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Abstract—Starting-up of photovoltaic (PV) inverters involves
pre-charging of the input dc bus capacitance. Ideally, direct pre-
charge of this capacitance from the PV modules is possible as
the PV modules are current limited. Practically, the parasitic
elements of the system such as the PV module capacitance,
effective wire inductance and resistance determine the start-
up transient. The start-up transient is also affected by the
contactor connecting the PV modules to the inverter input dc
bus. In this paper, the start-up current and voltages are measured
experimentally for different parallel and series connections of
the PV modules. These measurements are used to estimate the
stray elements, namely the PV module capacitance, effective
inductance and resistance. The estimation is based on a linear
small-signal model of the start-up conditions. The effect of
different connections of the PV modules and the effect of varying
irradiation on the scaling of the values of the stray elements is
quantified. The analysis of this paper can be used to estimate
the expected peak inrush current in PV inverters. It can also be
used to arrive at a detailed modelling of PV modules to evaluate
the transient behaviour.

Index Terms—Photovoltaic module, dynamic model, capac-
itance, second-order response, cable inductance, irradiation-
dependence.

I. INTRODUCTION

Photovoltaic cell capacitance measurement has drawn atten-
tion of researchers in recent times, owing to the importance
of dynamically modelling a PV panel, when it interacts with
switching converters. Capacitance affects the maximum power
point tracking of PV panels [1]. It also causes the flow of
inrush current, when a power converter connected to PV,
is turned on. If the inrush current is large it can damage
the devices of the converter and components such as safety
fuses. Also, the parasitic capacitance decides the amount
of leakage current to ground and therefore may impact the
safety of operating professionals [2]. PV capacitance can be
theoretically estimated using p-n junction parameters such as
doping [3]. Parasitic capacitance to ground can be analytically
estimated using fringe capacitor model [2]. Many methods of
experimental evaluation of PV panel’s capacitance are reported
in literature, such as impedance spectroscopy [3]-[6], voltage
ramp method [7]-[9], and transient response measurement [1].
Impedance spectroscopy involves superposition of an ac small
signal over a dc bias voltage, the frequency of the ac signal is
varied from a few hertz to hundred kHz and the impedance is
measured. For silicon solar cells, a frequency range of 1 Hz
to 60 kHz is considered sufficient, and a voltage signal of 10-
20 mV is superimposed over a dc bias voltage [5], [6]. Often
PV impedance measurement experiments, reported in literature

are performed in dark, with voltage applied externally. This
however does not reflect the true picture because junction
condition is not the same for an irradiated PV panel as
compared to a dark panel with voltage applied. Many papers
report measurement of capacitance using a reverse dc bias
across the solar cell. This again will not give the capacitance of
an operating solar cell, as capacitance depends on voltage and
a solar cell normally operates under zero bias. As capacitance
varies with illumination, voltage and type of solar cell; for a
specific application, under given light and bias conditions, it is
best determined experimentally. In [1], an external capacitor is
connected across a PV panel. The transient current waveform
is used to estimate L and C values. However, the first current
peak is truncated and the second and third current peak’s
magnitude and time are used to calculate the parameters. The
resultant values of inductance and capacitance parameters are
inconsistent with practical values, as reported in [5] to be 0.05
wF /em? capacitance for polycrystalline panels.

In the present work, the PV module impedance is evaluated
from the perspective of evaluating the pre-charge current that
can occur in a PV array when an inverter dc bus is con-
nected. For this, the experimentally obtained current response
is analysed as a simplified second order model. This model
is compared with a small signal model of the actual non-
linear PV circuit. The values of parameters estimated are
seen to be in agreement with practical values, as reported in
literature for polycrystalline PV panels [5]. Also, the variation
of PV module capacitance with voltage and irradiation is
quantified for the present system. Scaling up of capacitance
with different series and parallel connection of PV modules
is studied along with the effect of cable impedance. Study of
this equivalent impedance is crucial to determine the terminal
voltage and inrush current, as faced by a power electronic
converter, connected to the PV system.

This paper is divided into five sections. System model
consisting of the modules, cable and inverter is discussed in
Section II. In Section III, experimental results are discussed.
Limitations of extending the PV modules analysis to a generic
PV array are discussed in Section V. And Section VI con-
cludes the paper.

II. SYSTEM MODEL

Consider the circuit shown in Fig. 1. It shows the dynamic
equivalent circuit of a PV module array, connected through
a cable having a resistance, R., and inductance, L., to a
converter having a dc bus capacitance, Cjy.



In the PV array model, I, shows the light induced current in
the PV module, I, represents the diode dark saturation current
and m is the diode ideality factor. Ry, and R are the shunt
and series resistance, modelling the loss of power within the
solar cells of the array. Capacitance C', models the combined
effect of the cell junction and diffusion capacitance, as well
as the parasitic capacitance of positive and negative terminals
of the PV module to the ground.

Combined series resistance is represented by R = R, + R.,
and series inductance is represented by L = L, + L.. Writing
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Fig. 1: PV array dynamic model, connected to the dc bus of
an inverter, via a connecting cable.

KCL and KVL equations for the circuit shown in Fig. 1 -
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A. Small signal model

Let Z = [ig,ve ve,,]’- Then above equations can be
rewritten in = f(Z), as follows-
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This can further be linearised into the form z = AZ for a
linear time invariant system. It can be seen that due to the
presence of diode, the equation (5) is non linear. As the dc
bus capacitance Cj,,, is large, its voltage takes time to build
up. The circuit emulates a short circuit condition on the PV
panel, and this time interval can be considered as a quasi-
equilibrium, which is perturbed by LC oscillations. If a small
signal analysis is performed to analyse this perturbation, the
evaluated partial derivatives, written in the matrix form (7),
result in a linear system about every equilibrium point.
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Another way of arriving at the linear system is by considering
only the loops consisting of the linear RLC elements in Fig. 1,
that result in oscillatory circuit response, as shown in Fig. 2.
Writing KVL and KCL for this circuit, and rearranging into a
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Fig. 2: Simplified circuit showing only linear passive compo-
nents including three energy storing elements.
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state space form one can derive
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The difference between (8) and (7) is the (2,2) term in RHS
matrix. If this term is negligible for the obtained parameter
values, the simplified model from Fig. 2 can be used to
represent the non-linear model from Fig. 1.

B. Simplified second order model

To analyse the response of the circuit shown in Fig. 2, it is
analysed in Laplace domain. It must be noted that the presence
of R makes the circuit in Fig. 2, a third order system. And,
as the value of Ry, is large, it can be ignored and the circuit
can be further simplified to a second order system.

Initially the PV terminals are assumed to be open-circuited,
and external capacitor is assumed to be uncharged. Therefore,
initial conditions for both inductor current and external ca-
pacitor voltage remain zero i.e, i(0) = 0 A, v, = 0 V.
However the PV panel capacitor is charged to the open circuit
voltage initially, v. = V.. Inductor current can be written as
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Time domain solution of (9) can be obtained as
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Let the first current peak occur at time ¢; and the second peak
occur at time t5. Since the angle difference between the two
consecutive sinusoidal peaks is taken as 27w, w, in terms of
Ts = to — t1 can be written as (15). From measurements 75 is
known and w,, can be evaluated. This provides a relationship
(12) constraint between L and C.
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C. Inductance calculation

At time ¢ = 0, the current flowing through inductor L is
zero and voltage across capacitor C' is equal to the open circuit
voltage. As the initial voltage across external capacitor Ci,,
and resistor R is equal to zero, total voltage v. comes across
the inductor, this can be used to determine L as shown in (16).

dig,

dt
Thus if the initial slope is known along with initial PV
capacitor voltage, then L can be computed.

(16)
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D. Resistance calculation

Once the oscillations in the transient response has died
down and the current has become constant, the voltage drop
across the inductor becomes zero, while the voltage across
the external capacitor is still negligible, thus all the voltage is
dropped across the resistor, which can be evaluated as given
in (17).

e

R= (17)
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where, 7 corresponds to a time when the oscillations have
died down. Voltage build-up on Cj,,, can be written as

EISC><t

Cinv
if Tp K % then it can be approximated that v.,,, = 0.

If the voltagescmeasurements are made at the cable connection
point, marked as vy, in Fig. 1, then the measured resistance
in (17) would correspond to R. and not R.

(18)
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E. Capacitance calculation
From (12) - (15), capacitance can be evaluated as
1

r((r+ )

In (19), R, L and 7, are substituted to obtain the equivalent
capacitance value of the series RLC circuit. For a linear series
R-L-C circuit, the frequency of oscillations should remain
fixed as shown by Fig. 3. However, in the case of PV
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Fig. 3: Simulated current waveform for a linear series R-L-
C circuit, showing equal time intervals between subsequent

peaks.

inrush current, with the change in terminal voltage, from open

circuit to short circuit, PV capacitance changes resulting in
unequal time intervals between first two peaks as compared to
subsequent peaks, as discussed in Section V. Since external
capacitor Cjy,,, is known, from C§, PV capacitance C' can be
obtained as

CsCinv

Cinv - Cs

a) Scaling Up: If the capacitance obtained above is for
a single panel, then it can be scaled up for a PV panel array
consisting of several series and parallel connected panels. The
method used to find equivalent capacitance is similar to finding
the equivalent series and parallel resistances of PV array [10].
If there are N, panels in series forming one string and N,
such strings in parallel, C¢, is given by -

C= (20)

N,
Ce = F2C 1)
Here it is assumed that all the PV panels are identical and
therefore have equal capacitance. For an array of PV panels,
capacitance C' gets replaced by C,,, in all the above derived
expressions.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. System under study

System under study comprises of 14 polycrystalline PV
panels, each rated at 300 W, 40 V. These panels can be
connected in different series and parallel combinations. In this
paper five configurations are considered namely, I - single
panel, II - two panels in series, III - seven parallel panels,
IV - seven parallel panels in series with seven parallel panels,
and V - fourteen parallel panels. The array capacitance is
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Fig. 4: Single line diagram of PV system, consisting of 14 x
300 W polycrystalline PV panels, connected via cables and
bus bar to a 33 mF capacitor through a circuit breaker.

measured by the current response of the circuit when an



external capacitor is connected. The connection is made using
a mechanical switch shown as MCB [13] in Fig. 4. It must be
noted that the response is different when a solid state switch
is used, but in a practical scenario a mechanical switch makes
and breaks the contact, and therefore is analysed in the present
study.

1) Single PV panel: For a single 300 W polycrystalline
PV panel, measurements are shown in Fig. 5(a) and Fig. 5(b),
which together provide complete response, with Fig. 5(a)
captured in us time scale and Fig. 5(b) captured in ms time
scale. In Fig. 5, the measurements are taken at PV array
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Fig. 5: Measured PV array terminal voltage (A) and current
(D) of a PV panel when connected to a capacitor, (a) in us
time scale, (b) in ms time scale, for a single 300 W PV panel.

terminals as indicated by roof bus bar in Fig. 4. From Fig. 5(a),
resistance comes out to be 4 (2, from the dc portion of the
curve. Inductance value can be evaluated from the initial
slope of the current curve, as shown in Fig 5(a). Its value is
calculated to be 86 pnH. By noting the time periods between
successive peaks, it can be observed that damped frequency
of the system changes. For a linear system, as the damped
frequency is a function of R, L and C, it should remain fixed.
However, in this case it changes. This is due to the change
in PV module capacitance with voltage [5]. Due to charging
of external capacitance, PV panel voltage changes from open
circuit voltage to zero, at the instant of closing of switch S
in Fig. 1, as shown in Fig. 5(b). This causes a corresponding
change in panel capacitance. It can further be observed from
Fig. 5(a), that the time difference between the first two peaks
is significantly higher than the successive peaks, for which it
is almost constant. Thus, major change in capacitance occurs
only initially, when voltage changes significantly. For this case
capacitance comes out to be 104 nF from first two peaks and
60 nF from second and third peak time difference. It remains
almost the same for successive peaks. It should be noted that,

% term is much smaller as compared to 4’;?, and capacitance
can be directly approximated as C' = 4;3 + in (19). Also, it
must be noted that PV panel capacitance is in nF range which
is much smaller than 33 mF external capacitor Cj,,,,, therefore
the series combination of these two is almost equal to PV
capacitance, i.e, Cs = C.

B. Validation of the simplified second order model

As mentioned in Section II-A, to validate the values of
the estimated parameters, R, L and C, the model needs to
be validated. The difference between the R-L-C series model
and the small signal model of the overall non-linear solar cell
model, is the (2,2) term of RHS matrix in (7) and (8). As
mentioned in Section II-B, R, is also ignored to simplify the
system to a second order system, therefore for validation, the
effect of Ry, will also be included in the (2,2) term. Evaluating
this term using the parameters evaluated for the experimental
system, by substituting C = 104 nF, I, = 0.36 4 A [12], m =
1.3 [12], Rsp, = 340 Q, ng = 72 [14] and Vp = 26 mV, the
difference term comes out to be

1 Ioe#sc"T

CRsp, CmngVp
Assuming voltage drop across PV array series resistance
and inductance is negligible, PV capacitance voltage would
be approximately equal to the PV array terminal voltage.

Substituting v. = 15 V from Fig. 5(a) and writing complete
equation for v, from (7) and (22)-

Ve = (—28.3 x 10° — 1.7 x 10%)Av, + 9.6 x 10°Ai;, (23)

= 283 x 10° — 14278 (22)

From (23) it can be seen that, the influence of Ai; term
is much more significant, as compared to the Av, term, for
practical start-up conditions of inverter pre-charge. It can be
noted that v, falls to zero during the pre-charge duration. It is
seen that the difference between the small signal model and the
simplified second order model, is insignificant for small values
of v.. It can be observed from Fig. 5(a) to be true because
when the capacitor voltage rises to a significant value, the
oscillations subside. Thus the simplified second order model
can be used to estimate the parameters of the PV module as
suggested in Section II.

1) Other PV array configurations: Experimental response
for various configuration of PV modules were recorded such
as two panels connected in series, seven panels connected in
parallel and seven parallel in series with seven parallel panels.
Current and voltage response for seven parallel panels case
is shown in Fig. 6. Resulting cable resistance and inductance
values along with panel capacitance values are tabulated in
Table I. It can be observed that, series connection doubles the
inductance and resistance, and halves the capacitance value,
and vice-versa for parallel connection. However scaling is
not exact, this is due to the effect of cable inductance and
capacitance, which connects PV panels to the bus bars where
the measurements are taken.

C. Effect of Cable Inductance on scaling

Cable inductance, from roof bus bar to laboratory bus
bar, as indicated in Fig. 4, was measured to be 16 uH by



A

V(60 Vidiv)

i)

Lad

TRIGGER

a B CII 1 x EUSCCEAN  OPTIONS..

(b)
Fig. 6: Measured terminal voltage (A) and current (D) of a
PV panel when connected to a capacitor, (a) in s time scale,

(b) in ms time scale, for seven 300 W PV panels connected
in parallel.

LCR meter. Subtracting this value from the overall inductance
value, as reported in Table I, roof top panel inductance can
be calculated. For single panel case it comes out to be 70
pwH, from Table I. For the second case, series connection
is done in the laboratory, therefore subtracting 2 x 16 pH
from 201, 169 pH is obtained. This is seen to be more than
double the value for single panel owing to the mutual coupling
between the cables running from roof to laboratory. For seven
parallel case, subtracting 16 uH, 29 pH is obtained, which
is more than 70/7 = 10 pH, this is due to mutual coupling
among connecting cables on the roof as shown in Fig. 4. For
seven parallel panels in series with seven parallel panels case,
inductance is slightly more than double the seven parallel case.
This is due to mutual coupling effect, which is missing in the
seven parallel case, as only one set of cable is energised.

D. Quantifying the error

To quantify the error, per panel capacitance value is derived
from array capacitance values as mentioned in Table I. From
these per panel values, a constant capacitance value is derived
based on least square error from all capacitance values. Taking

TABLE I. Measured resistance, inductance and capacitance
values for different PV array configurations

the constant value as k and the individual per panel capacitance
values from cases mentioned in Table I as Cy, Cs etc., error
function IT can be formulated as a sum of square of errors.

L= (k—C1)*+ (k—C2)?+ (k— C3)> + (k— C4)* (24)
Minimising this error function results into k being the mean
of all capacitance values, given by :
o Ci+Cy+C3+Cy
B 4

Deviation from this value, gives the error, which is quantified
in Table II. It can be noted that configuration III is a clear

k = 68nF 25)

TABLE II: Deviation of per panel capacitance from mean
value for different PV array configurations

Configuration | Array Ceq (0F) | C'/pgpe; (0F) | % Error from k
I 60 60 -10.8
I 30 60 -10.8
11 600 85.7 27.3
v 222 63.4 5.8

outlier and therefore is not considered. Average capacitance
value k, now comes out to be 61.1 nF. Recalculated errors are

reported in Table III. It shows the error to be within 4%.

TABLE III: Deviation of per panel capacitance from mean
value for different PV array configurations, without the outlier

Configuration | Array Ceq (nF) | C)popne; (0F) | % Error from k
I 60 60 -1.8
11 30 60 -1.8
v 222 63.4 3.8

TABLE IV: Change in array capacitance C,, with voltage V'

for different PV array configurations

PV configuration | Ceg;, . 0in Ceqfiml AV, 2—‘(5
I 104 nF 60 nF 39V | 1.1 nF/V
I 67 nF 30nF 773V | 1.9 nF/V
it 1200 nF 600 nF 383V | 2.2 nF/V
v 700 nF 220 nF 75V | 1.8 nF/V

PV Array configuration | R () [ L (uH) | Ceq (nF)
1 4 86 60
11 7 201 30
1 0.6 45 600
v 1 94.6 222

E. Variation in capacitance with voltage

The capacitance reported in Table I, is the settled ca-
pacitance calculated from second current peak and beyond.
However, as mentioned in Section III-Al, initial capacitance
value is higher as noted from higher time period between first
two peaks as compared to subsequent peak time intervals. This
is due to the change in PV panel voltage from open circuit
value to zero, which is defined as AV,. To see the variation
in capacitance as a function of voltage, for different PV array
configurations, Table IV is presented. It can be observed from
Table IV that capacitance variation with voltage is in the
range of 1.1 to 2.2 nF/V per panel. And the ratio % is
positive, implying capacitance increases with voltage. This is
in agreement with the reported literature [5].

F. Variation in capacitance with irradiation

Short circuit current of a solar cell is an indicative of its
irradiation [11]. For same PV array configuration, capacitance
is measured under different light conditions, as indicated by



the short circuit current. The difference in the short circuit
current for these two different light conditions is defined
as AI,.. The values are tabulated in Table V, where case
V represents 14 PV panels connected in parallel. It can be

TABLE V: Change in array capacitance C,, with irradiation
G for different PV array configurations

PV array Ceqzowc Ce‘]hith’ Alsc i?ef
il 1.2 uF 1.6 uF 228 -81A | 0.027 uF/A
v 0.7 uF 1.3 puF 29.2-84 A | 0.028 uF/A
v 1.9 uF 2.6 uF 61 - 40 A 0.033 uF/A

observed from Table V that change in capacitance as a function
of irradiation is close to 0.03 F'/ A, however exact variation is
a function of irradiation value. This sensitivity of capacitance
with irradiation is considered in F'/A as the short circuit
current level is proportional to irradiation level [11]. The PV
panel capacitance is higher at higher irradiation conditions.

IV. EFFECT OF CAPACITANCE ON INRUSH CURRENT

The effect of equivalent array capacitance on inrush current
can be seen by evaluating the ratio of peak inrush current to
short circuit current value or the normalised inrush current,
for different array configurations as shown in Table VI. It
TABLE VI: Effect of array capacitance on normalised inrush
current

PV configuration | Ceq,, :1ia I"’%
1 104 nF 34
i} 67 nF 3.5
il 1200 nF 2.8
v 700 nF 2.6

can be seen that for higher capacitance value, ratio of peak to
steady current is lower. Capacitance value is higher for parallel
panel case, where short circuit current is also higher. Therefore
even though the ratio of peak to steady current is lower, the
absolute value of peak inrush current is much higher in parallel
connection of PV modules. This observation can further be
extended to irradiation variation of capacitance, wherein it is
seen that due to increase in irradiation, capacitance increases,
reducing peak to steady current ratio. But due to increase in
the short circuit current due to irradiation, absolute value of
the peak current is even higher.

V. LIMITATIONS IN MEASUREMENTS

Practical aspects of the PV array installation causes lim-
itations in the impedance estimation. Voltage and current
waveforms are measured at roof bus bar terminal as shown in
Fig. 4. Due to this, the capacitance calculated, not only reflects
the PV panel capacitance but also includes the effect of cable
capacitance. As cable impedance varies for different series
and parallel panel connections, direct scaling in inductance
and capacitance values were not observed as the cable length
from the roof top bus bar to individual panels vary. These
cables have lengths varying from 2 m to 6 m. Therefore
these results cannot be extrapolated in general, however the
presented method can be used for calculating effective R, L
and C values for any system.

VI. CONCLUSION

Capacitance of a solar cell is important for dynamic mod-
elling of a PV array. The capacitance is estimated based
on experimental measurements. An external capacitor is con-
nected across the terminals of a PV array. This produces
a second order response, the validity of which is checked
using a small signal model. From the second order response,
cable resistance, inductance and PV array capacitance has been
calculated. It has been observed that resistance, inductance and
capacitance values scale up and down, depending upon the
series and parallel combination of PV panels. However, due to
the effect of connecting cable impedance, exact scaling is not
observed. PV capacitance is seen to change with irradiation
at the rate of 30 nF'/A, where short circuit current of the
PV array is used to indicate the irradiation level. Effect of
voltage variation is also seen on the capacitance of PV array,
which varies from 1.1 nF/V to 2.2 nF/V, depending on the
voltage level and array configuration. Due to high open circuit
voltage, capacitance is seen to be higher initially and it is this
capacitance value that determines the peak value of the inrush
current. The analysis and parameter measurements have been
carried out on a variety of PV array configurations and the
results are observed to be consistent.

This analysis can further be extended to derive analytical
expression of inrush current and PV terminal voltage, when
the PV system is connected to a power electronic inverter.
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