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PV Cell Model by Single-diode Electrical Equivalent Circuit

Hyeonah Park*, Yong-Jung Kim** and Hyosung Kim'

Abstract — This paper models PV cells as a single-diode electrical equivalent circuit. It extracts the
parameters of the equivalent circuit through Thevenin-Norton transformation at three remarkable
operation points such as open circuit condition, short circuit condition, and maximum power operating
condition where the voltage and current are commonly provided by manufacturers. Since the slopes of
the PV cell characteristic I-V curve at those operating points are associated with series resistance and
shunt resistance of the electrical equivalent circuit, equivalent resistance at maximum power operation
point, gradients of these three slops can be used as the boundary conditions to solve the unknown
values of PV cell equivalent circuit. With this regards, this paper provides complete set of
simultaneous equations to solve any type of PV cell models as single-diode equivalent circuit named
by K-algorithm. Proposed method is advantageous as it not only describes the I-V curve of initial PV
cell products that manufacturers ensure by the characteristic datasheets, but also properly describes the
deformed I-V characteristic curve of practically aged PV cells by just measuring the voltage and
current values of at three remarkable operating points.
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1. Introduction

Solar energy is the basis of renewable energy which is
so abundant that all the energy necessary in the whole
world on the earth can be supplied by utilizing only 2%
of it delivered to the earth’s surface. Solar energy is a
characteristic energy resource which does not cause any
environmental problem since it is clean, can be obtained
anywhere, and free of charge. Thanks to these advantages,
the area of photovoltaic power generation has been
growing rapidly every year.

PV cells in which semiconductors are used comprise
several types such as the Si-Cr type, the thin-film type,
and the tandem type that combined these two types. PV
cells have unique nonlinear I-V characteristic curves
according to the types of material [1, 2]. PV cells’ output
characteristics vary with the weather conditions and are
particularly dependent on irradiance levels and temperatures
[3, 4].

The IEC regulation for the PV efficiency standard
EN50530 specifies that the PV simulators should emulate
the characteristics of both Si-Cr type and thin-film type
PV cells so that they can be used to test overall efficiency
of Power Conditioning Systems (PCS) for PV generation
[5]. The standard requires to comply with not only the
assessment of PCSs’ static MPPT, but also the assessment
of their dynamic MPPT. Thus, PV cells should be
dynamically simulated even in the weather conditions
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where the irradiance levels and temperatures change
instantaneously. Errors in the characteristic curves of
different PV cell simulators should not to exceed 1%
compared to the characteristic curve in the datasheet
provided by the manufacturer. In particular, errors occurring
in the maximum power operation range of V,,pp £10%
should be minimized. [5]

In addition, simulations by PV cell modeling are also
necessary to investigate economic feasibility of the
installation of PV generators or to develop PCS control
algorithms. To develop hardware simulators or to analyze
software simulations for various types of PV cells, PV cell
models that can be generally applied to diverse material
characteristics and weather changes should be developed.

Electrical equivalent circuit based PV cell modeling
algorithms are advantageous in that they facilitate the
design of electronic controllers or the implementation of
simulations. Representative papers on these algorithms
have been published by A. Wagner [6], D. Sera [7], and
M.Villalva [8] et al. Wagner algorithm is advantageous in
that parameter extraction is completed by one calculation.
However, large errors may occur if the material components
of PV cells are changed as with the thin-film type, since it
extracts parameters using numerical analysis methods
aiming at Si-Cr type PV cells [6]. The Sera algorithm has a
characteristic of automatically finding all elements of
equivalent circuits in an iteration method. But it has a
convergence problem, because the unknown values that
satisfy all the equations should be determined by a trial and
error method by changing two repeating variables R, and
Ry, separately without a bound condition [7]. While the
Villalva algorithm sets up an equation of Ry, dependent on
R, to make an R-Ry, pair by increasing the value of R, with
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small steps in iteration loop. During the iteration, obtains
the values of I(V) and P(V) where the domain is PV cell
output voltage through calculations, and finds P,y from
the values. If the obtained P,,x and the P,;pp in the
manufacturer’s datasheet do not coincide with each other,
the above process will be tried again for the next candidate
R-Rg;, pair until they coincide with each other. However,
the Villalva algorithm has a defect that the user have to find
out the value of the diode quality factor through trial and
error by visually checking if it fits the I-V characteristic
curve provided in the manufacturer’s data sheet [8].

This paper presents a parameter extracting algorithm
for single-diode electrical equivalent circuit based PV
cell models through a method of setting up complete
simultaneous equations. To extract the values of elements
of PV cell electrical equivalent circuits, this paper applies
the current-voltage values of 3-operating points under the
Standard Test Condition (STC). Since the single-diode
electrical equivalent circuit for PV cells has a total of four
components, at least quaternary first order independent
simultaneous equations are necessary. In the present study,
five independent simultaneous equations are derived so
that the degree of freedom of simultaneous equations
becomes one dimension higher than that of the unknown
quantities. Thus the diversity to select two equations for
one element to obtain solutions is presented. In addition, it
is explained that convergence conditions should be
established for one element value and all solutions should
be found through the iteration method.

The proposed modeling algorithm can validly establish
electrical equivalent circuit models for PV cells having any
semiconductor materials. The excellence of the proposed
theory is proved by comparing the modeling performance
of the proposed algorithm with the values in the
manufacturer’s datasheet and with the results of existing
algorithms.

2. Equivalent Circuit Parameterization
2.1 Single-diode electrical equivalent circuit

PV cell manufacturer’s datasheet presents the voltage
and current values of the PV cell output terminals at 3
specific operating points under the standard test conditions
(STC; Temperature=25°C, Irradiance=100%, Air Mass=
1.5).

In other words, through the manufacturer’s datasheet,
the short-circuit current (/) under the condition where PV
cell output terminals are short-circuited, the open-circuit
voltage (V,.), under the condition where the PV cell output
terminals are open, and the output terminal voltage and
current (Vypp, Iypp), when the PV cell outputs maximum
power can be known.

As it can be seen from the electrical equivalent circuit in
Fig. 1 and current characteristic equation in (1), the PV
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Fig. 1. Single-diode equivalent circuit of the PV cell

cells can be electrically modeled with five elements
including diode constants(/y, v,), photo current (/,;), series
resistance(R;), and shunt resistance(Ry,) [7].

Vev +1py Ry
Ipy =1, —Io(e —1J—M )
Rsh

akT
Here vi =——
I, : Current generated by solar energy [A]
I, :Diode saturation current [A]
v, :Ideal unit Cell thermal voltage [V]
a :Diode quality factor(1~1.5)
k :Boltzmann's constant(1.381x10°) [J/K]
T :Kelvin Temperature at standard test condition

(=25°C+273.15) [K]

O : Charge of the electron(1.602x10™") [C]
n, : Number of PV cells connected in series
Ry, : Cell parallel(shunt) resistance [Q]
R, : Cell series resistance [Q2]

The values of photo currents can be estimated in
proportion to irradiance levels. While, the values of the
remaining four elements should be obtained by establishing
quaternary first order independent simultaneous equations
based on the open circuit voltage (V,,.), short circuit current
(I,.), and maximum output voltage/current (Vypp/Iypp)
which are the 3-operating points provided in the
manufacturer’s datasheet.

2.2 Gradient of I-V characteristic curve

Fig. 2 shows a typical PV cell I-V characteristic curve
and the concept of tangent gradients at the remarkable 3-
operating points. The tangent gradient at each operating
point means incremental conductance which is an inverse
number of the resistance value. In Fig. 2, the tangent

Ipy
Livpp . !
~ \
> ~ \
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Iupp - — TN \_ Tmimea
AN -1/Rise
} oo I/R;ppp
! N
} Y'[/Rl—oc b SN
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Fig. 2. Typical I-V curve in PV cells and tangent gradients
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gradient at the short-circuit operating point is defined as -
1/R; 4., the tangent gradient at the open circuit operating
point is defined as -1/R; ,., and the tangent gradient at the
maximum power point is defined as -1/R; ypp.

When the output terminal current of the PV cell
equivalent circuit expressed by Eq. (1) is assumed to be the
function of Ipy =f(Ipy;, Vpy), the tangent gradient at the 3-
operating points of the I-V characteristic curve can be
obtained by differentiating the current characteristic
equation with voltage as follows [7].

of Upy,Ver) of ey, Ver)

dlpy =dlpy +dVpy 2)
v Ver
of Upr,Ver)
dlpy OVpy 3
dVpey _1_af([PV,VPV) (3)
Olpy

If the tangent gradients at the short circuit operating
point and maximum power operating point of the I-V
characteristic curve are shown by applying (3), then (4), (5),
and (6) will be used. Therefore, we can establish five
simultaneous equations by applying current/voltage values
at 3-operating points into (1) and (3) to solve five unknown
values of the single diode equivalent model of PV cell.

_ dVey

Ri sc —
N dlpy

Vpy =0
Ipy =l

1
= + R

1 scRs +1 sc Rsh - Voc LA L 1 (4)
e

ngvy +
s Ve Rsh

dVpy
dlpy

Riioc =

Vey =Voc

Ipy =0

_ nsVy Rsh +
nyv; + (I.vc R.yh - Voc + ].S‘L‘RS)

R (5)

dVpy
dlpy

Ri_wmpp =

Vev =Vupp
Ipy =Iupp

= ! + R,

Vapp +1vpp Ry —Voc
1 + [scRx + IscRsh - I/oc e vt (6)
R.Yh ns Ve

2.3 Analysis of thevenin equivalent circuits

The solutions of the above Egs. (4), (5) and (6) can be
obtained only when the boundary conditions have been
given. When seen physically, the straight lines expressed as
tangents at the 3-operating points on the I-V curve in Fig. 2
can be regarded as characteristic equations of DC voltage
sources having an internal impedance. Therefore, the

values of R; i, R; .., and R; ypp, which are the boundary
conditions of Eqs. (4), (5) and (6) respectively can be
found by converting electrical equivalent circuits for PV
cells under individual operating conditions into Thevenin
equivalent circuits.

2.3.1 Thevenin equivalent circuits at short circuit condition

If short circuit condition Vpp= 0 and Ip), = I, is appplied
to the single-diode electrical equivalent circuit shown in
Fig. 1, the equivalent circuit can be reconstructed as shown
in Fig. 3(a). Since the diode equation is as shown by Eq.
(7), the diode incremental resistance can be obtained by
differentiating the diode current with the diode voltage as
shown by (8).

Vp

Ip = Io(e™ —1) ™
Vb

dlp _ I ;" ®

dVp  nsv

Since the output terminal voltage becomes equal to Vpy
= Vp-Ipy' R, according to the Kirchhoff's law, it will become
equal to Vp=Is R, if the short-circuit operating condition is
applied. Therefore, the diode incremental resistance R, at
the short circuit operating condition is calculated as shown

by Eq. (9).

1 dl R
- = R —E) ©)
RD _sc d VD Vi =l Ry Rsh (Rxh Rx )

The internal resistance of the Thevenin equivalent circuit
at the short-circuit operating condition is calculated as
shown by (10) and the Thevenin equivalent circuit for PV
cells is converted as shown in Fig. 4(a). Since the tangent
gradient of the I-V characteristic curve becomes -1/R, , the

V=R, L=l Vp=Rilse

In L, R+ Ip Ly R+

C) ¥ :E Ry V=0 C)

Ipy=I.
AAAS—Omem
VWA

Tpn L L
< < _
SRpse S Ry Ver=0
.D

(a) (b)
Fig. 3. Single-diode equivalent circuit of PV cell at short
condition
Ro /Ry Ry Ip=I, Ipv

o)

=Lon(Rp_s//Rsp)

0 Vipp Voc i/Pl/
(a) (b)

Fig. 4. Equivalent circuit of PV cell with voltage source at
short condition
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inverse number of the Thevenin resistance becomes Eq.
(10) at the short-circuit operating condition. Therefore, the
boundary condition in Eq. (10) can be applied to Eq. (4)
and developed in relation to as shown by Eq. (11).

Riisc = RDi.YC //th + R.v = Rsh (10)
[scRx _I/oc

o In gV R (11)
’ (Isc*Rsh + [sc‘Rs - Vuc )(Rsh - Ra)

Vy =

2.3.2 Thevenin equivalent circuits at open circuit condition

If open circuit condition Vp,= V,.and Ip, = 0 is applied
to the single-diode electrical equivalent circuit shown in
Fig. 1, the equivalent circuit can be reconstructed as shown
in Fig. 5(a).

In this case, the diode incremental resistance can be
obtained as shown by Eq. (12).

1 dlp|

_ [.YCRSh - I/ac + IscRx
RDioc dVD |VD:V0(»

(ns Vi )Rsh (12)

where, Rj ,.: Diode incremental resistance at open circuit
condition.

Therefore, at the open circuit condition, the internal
resistance of the Thevenin equivalent circuit is calculated
by Eq. (13) and the Thevenin equivalent circuit for the PV
cell is converted as shown in Fig. 6.

(ns Vi )Rxh
R oc = 13
P- [.vc Rsh - Voc + IS(’ Rs ( )

However, this solution is meaningless because it

becomes trivial solution since the boundary condition in Eq.

(15) and the gradient equation shown by Eq. (5) are the

Vp=Voe Ipy=0 o Vo=Voe Ipy=0
Iny Luy ;3:' G I L, & £
Lo 19 ¥ SE Ry, Vor=Vee Ipn D EE RDMEE Ry Voy=V,.
o 5

(a) (b)

Fig. 5. Single-diode equivalent circuit of PV cell at open
circuit condition

RDJ)C/ /1 Rsh

-
Ri oc

Viﬁoc N

= ph(RDiuc/ /i R,\'h)

Rx ]pV:{)

+

VP V= Voc

o

Fig. 6. Equivalent circuit of PV cell with voltage source at
open condition
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same.

s Vy Rsh

RD oc //Rxh =
N ngvy + (Isc*Rsh - Voc +IS(?RS)

(14

where, R; ,.: Equivalent internal resistance at open circuit
condition.

Riioc = RDioc //Rsh + R
_ nsvtRsh +R (15)
ngVvy +(IscRxh _Voc +IS(’RS)

2.3.3 Thevenin equivalent circuits at maximum power
point

If maximum power operating condition Vp, = Vy;pp and
Ipy = Ipp is to the single-diode electrical equivalent circuit
shown in Fig. 1, the equivalent circuit can be reconstructed
as shown in Fig. 7(a). In this case, if the diode voltage V),
=Vypp typp' R, 1s applied to Eq. (8), the diode incremental
resistance will be obtained as follows;

1 dlp
Rp ypr  dVp Vo=

_ Rg + Ry — Rypp 16
Rsh (RMPP - R.s ) ( )

Vupp +1upp Ry

where, Ryipp = Vipp / Tupp

Rp ypp: diode incremental resistance at MPP operation
condition.

Therefore, at the maximum power operation condition,
the internal resistance of the Thevenin equivalent circuit is
calculated by Eq. (17) and the Thevenin equivalent circuit
for the PV cell can be converted as shown in Fig. 8(a).
Since the tangent gradient of the I-V characteristic curve
becomes -1/Rypp, the inverse number of the Thevenin
resistance can be calculated by Eq. (17) at the maximum
power operating conditions. The boundary condition
obtained here can be applied to Eq. (6) and developed in
relation to v, as shown by Eq. (18).

Ri mpp =Rp_wmpp | /Ro + Ry = Rupp (17)
Vire + Lypp Ry = Ve
. ln{ nyv, (Roy + Ry — Rupp) } (18)
| LeRop + LRy = Vo )(Rupr — Ry)

Vv, =

As such, two equations can be established in relation to

Vo=VypptRolypp

Ip Il,l

(D EE Ry

Ly,

(a) (b)
Fig. 7. Single-diode equivalent circuit of PV cell at MPP
condition
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Rp_vipp//Ryp Ry

Rimprp
- vV,
Vimpp MPP

R,
=Ln(Rp-mpp//Rs) i

(a) (b)
Fig. 8. Equivalent circuit of PV cell with voltage source at
MPP condition

v, by analyzing the gradients of the I-V curve and the
Thevenin equivalent circuit at the 3-operating points. The
above two equations related to v, are important formula
which determine the performance of PV cell modeling. In

the present study, the equation related to v, expressed by Eq.

(11) is named K1-algorithm and the equation related to v,
expressed by Eq. (18) is named the K2-algorithm.

2.4 Analysis of the current characteristic equation
at the 3-operating points

Now, the equations to obtain the remaining four
elements will be established by analyzing the characteristic
current equation at the 3-operating points.

2.4.1 Thevenin Diode saturated current (1)
The current characteristic equation set forth as Eq. (1)

can be organized at the short circuit operating point as
given by Eq. (19).

IR
- vS [S(JRS
I = ph -1 [e i _IJ_T?}I (19)

In addition, the current characteristic equation set forth
as Eq. (1) can be organized at the open circuit operating
point as shown by Eq. (20).

Vo

0= 1, — Io(e™ —1)—Lee (20)

sh

If Eq. (20) is organized for /,, substituted into Eq. (19),
it will become Eq. (21).

_ Isc (R.vh + Rs) - Voc
= Ve IR (21)
Rsh ( en,\ Vi __ e nsve )

I

Meanwhile, since V,, >> [ R, as it can be seen from Fig.

9, I, .R, can be omitted so that Eq. (21) can be approximated
to:

Voc

o LeRo+R) Ve o 22)

1
’ R.vh

]PV \

LR, Ve Vo
Fig. 9. Relationship between V. and I R;.

]/7h

o)
Ny
>--«-(—-1

Fig. 10. Physical concept of Eq. (24)

2.4.2 Photo current (I,,) values under STC conditions

Meanwhile, if the [, induced in Eq. (22) is substituted
into Eq. (20), then the equation solved for /,,, will be:

Voe

7)1\-\/, (23)

Rsh + RS _ Isc (Rsh + R.v ) - Voc e
Rsh Rsh
Ra + Ry

Loy 2 Lo =" (24)

sh

Iph = [sc‘

The physical meaning of Eq. (24) is as shown in Fig. 10.
That is, the diode current at short circuit operation can be
neglected as (24).

2.4.3 Shunt resistance (R;,)

Meanwhile, if the maximum power operating condition
is applied to the current characteristic equation set forth as
Eq. (1) and then the /,; of Eq. (22) and the /,;, of Eq. (24)
are applied, the result will be as shown by Eq. (25).

_Vuep +IuppRs —Voc

Ry + R, 3 Lo (R +R)— Ve .
R R
Virp + Inpp Ry — Ve

- Ry

nsVy

I MPP = Isc

(25

Meanwhile, if the boundary conditions are adopted for
the left term of Eq. (6), the outcome will be as shown by
Eq. (26).

1
Rypp = + Ry

Viarp +1vppRs —Voc s
1 [scRs + IscRsh - I/:)c nsv (26)
+ e
R nsVvy

If Eq. (26) is organized for exponential functions, the
exponential function term included in Eq. (25) can be
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expressed as shown by Eq. (27).

Vupp +1uppRs —Voc

e nsvy ngVy (Rsh + Rs - RMPP )R.S

- (IscRsh + I.YCRS - I/;m )(RMPP - Rr)

27)

Therefore, if Eq. (27) is applied to Eq. (25) to remove
the exponential term, R, will be as shown by Eq. (28).

R, = (s _[MPP)Rsz + 15V, — LseLvpp )Rs + Rygpp (Vagpr — 115 vi)
sh —
(Uupp = Lse )R + I Rygpp — Vigpp — v

(28)

Eq. (28) can be reorganized for easy expression as
follows;

2
Ry = bR +hRs +by (29)
_bORs + b3

where,

by = (I.Yc _IMPP) b1 =nyv, — Ll ypp
b, = Rypp (Viarr — "th) by = I Rypp —Vipp — 15V,

2.4.4 Series resistance (R,)

So far, in order to obtain the I, I v, and Ry which
are necessary for PV cell modeling, five independent
simultaneous equations were established. Of those equations,
two were used to obtain v, and three independent
simultaneous equations can be applied to the remaining
three unknown quantities. However, since the above
simultaneous equations are in the form of transcendental
functions, the solutions cannot be obtained analytically, but
should be found through iteration. Here, R, is increased
from 0 to the maximum level by a very small step under
which condition R is converged by iteration so that the
solutions can be found.

Fig. 11 shows the concept to find conditions under
which R, is converged by iteration. That is, the gradient of
the straight line drawn from the origin that passes the
maximum power operating point (/,;pp, Vypp) and that of the
straight line drawn from the same origin that passes (I,
V,.) are almost the same. Therefore, since V,.~ I .Ry;pp can
be regarded as being true, the exponential function of Eq.
(27) can be approximated as shown by Eq. (30).

I

Py [SC
V(]C

[s(' . ’_1'/
]MPP — G Iypp
=T Vyrp

A
e
L
.y"y
Vypp Ve Ver

Fig. 11. Concept of approximation to find R convergence
conditions

1328 | J Electr Eng Technol.2016; 11(5): 1323-1331

Vupp +1uppRs —Voc

e v gV, (Row + Ry — Rupp)

- Lie (R, + Ry — Rypp )(Rupr — Ry)
nsvi _ ngVilype

- 1 SCRMPP - I sc VMPP

(30)

(€2))

Therefore, if Eq. (31) is substituted into Eq. (26) and
developed for Ry, the outcome will be as shown by Eq.
(32).

ap — a R,

Rsh (32)
a
15V LyppVoc nsVilypp
Here, ao =—Vurp " , = Iypp — Iy e
Lo Iypp Vrp

Therefore, if Eq. (29) and Eq. (32) are assumed to be the
same, R, will be approximated into Eq. (33).

aobs — a\b,
s = 33
a1b1 + aobo + dlb3 ( )

2.5 Flow chart

Fig. 12 shows flow-chart for the extraction of the
electrical equivalent circuit parameters of PV cells. At the
beginning, R, ,., begins with 0 and v, is initialized into Eq.
(34).

Within the iteration routine, R, ,, is increased step by
step by the small value set up by Eq. (35) while calculating
the values of the unknown quantities established earlier. If
the size of the difference between the value obtained within
the iteration routine and the value obtained through Eq.
(33) becomes smaller than the threshold value(here 0.0001),
the solution will be regarded to have been obtained and the
iteration will be terminated.

s_try

_1.25kT
q

Vi

(34

Start

Initialize;
Rs, Rs_try, Rs_step
Rshand v¢ .
Iteration on Rs try by Rs ste

Increase
Rs_try=Rs_try*Rs_step
Calculate vt Rgh, Rs

’ Yes

R 1y-Rs|>0.0001

No
| Final values lg, Rg, Rsh, Vt |

] i=f(i,v) |

)
¢ END )]

Fig. 12. Flowchart of parameter extraction
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Voe =Vipr
inxtep = IA/[# (35)
1000
3. PV Cell Modeling

3.1 PV cell modeling under STC conditions

Standard EN50530 stipulates that PV cell modeling
errors integrated along VMPP +10% which is the operating
range of MPPT should be less than 1%. In the present study,
to assess the performance of existing algorithms and that of
the proposed K-algorithm, the algorithms were simulated
using the samples presented in Table 1.

The I-V characteristic curves and integration errors
resulting from existing algorithms and the proposed K-
algorithm are shown as graphs in Fig. 13 and Fig. 14 and
the integration errors were obtained as shown in Table 2. In
case of Si-crystal type PV cells, Villalva algorithm showed
best result and the characteristic curve in the datasheet was
closely simulated. However, when the Vilallva algorithm
was applied to thin film type PV cells the algorithm was

Table 1. Manufacturers Datasheets of PV Cell Specimen

PV Cell ATS0 X73-A
Parameter
Manufacturers Air Therm Solar Inventux Technologies
technik AG
I [A] 3.3 1
Vo[ V] 21.5 134
Impp[A] 2.86 0.7
Vre[V] 17.5 105
Puipp[W] 50 73
33 ———— » K1-Algorithm
: TR  Vitavs Algorthn 2.
AN 2 e rsten /A
- \ A ) S
2, i !
H —ATS0 data \ \ H / \
515 K1-Algorithm W é 10 .
1 - Ke-Algorithm \ b »/ |
~ Villalva Algorithm \§‘ s / ry
0.5 —Wagner Alrorithm . oy
® Pmpp \ o ’/,/1'»_;\‘»;./’ ~. 1 |
° s ‘“’VollaxelVl‘5 » » ° ® m\lol(ige[\/]15 P » »
(a) (b)

Fig. 13. Comparison of [-V curve & integration error for
AT50(Si-Cr type)

K1-Algorithm
1 — 30~ K2-Algorithm

S — = —Wagner Algorithm

_o08 ST g5 / \

£ ~ N S / »
AN 8. 7/ Vi
34 —XFAda \ H / \
K1-Algorithm N 410 L
0a = Ke-Algorithm \\ / N
" —Wagner Algorithm \ 5 Ve .
o @ Pmep \ e v
00— L

0 50 100 150 ™
Voltage[V] 0 50 voitage[v) 100 150
(a) (b)

Fig. 14. Comparison of I-V curve & integration error for
X73-A(Thin-film type)

not converged and solutions could not be obtained in some
cases. Although the Wagner algorithm can implement a [-V
characteristic curve for a Si-crystal type by one calculation,
it generated severe errors when PV cell materials have
been changed as with thin film types. The proposed K-
algorithms showed smaller processing time of the iteration
routine for obtaining equivalent model parameters and
smaller integration errors compared to existing algorithms.
Among them, K2-algorithm was shown to be generally the
most excellent in terms of the number of iteration and error
integration.

3.2 PV cell model according to weather condition

Fig. 15 and Fig. 16 show the characteristic curve of the
proposed PV cell model according to temperatures and
insolation.

As can be seen from Fig. 15, /. decreases almost linear
proportionally under conditions when insolation decreases
where the temperature is constant. Under conditions where
insolation is constant as shown in Fig. 16, it can be seen
that when the temperature drops, whereas V. increases, /.

Table 2. Comparison Result of Each Modeling Algorithm
for Several PV Panels (Iteration number and error

integration)
PV Cell AT50 X73-A
Algorithm Nier Tew Nier Terr
Kl 964 0.52 100 0.004
K2 11 0.07 13 0.015
Villalva 3524 0.01 Fail*
Wagner 1 14.43 1 | 304

Nyer: Iteration number of I-V curve realization
L : Integral error in voltage range of Vpy = Vypp £ 10%
: Ry, becomes infinite in one loop

*

(a) Vpy— Ipy - Irradiance (b) Vpy— Ppy - Irradiance

Fig. 15. Characteristic curve according to irradiance level.

(&) Vpy - Ipy— Temperature

(b) Vpy - Ppy - Temperature

Fig. 16. Characteristic curve according to temperature.
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Fig. 17. Maximum power points according to irradiance
level and temperature.

tends to decrease at rates relatively smaller than those of
voltage. Fig. 17 shows the maximum power that can be
outputted by the PV cell according to temperatures and
insolation. As can be seen from the results of simulations,
maximum power tends to increase when insolation is
larger and temperatures are lower. The proposed PV cell
model instantaneously informs the maximum power that
can be outputted by the relevant PV cell under diverse
environmental conditions in terms of temperatures and
insolation. This information enables instantaneous assess-
ment of the performance of MPPT controllers of PCS.

4. Conclusion

In the present study, a PV cell modeling algorithm based
on electrical equivalent circuits that have clear physical
meaning and easiness of implementation was presented.
The proposed algorithm can extract electrical equivalent
circuit element values validly for PV cells having any
materials and enables modeling of even those PV cells that
have been aged for long periods of time by only measuring
the deformed voltage and current values at the three
remarkable operating points.

The modeling performance of the proposed algorithm
was compared with values in manufacturer datasheets and
the results of modeling by existing algorithms to
demonstrate the excellence of the proposed theory. The
developed PV cell model can be utilized in determining
voltage-current reference values when PV simulators are
made as hardware and when PV power generation related
simulation programs are established as software.
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