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Abstract: Parameterized computer SPICE models are
developed in the present paper which allow adequate
modeling and simulation of PV arrays under partial
shading conditions. Using simulation of the P-V
characteristic, maximal efficiency of the PV system can
be obtained. The validation of the simulation results
confirms the aplicability of the developed SPICE models
of PV arrays taking into account the environment
conditions: irradiation, temperature and shading
conditions.
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1. INTRODUCTION

Photovoltaic (PV) power systems are important
renewable and pollution-free energy source. In order to
ensure maximal efficiency of the PV system, it is
necessary to investigate and optimize its dynamics
during the design process. The obtained results depend
on the accuracy of the computer models of PV cells,
modules and arrays, valid for different operating
conditions of irradiance, temperature and partial shading.
The PV models allow predicting the I-V and P-V
characteristics of the PV generators for operating
environment other than the nominal conditions.

Recently, different types of PV models are proposed
such as single-diode model, two-diode model, as well as
behavioral models using analytical description of I-V
characteristics of the PV modules [1-8]. A number of
approaches to model parameter extraction based on
datasheet characteristics are proposed using analytical
methods, multidimensional optimization, etc. [8].

The partial shading reduces the energy yield and
hence the efficiency of PV arrays. In this case the I-V
and P-V curves are characterized by multiple peaks. It is
of great importance to investigate the efficiency taking
into account the variation of environment conditions.
This allows to predict the maximum available power of
the PV array [7,8].

In the last years, computer models of PV cells,
modules and arrays are  developed  using
Matlab/Simulink software package [1,2,7]. SPICE
models of PV cells and modules, implemented in the
Cadence Capture graphical editor, using the input
language of the PSpice simulator, are proposed in
[3,4,5]. The I-V and P-V characteristics of solar PV
array (SPVA) under partial shaded conditions are
investigated in [6,7]. An approach is proposed to
accurate partial shading modeling of PV system using
two-diode model of the PV cell [8].

In the present paper, parameterized computer SPICE
models of PV arrays are developed by variation of
shading and  temperature  conditions.  Using
macrodefinitions in the graphical analyzer Probe, the
parameters corresponding to the maximum power point
(MPP) of the P-V characteristic - global maximum
power P,,, voltage V,, and current I,,, are
automatically obtained. The validation of the simulation
results confirms the aplicability and high accuracy of the
developed SPICE models of PV arrays.

2. MODELS OF THE PHOTOVOLTAIC
MODULES

The single-diode equivalent circuit of a PV module is
presented in Fig. 1.
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Fig.1. Single-diode model of PV module
The PV current [ is described by the following equation
[15253]:
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where [, — photo generated current, /, —reverse
saturation current, R, — shunt resistance, R, — series
resistance, a — diode ideality constant, N, — number of

cells connected in series, Vr=kT/q, q= 1.6x10°C -
electronic charge, 7 — ambient temperature in Kelvin,
k=1.38x107%J/K — Boltzmann’s constant.

The two-diode equivalent circuit of a PV module is
presented in Fig. 2 [8].
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Fig.2. Two diode model of PV module
This model is characterized by a better accuracy
compared to the single-diode model [5,6]. The PV
current / of the two diode model is described by the
following equation [1,2]:
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where a; and a; are the diode ideality constants.

The temperature dependent parameters are the photo
generated current /,, the open circuit voltage V,. and the
reverse saturation current /,:
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where 1, .. is the photo generated current at standard test
conditions (STC): surface irradiance G,.= 1000 W/m?
and temperature Ty~ 298°K, G - irradiance at
temperature 7, K; — short-circuit current temperature
coefficient, K, — open-circuit voltage temperature
coefficient, AT = T-T§..

3. COMPUTER REALIZATION OF TWO-DIODE
MODEL OF PV MODULES

The two-diode SPICE model of a PV module is
created in the form of parameterized block shown in

Fig. 3, where sun = G/Gy, is the shading coefficient,
Npyoa— number of PV modules with the same partial
shading conditions, connected in series.

Ns = 36 q=1.60217646e-19

Voc_stc =21.7 Rp =144.3 VP
Kv =-0.77 Rs =047

dT ={dT} sun = {sun}

Tstc =298 a2=15

Iph_stc = 3.45 al=1 VN
k = 1.3806503e-23 Nmod =5

Ki=1.2e-3

Fig. 3. Parameterized block of the two-diode SPICE
model of Ny,,q PV modules connected in series

The subcircuit, describing the two-diode model of a
group G of N,,,; PV modules, is given in Fig. 4. The
voltage controlled current sources (VCCS) G1 and G2
model the corresponding diodes D, and D, (Fig. 2)
according to the analytical expressions (2) — (6). The
PSpice descriptions in the VALUE fields of VCCS Gl
and G2 are in the form:

Gl:
{(@Iph_stc+@Ki*@dT)/(exp((@Voc_stc+@Kv*@dT)/@Ns*@k*(@Tstc+@dT)/
@0))-1)*(exp(V(%IN+%IN-)/@a1*@Ns* @K (@Tstc+@dT)/@q))-1)}

G2:
{(@Iph_stc+@Ki*@dT)/(exp((@Voc_stc+@Kv-@dT)/(@Ns* @K (@Tste+@dT)!
@9))-1)*(exp(V(%IN+,%IN-)/(@a2* @Ns*@k* (@Tstc+@dT)/@q))-1)}

The current Iph is described according to (5):
{(@Iph_stc+@Ki*@dT)*@sun}

The voltage controlled voltage source (VCVS) E1 of
EVALUE type is used to obtain the voltage V(1) on the
single module using the voltage V(VP,VN) on the group:
V(1)=V(VP,VN)/NMOD. The VCCS G3 defines the
current through the group of N,,,; modules, connected in
series.

An example of connection in series of four groups
G, Gy, G5 and G4 under different shading conditions is
shown in Fig. 5. The corresponding shading coefficients
are sun,= 1, sun,= 0.75, suny= 0.5 and suns= 0.25.
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Fig. 5. Connection in series of four groups G, G,, G
and G4 under different shading conditions
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Fig.4. Subcircuit description of the two-diode model of a group of N,u,q modules



The I-V and P-V characteristics at temperature 25°C
are presented in Fig. 6. The influence of temperature is
also investigated. The I-V and P-V characteristics at
temperatures 25°C (solid line), 50°C (dashed line) and
75°C (dotted line) are shown in Fig. 7. The I-V and P-V
characteristics for shading coefficients sun;=0.75,
sun,=0.5, sun3=0.25 and sun,=0.1 at temperatures

25°C, 50°C and 75°C are presented in Fig. 8.
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Fig. 6. I-V and P-V characteristics for shading
coefficients sun,= 1, sun,= 0.75, sun;= 0.5 and
suny= 0.25 at temperature 25°C temperature 25°C
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Fig. 7. I-V and P-V characteristics for shading
coefficients suny= 1, sun,= 0.75, sun;= 0.5 and
sung= 0.25 at temperatures 25°C, 50°C and 75°C
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Fig. 8. I-V and P-V cha;;cteristicsfor shading
coefficients sun, = 0.75, sun, = 0.5, sun3;= 0.25 and
suny= 0.1 at temperatures 25°C, 50°C and 75°C

Ten variants of the shading patterns 1, 2, 3 and 4 [8]
are investigated using the developed parameterized
SPICE model. They are defined tabularly in the form

(variant var;, sun;),i=1,2,...,10.

Pattern 1:

(1,1) (2,0.75) (3,1) (4,0.8) (5,0.9) (6,0.6) (7,0.75) (8,1) (9,1) (10,1)

Pattern 2:

(1, 0.75)(2,0.25)(3,0.5)(4,0.6)(5,0.6)(6,0.5)(7,0.5)(8,0.6)(9,1)(10,0.5)

Pattern 3:
(1,0.5)(2,0.25)(3,0.3)(4,0.4)(5,0.3)(6,0.4)(7,0.2)(8,0.3)(9,0.5)(10,0.5)

Pattern 4:
(1,0.25)(2,0.1)(3,0.1)(4,0.2)(5,0.1)(6,0.3)(7,0.1)(8,0.15)(9,0.25)(10,0.2)

These patterns are introduced in the block describing
the group G (Fig. 3) using ETABLE elements as shown
in Fig. 9 for pattern 1.

The I-V and P-V characteristics under different shading
conditions corresponding to patterns 1,2,3 and 4 are
shown in Fig. 10. A parametric analysis with parameter
var is used to define the variants of partial shading.
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Fig. 9. Introducing pattern 1 in the computer model
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Fig. 10. The I-V and P-V characteristics under different
shading conditions corresponding to patterns 1,2,3 and 4

The global maximum P, of the P-V characteristic of
PV array, the voltage V,, and the current 7,
corresponding to P,,,, are calculated using the following
macrodefinitions in the graphical analyzer Probe:

Pmax = max(W(V1))
Vmpp = XatNthYp(W(V1)-Pmax,0,1)
Impp = Pmax/Vmpp

The values of Pu, Vi and  1,,, under different
shading conditions and temperatures are shown in
Fig. 11, Fig. 12 and Fig. 13 correspondingly. The results
at temperatures 25°C are denoted by solid line, at 50°C —
by dashed line and at 75°C — by dotted line.
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Fig. 11. Variation of P, under different shading
and temperature conditions
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Fig. 12. Variation of V,,,, under different shading
and temperature conditions
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Fig. 13. Variation of I, under different shading
and temperature conditions

The relative errors €p%, €%, €% with respect to
the measurement data [8] for the corresponding
parameters Pya, Viyp and I, are calculated in the
graphical analyzer Probe in the form:

Impp = Pmax/Vmpp

Impp_m= max(V(Pmax_m)/V(Vmpp_m))
rel_tol_P = 100*abs(max((V(Pmax_m)-Pmax)/V(Pmax_m)))
rel_tol_V = 100*abs(max(V(Vmpp_m))-Vmpp)/max(V(Vmpp_m))
rel_tol_| = 100*abs((Impp_m-Impp)/Impp_m)
where rel_tol_P, rel_tol_V and rel_tol_| represent &€r%, €;%
and €% correspondingly. Pmax_m and Vmpp_m are the
measured values of P, and V.

The relative errors €,%, €,%, €% , as well as their
rms values: rms(€,%), rms(e,%) and rms(g%), are
shown in Fig. 14. The following values are calculated:

rms( €,%) = 2.48%, rms (&%) =2.52% and
rms( €,%) = 1.2%.
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Fig. 14. Relative errors €p%, €y%, €% (dashed line)
and rms errors rms( €p%), rms(e %) and rms(g,%) (solid

line)

The developed computer parameterized Spice models
allow adequate modeling and simulation of PV arrays
under shading conditions. This gives the possibility to
obtain maximal efficiency of the PV system.
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5. CONCLUSION

Parameterized computer SPICE models have been
developed in the paper for modeling and simulation of
PV arrays under partial shading conditions and
temperature variation. The dependencies of Py, Vipp
and /,,, on the variation of shading conditions and
temperature are obtained in the graphical analyzer Probe.
The model of the group of modules with the same
shading conditions is created in the form of
parameterized block. The validation of the simulation
results confirms the aplicability of the developed SPICE
models of PV arrays taking into account the environment
conditions: irradiation, temperature and shading
conditions.
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