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Abstract. In this paper, a new method on modeling of PV
generators, for association with electromagnetic software
programs, is proposed. The application of a linearization process,
on nonlinear and well-tested current-voltage equations using
Taylor’s scheme, leads to uncoupling of the current and voltage
quantities in each time step of a digital simulation. This
uncoupling is represented by a linearized equivalent electrical
circuit. Using the proposed equivalent photovoltaic generator
circuit, the application of nodal analysis on equivalent resistive
circuits derives a photovoltaic system model of linear algebraic
equations. This remarkably simplifies photovoltaic systems
modeling because one can develop a photovoltaic generator
element in electromagnetic transient programs for power systems
analysis.
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1. Introduction

In order to conduct performance studies on intergraded
photovoltaic (PV) systems, measurements on operating
installations [1] and digital simulations are used. In
general, digital simulations have the advantage in
comparison to measurements because they are fast,
without cost as well as give the opportunity for sensitivity
analysis on various design parameters. In these studies, the
interest is focused on the upgrade of the models of the
individual units of a PV system [2-4] as well as on the
control aspects of the PV system in order to operate with
high efficiency [5-7] and under maximum power
conditions [8-12].

Digital power system simulations studies are conducted
using electromagnetic transient software programs which
are based on nodal analysis on equivalent resistive circuits
[2], [4] and [13-17]. Many nonlinear PV generator models
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have been used to describe PV generators. They cannot
directly be involved within electromagnetic transient
software programs because their usage leads to nonlinear
node equations. Therefore, PV generator’s modeling,
using these software programs, is accomplished by two
methods. In the first method, one has to develop from the
beginning a suitable PV generator model by designing a
block-circuit using several elements and control
commands. This task may be of the same level of
complexity as the study of the whole PV system. In the
second method, one can approximate the nonlinear PV
characteristic curve by a piecewise linearized one.
Consequently, their usage leads to piecewise linearized
node equations. An extended review one can find in [4].

In this paper, a new linearized equivalent circuit model of
PV generators is proposed. The presented model is based
on linearization of a authoritative nonlinear initial iy,(vy)
equation using Taylor’s scheme. The process leads to
uncoupling of the iy,-v,, electrical quantities in each time
step At of a digital simulation. This uncoupling can be
represented by an equivalent linearized current source in
parallel with a linearized ohmic resistance. Applications
of the proposed model, involving equivalent resistive
circuits of lumped L and C elements, show that it can be
associated with electromagnetic transient software
packages based on node equations. Moreover, it can be
combined with suitable models of other nonlinear units of
a PV system, in order to perform sensitivity analysis
studies.

2. Model Development

It is assumed that at time t, the voltage and the current of
the PV generator have values vy (ty) and ig(to),
respectively. If At is the time step of the simulation, it is
assumed that at time instant t=t,;+At the operation point
has values v,,(t) and iy (t), respectively. An initial ip,(vpy)
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nonlinear equation is supposed which can be approximated
by a Taylor series in the space [vy(to), Vp(t)] evaluating
the expression at vy(to)

: : dipy
Iy T =1y o +de [vpv t —vy o ]
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By rearranging the terms in (2), one can write
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Equation (4) gives the position of the operation point of
the PV generator on the iy-v,, plane at the time instant
t=t;+At using values from the previous time instant t,.
Thus, one can predict the trajectory of the operation point
of the PV generator at any time instant t=ty+At using the
tangent on the initial nonlinear vp-i, curve at the time
instant t, by properly updating the parameters lg and rp, in
each time interval At. This is represented by the equivalent
circuit in Fig.1 in the time interval At.

fpv(r)

+

1 0 rva va(f)

Fig. 1 The equivalent linearized circuit of the PV generator at the
time instant t=ty+At.

The calculation of the parameter r,, is based on the
calculation of the derivative of the current iy, with respect
to the voltage v,, by using the initial nonlinear ip,(vpy)
equation. In this paper, the authoritative and well known
nonlinear curves given in the Appendix by equations (10)
and (11), are used. Applying (3) on (10) and (11) one
derives that ry, is given by
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for the first model and rp is given by
1+Wrg | Ton +1p —ipy to
Movo = [ J ()

W1 oh+1p=ipy to |
using the second model. Except of equations (10) and
(11), other suitable initial iy (vp) exponential equations
can be used [15] and [18, 19].

3. Results

A. Verification of the model using a PVrLC circuit

The PVrLC circuit in Fig. 2(a), using the equivalent
circuit of the PV generator in Fig. 1 and the equivalent
resistive circuits for the L and C elements given in [30],
has the equivalent resistive circuit in Fig. 2(b).

node 1, vi=v,,
g,

(b)
Fig 2. An rLC circuit energized by a PV generator: (a) the
equivalent circuit using lumped L and C elements, (b) the
equivalent resistive circuit.

In view of Fig. 2(b), the corresponding state vector is
v, v, T Applying node equations, the system of the
linear algebraic equations in (8) governs the circuit in

Fig. 2(b)
:lr 1:||:Vl:|:|:|0_loc:| (8)
-r - reqL Vv, IOL

r
where rp,o can be given by (6). Equation (8) is solved
assuming initial  conditions v, t=0 =0  and

v, t=0 =0. The transient response of the circuit is

shown in Fig. 3(a) using the values shown in Table I.
Moreover, the trajectories for the time interval from t=0
to steady state on ip,-Vpy and Pp-v,, planes are shown in
Fig. 3(b) and Fig. 3(c), respectively, for different levels
of insolation and temperature. The predicted iy-v,, and
Pw-Vpy curves, using the equivalent circuit of the PV
generator, are in excellent agreement with the measured
values and consequently, the linearized model
successfully can predict the nonlinear performance of a
PV generator.

1, -1
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Table I.- Data for the simulation of the PVrLC circuit

PV Generator [20] (LC
Pn=110 W a,=1.4 mA/°C
Impp=3.15 A boc =-152 mV/°C r=122.592 Q
V=35 V Prpp=110 W L=10 mH
1.=3.45 A V,.=43.5V C=0.1 mF
G=900 W/m’ T,=35°C At=10"° sec
U0 [Q1]
3 ; 5
t [msec]
(a)
3579 x Measured values — Predicted values
Ipv[A]
301 ‘s0owm? 3s9¢C
2.5-
201  es0wm? 33°C
1.5
104 450 Wim? 250C "
0.5
x X
0.0 — T
0 5 10 15 20 25 30 35 40 45
Vov M
(b)
% Measured values
1001 ~ Predicted values
PDV [VV]
801 goowim? 359C
60 650 Wim>  330C
40
201 450 Wim? 250
* #*
O+ r T T r r r T T T
0 5 10 15 20 25 30 35 40 45

Vov VI
(c)

Fig 3. The transient response of the PVrLC circuit in Fig. 2: (a)
voltage and current waveforms from t=0 to steady state, (b) the
measured and predicted ip,-v,, curves for different levels of
insolation and temperature, (c) the measured and predicted Pp,-
vy curves for different levels of insolation and temperature

B. Modeling and simulation of a grid connected PV system

A simplified configuration of a grid connected PV system
includes a PV generator, a dc filter, a dc-ac inverter, an
isolation transformer and the utility grid. Such an
installation is shown in Fig. 4(a), using lumped
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parameters. The PV generator is presented by its
equivalent circuit in Fig. 1 and using (7) for the
calculation of rp, the isolation transformer is referred at
the PV generator side and it is represented by a linear
equivalent inductance Lg/a,® for both primary and
secondary sides. A simplified representation of the
single-phase inverter is considered where all switching
devices are modeled as ideal switches, implying zero
resistance when closed and infinite resistance when open.
Moreover, the inverter operates with none or two
switches conducting.

In Fig. 4(b) the topology of the grid connected PV system
is shown when switches "1” and "2” are closed and
switches "3"” and "4” are open. The corresponding
equivalent resistive circuit is presented in Fig. 4(c). In

this case, the state variables of the system are v; v, T

and applying node equations one can easily derive the
state equations of the grid connected PV system which

are
]/req.Lt ]/rpvo +]/req.C Vil lo —loLt —loc ©)
-1 1 V2 &g /atr
Ltr/atr
%iﬁu T
[ 4 ( 2
zsolatzon DC AC DC” PV

grzd transformer inverter filter generator
(a)
L=L,/ arr2+Lf
nm

eg/ ay

node 2, vy(t)
(©)

Fig. 4. A grid connected PV system: (a) Typical configuration
where the transformer is referred at the PV generator side with
transformation ratio ag, (b) System topology, when switches "1”
and "2" are closed and switches ”3" and "4" are open, using
equivalent r, L and C elements where L=L/a,>+Ls, () The
equivalent resistive circuit of the system in (b).

Primary simulation results, using the data in Table Il of a
prototype system located in Phoenix Arizona [21], are
shown in Fig.5. By calculating the firing angle of the
inverter, the voltage of the PV generator is adjusted, in
both cases of the value of the insolation, at about 190V.
When insolation is decreased from 0.55kW/m? to
0.40kW/m? the system passes to non-continuous
conduction mode as it shown in Fig 5(a) and Fig. 5(d).
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Fig. 5. Simulation results of the PV system in Fig 4:, (a) iy, ipy and vy, at 0. 55kW/m?, (d) iy, ipy and vy, at 0. 4kw/m?, (d) the trajectory on
the ip-vpy plane in the time interval from t=0 until the current ipy takes its minimum value at 0. 55KW/m?, (e) the trajectory on the i,V
plane in the time interval from t=0 until the current i,, takes its minimum value at 0. 4kW/m?, (c) the measured and predicted values the
harmonic content of the injected current into the ac grid at 0.55kW/m?, (f) the measured and predlcted values the harmonic content of the
injected current into the ac grid at 0.4kW/m?

Table 11.- Data for the simulation of the grid connected PV
system [21]

ac Grid Transformer Dc filter PV Generator
Frequency L L¢ W
60 Hz 320 uH 25 mH 0.54932 V!
RMS voltage Ay Cs re
240V 1 3.3mF 2.15 mQ
Vi
190V
I (0.55 KW/m?)
23.562 A
Ioh (0.40 KW/m?)
17.136 A
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This is because the current of the PV generator has
decreased, as it is shown in Fig. 5(b) and Fig. 5(¢), where
the trajectories of the operating points on the iy,-v,, plane
are drawn in the time interval from t=0 until the current
ip, takes its minimum value. Moreover, as it was
expected, the predicted ip-Vy, curves, using the proposed
equivalent circuit of the PV generator, coincide with the
ip~Vpy Curves given by the manufacturer which are
calculated using (11).

Regarding the harmonic content of the injected current
into the ac grid, the measured and predicted values are
shown in Fig. 5(c) and 5(f). It is observed high value of
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the third harmonic at 0.40kW/m? in comparison with the
value of the third harmonic at 0.55kW/m? because the
inverter operates in non-continuous conduction mode.
Furthermore, comparing the results for the third harmonic,
which dominates, the errors between the measured and
predicted values are about 22.7% (0.55kW/m?) and
12.68% (0.40kW/m?). These errors are due to the fact that
the inverter is considered as ideal component and the
transformer is considered as linear unit. In general, further
agreement between measured and predicted values could
be achieved if accurate models for the inverter and the
transformer are used.

The performance of the system in Fig. 5 does not
correspond to a well designed commercial grid connected
photovoltaic system, using the parameters in Table II
Specifically, concerning the THD of the injected, into
utility grid, current iy, at 0.55kW/m? the THD is 0.16 while
at 0.4kw/m? the THD is 0.48. A short sensitivity
investigation, on the TDH of the injected current i; with
parameters the values of the DC filter has been conducted
at 0.4kW/m?.

The results show that the size of the capacitor C; does not
affect THD of the injected current i;, as expected due to
the fact that a capacitor affects voltage waveform. Figure 6
shows the performance of the system by varying the
inductor size from 10mH up to 300mH. As shown in Fig.
6, in the range 10mH up to 120mH (approximately) the
inverter operates in non-continuous conduction mode and,
THD rapidly decreases. This is due to the fact the 3"
harmonic dominates in this conduction mode of the
inverter in comparison to the 5" harmonic and rapidly is
decreased. In the range 120mH (approximately) up to
300mH, the inverter operates in continuous conduction
mode, which means that the waveshape of i; has a
tendency to become a square wave and THD increases. An
extended, and more detailed, sensitivity analysis has to be
based on more accurate models for the inverter and
isolation transformer.

—+— 3™ harmonic s
og 70 —— ?_‘:'Barmonic 120 -Qé 1 0.8 .
9 X —— 418 c
§E . | g8 5
Eg % 116 85
83 14 c= 106
w 1 £ 0
® 0 i w 3
o 50 112 ¥
404 N\ 110 J0.4
418
30 - 1°¢ J0.2
d4
20 - \’/ 1,
b 0 doo

0.00 0.05 0.10 0.15 0.20 0.25 0.30
L¢[H]

Fig. 6. The performance of the system in Fig. 4 by varying the
inductor size from 10mH up to 300mH (C=3.3mF, v,,, =190V)

4. Conclusions

A linearized equivalent electrical circuit of a PV generator
is presented which is derived from the linearization of
authoritative nonlinear iy(vy) equations using Taylor
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series. The linearized equivalent circuit is represented by
a dependent current source |y in parallel with a variable
resistance rp,o, both updated in each time interval At.

The applications and the simulation results show that
using typical values of the time step, excellent numerical
stability has been observed as well as excellent
agreement, between measured values and predicted
values at different conditions of temperature and
insolation, has been achieved. Furthermore, the proposed
linearized circuit model can be associated with several
electromagnetic transient software packages, based on
nodal, analysis simplifying the introduction of a PV
generator in an electromagnetic transient software
package.

At this point, it should be noted that any improvements
on the equations used to calculate parameters of the
initial nonlinear models, such as ki, ks, ks, ke, m, 1y, and
Ib [22, 23] can be included without restricting or
influencing the simplicity of the procedure. The proposed
technique can also be applied on other initial nonlinear
ipv(Vpy) Characteristic equations [18, 19, 24-27] which will
simply result in a different equation for the incremental
resistance rpo. Future work in this area includes the
analytical implementation of the proposed circuit into
most commonly used commercial programs.

5. Appendix

In order to describe the method, two different nonlinear
authoritative and published models of a PV generator
have been selected. The first model is based on an
exponential type equation involving four parameters [20],
which, under Standard Test Conditions (STC), is
represented by the equation

iy = lsc {1—kl(e"zv5”v —1ﬂ (10)

The coefficients k; up to k, and m are defined through
equations given in [20] which are given in relation to
Vmpp  the maximum power point voltage, Iy, the
maximum power point current, V.. the open circuit
voltage and Iy the short circuit current. The above
defined ip,-Vvy, curve can be used as a reference curve. In
the case of different conditions of insolation and
temperature, new characteristic curve can be determined
using the relations given [20] which are based on G; the
solar insolation under reference conditions, a, the
current-temperature coefficient, Iy, the short-circuit
current under reference conditions, b, the voltage-
temperature coefficient, rs the series resistance and T, the
temperature under reference conditions. The second PV
model is based on a combination of the i-v characteristic
curve of a simple diode equivalent model [28]. The
following mathematical expression describes the PV
generator under insolation G and temperature T,

. W i
'pv='ph—lc{e —1} (11)
where the light-generated current Iy, and the diode

saturation current Ip can be determined from values
under STC [16], [29] using the equations
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Iph :|:|scr+ar Ta—T; :| G/Gr (12)

3 |Beof1 1
- Ta o KT T,
D Dr Tr
respectively, where f is an experimentally defined constant
appropriate  for the agreement between (11) and
experimental values, Ip, is the diode saturation current
under reference conditions and Ego the energy gap of the
semiconductor. Moreover, the term W is given by

_q
W‘AKTa

where q is the electron charge, w is a curve fitting constant
and K is the Boltzmann’s constant.

(13)

(14)
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