired range. If break-
down capacitance is not observed over the measured range, it
can be omitted without fundamentally changing the model. Un-
der illumination, the I–V curve is well matched and the C–V
curve follows accurate trends. This detailed dynamic model is
effective for emulating faults, hot spots, and interactions with
switching converters.
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