Explicit Expressions for
Solar Panel Equivalent
Circult Parameters

Based on Analytical Formulation and
the Lambert W-Function




|
Introduction

Modeling

photovoltaic
systems

To obtain better performance
IS necessary to optimize
electric systems.

Modeling a system to
reproduce different situations
IS a useful tool for
optimization.

Photovoltaic systems are a
very variable energy source
(Temperature, irradiance,...).

Most common way of
modeling of solar cells/panels
IS to calculate equivalent
circuit.



| | ¢ Easy and realistic way of
simulate the solar cell

Solar Cell | behavior
Modeling I

V (V)

é Current source

¢ One diode

¢ One series resistance

¢ One shunt resistance




One diode model

Equation

I=1,-1I,

¢ |, current
¢ V, voltage
¢ n, number of cells

¢ V., termal voltage

V +IR _1_ V+IR
al’; _ R,
¢ | . constant current

pv?

¢ |, sat. current of diode
¢ a, ideality factor of diode
¢ R, series resistance

¢ R, shunt resistance



[-V Curve and characteristic

¢ Example of the current-voltage curve of a typical solar panel.
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¢ Solar cell 1V behaviour

¢ Short circuit point
l=1.;V=0
¢ Open circuit point
1=0;V=V,,
¢ Maximum power
point
=10V =V,

mp>



Exampe of Data included In

manufacturer datasheet

¢ Manufacturer information (AM1.5¢g; 25°C)
MSP290AS-36.EU MSMD290AS-36.EU

(multicrystalline) (monocrystaline)

mp
I, (A) SR o/, (%6°C) [IEREALEN [ (A) 824 PIMZoM 004

Voe (V) s PVoe (MV/°C) -0.33 V. (V) 44.68 BV, (MV/°C) -0.31

mp

72 T. (°C) 25 _ 72 T. (°C) 25
) A 7 (%/°C) 045 WY A ; (%6/°C) -0.44
I, (A) [B2BN 1., (%/°C) 1, (A) (RO 1., (%/°C)
Vo (V) SRR 51, (%6°C) IEREEEN 1 (V) 37.66 ViZMCoW 03

Design an equivalent circuit that meets all that specification

(o]



¢ Main disadvantage of

|11 equivalent circuit models
| IS the determination of
Parameter the parameters
' ¢ Dependent of external
Temperature
lllumination
l,,, constant current
), sat. current of diode ¢ Available information

Experimental data

a, Ideality factor of diode _
¢ Many /-V curve points

R, series resistance Manufacturer data
¢ Characteristic points

R, shunt resistance

Numerical
Analytical




Manufacturer data

¢ 4 Equations from

boundary conditions
¢ Short circuit

¢ 5 param.

One has to be

| R | R estimated, a is the
=1, —1 {eXp[ﬁj 1} R_h most delimited
¢ Open circuit ) 6 a€ |1, 1.5]
0=1-1, exp(;/\"; J—l}—\é‘: a=11
¢ Maximum power point [1,,; V,,] ¢ R
oot et | o
¢ Maximum power at [l,,; V] —
P _yA i o o 7

N .oV py



New analytical method

The use of a new analytical method is proposed.

New methodology, first analytical model that only uses
manufacturer data.

Using Lambert-W function explicit ecuations for the
parameters of the equivalent circuit are achieved.

The method calculates parameters analytically only from
manufacturer data.

Non-iterative
Accurate
Straight forward



Solving sequence

i

14 Estimate a E\ a€ |1, 1.5]

Vmp (2Imp _ Isc) 2Vmp Ve (Vmp s —Voo Imp) _ Vmp —Vee _ 2Vmp —Voe + (Vmp I =V Imp)
)

_avy _ _
2‘ Rs_lm;[wl[ (vmp|sc+voc(|mp|sc))eXp[ av; +(vmp|sc+voc(|mp—|sc av; aVr (Vi by + Vo (I = 1))

34 R (Vg = LR ) (Viop =R (1 = 11y ) V5 ) ) a, R,

(Vi = 1pRe ) (1o = 1y ) AV L

Ade | :(Rsh+Rs)|sc_Voc a, Rs’ Rsh
0 VOC
R 5P (aVT ] Parameters

Ry, +R a, RsyRsh) IO)I

e | =—h" 5] pv
pv sc
Rsh
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MSP290AS-36.EU
(multicrystalline)

MSP290AS-36.EU

! . EQUIVALENT CIRCUIT
(multicrystalline) PARAMETERS

a 1.10
L 8.37A
290 PM
o Ry, 0.162 Q
37.08 Reh 1 331 Q
8.37 lo7r 2.86 X 10°A
44.32

solar panels equivalent circuits at STC (1000W/m?
irradiance, 25°C cell temperature, AM1.5g spectrum
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MSMD290AS-36.EU
(monocrystaline)

MSMD290AS-36.EU

(monocrystaline) " piravETERS

a 1.10
L 8.24 A
290 PM
o Remr 0.130
37.66 Reh 1 316 Q
8.24 lo.1r 2.36 X 10°A
44.68

solar panels equivalent circuits at STC (1000W/m?
irradiance, 25°C cell temperature, AM1.5g spectrum
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1V
Dependence
on
temperature

I-V behaviour of the solar
cell depends on
temperature.

Thus parameters of
equivalent circuit depends
on temperature.

There are methods that
relates parameters with
temperature, but...

We are going to take
advantage of the ease of
the method to directly
calculate the variation of
the parameters from
manufacturer datasheet



Characteristic points T dependence

¢ Recalculate characteristic points for temperature T according to
manufacturer data.

Isc,T - Isc,Tr (1 + z ISC(T _Tr)j Voc,T :Voc,Tr (1_'_ ﬂVOC(T _Tr))

100 100
al (T -T,) pV. (T -=T,)

¢ For the new characteristic points repeat solving sequence.
1e E5timate:.-':\ a€[1, 1.5]

st [ i) W=k, Fafa =Vl BB, WoeF, R AL-TT,
A . g - - -2 == PO Ll
2 . " el 7 [Pl -]y | af R eE I -0 ] | A T TN R ] | |

3 ‘.l’w_fnR-' :IlI",‘ —R_.[f._.—.r,‘:l—ﬂf"ri J ﬂ’ RS
¢ R,=

(v -1 R)I.-I_)-aFI_

ds (Ry+ R -V, ) o4 R, H'.‘"-
i ¥, |
Reewp) =) ) Parameters

R, +R E:REI-RE&LI{“I

¢ Do for the entire interval of T. e -
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Characteristic points T dependence

%
N
HEeEBRE=REA A

MSP290AS-36.EU
(multycrystaline)

1,,(T)=837+3.62-10"AT —3.38-10°AT* - 7.58 10" AT",

R(T)= 1.62-10"-3.21-10°AT +7.05-10 7 AT* -3.01-10°AT?,

R, (T)=1/(3.03-107 +2.65-10 AT +1.50-10°AT* +1.56-10° AT?),
I,(T) =exp(~1.97-10" + 1.44-10"'AT —4.80-10*AT> +1.15-10°AT?>).

MSMD290AS-36.EU
(monocrystaline)

1,,(T)=8.24+3.49-10°AT —1.68-10 °AT* —2.41-10°AT”,
R,(T)=1.30-10"-1.97-10° AT +2.53-10 °AT*> —1.07 - 10 °AT?,

R, (T)=1/(3.18-107 +2.33-10*AT +1.27-10°AT* +1.33-10°AT"),
I,(T) =exp(~1.98-10' +1.41-10"' AT —=4.69-10 AT +1.13-10°AT").
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\Y
Dependence
on

Irradiation

I-V behaviour of the solar
cell depends on irradiation

Manufacturer data for this
solar cell is referred to
AM1,5¢g (G, = 1000 W/m?)

Experimental behaviour
with irradiation G

I, varies lineally with G
V,. varies logarithmic with G
R, is constant with G

Parameter behaviour
Ipv,G = IpvGr G/Gr

ly, Ry, Ry, and a non
dependent of G



Summarizing

MSP290AS-36.EU

MSP290AS-36.EU ¢ Eq. circuit parameters

(72 7, (°C) 25 expresions have been
P,, (W) LU ; (%/°C) -0.45 calculated taking in account
L, (A K I o1, (%I°C) - Manufacturer experimental
Vmp (V) 37.08 ﬂVmp (%/oc) -0.35 data fOI’ temperature
I, (A) 837 IMICHIN®) +0.04 dependance o o
v ur PR o I(D;ependance with irradiation
6 a a= 1.1
¢ R: R(T)=1.62-10"-3.21-10°AT +7.05-10 7AT*—-3.01-10°AT”,
6 R,. R, (T)=1/(3.03-10"+2.65-10*AT +1.50-10°AT> +1.56- 10 °AT?),
¢ I, 1,(T)=exp(—1.97-10" + 1.44-10"' AT —4.80-10*AT> +1.15-10°AT?),
G
. _ 103 _ 106 AT2 _ 103 AT3\ 2
o I, 1,(T)=(837+3.62-107AT ~338-10°AT* ~7.58- 107" AT )G .

r



Summarizing

MSMD290AS-36.EU

MSMD290AS-36.EU ¢ Eq. circuit parameters

(20 7. (°C) 25 expresions have been
P,, (W) 200  BICAR®) 0.4 calculated taking in account
L, (A KV 1, (%]°C) - Manufacturer experimental
Vmp (V) 37.66 ﬂVmp (%/oc) -0.35 data fOI’ temperature
I (A) 824 EIMCN®) +0.04 dependance o o
v ues AN s I(D;ependance with irradiation
6 a: a= 1.1
¢ R R(T)=1.30-10"-1.97-10"AT +2.53-10 °AT* -1.07-10 ° AT,
6 R,. R, (T)=1/(3.18-107 +2.33-10*AT +1.27-10°AT? +1.33- 10 °AT?),
¢ I |,(T)=exp(—1.98-10" +1.41-10"'AT —4.69-10 *AT* +1.13-10 °AT?),
G
. _ 1073 _ 10 AT2 _ 103 AT3\ 2
o I, 1,(T)=(8.24+349-107AT ~1.68-10°AT* ~2.41-10 AT )G .

r



LTSpice Examples

¢ LTSpice model. MSP290AS-36.EU Temperature variation (15:5:70)

-op
.Step Param Pot 0 45.8 0.1 .Step TEMP 15 70 5 .Step Param G 200 1000 100 In - - f{t}?\( out
.TEMP 25 .Param TR 25 .Param DT=TEMP-TR {Rs}
.Param G 1000 Param GR 1000
Param a 1.1*72 1 D1 R1 AV
.Param lpw (8.374033242478303E0+3.622368445864302E-3*DT-3.3780364202900T0E-6*DT=2-7.578514461251018E-8*DT=3)*"G/GR 'f' EZ C
.Param Rs 1.62320013124469TE-1-3. 2146527901 96998E-3*DT+7.0464 2855705427 5E-T*0DT=2-3.0147451 03669205 E-8*DT=3 fipv} DiIoDE {Rsh} - {Pot
.Param Rsh 1/{3.033335350687063E-342 654714522944 385E-4*DT+1.503100630024161E-6*DT*=2+1. 5605817 3889T95TE-8*DT**3)
.Param 10 exp{-1.967202910485500E1+1 .43966887018T725TE-1*DT-4.8032176309886603E-4*DT=2+1.14701 5032764869 E-6*0T*=3)
- - -
.MCODEL DICDE D (15=10 N=a THOM=TEMP} |
a1
I50WY - - : : Viout]*I[v1] :
P(W)
i 11 1 7 2 el A
e | i e e e o
200%—

'
—————————————————————————————————————————————————————————————————————————————

15I]W— ----------------------------------------------------------------------
TO0W oo --------------- ------------- --------------- dommm J --------------- R R T e
5|]w— JJ e B e B
oWy i f E T
0 5 10 15 pad

V(V)
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LTSpice Examples

¢ LTSpice model. MSP290AS-36.EU Irradiance variation (200:100:1000) :

-op
.Step Param Pot 0 45.8 0.1 .Step TEMP 15 70 5 .Step Param G 200 1000 100 In - - f{t}?\( out
.TEMP 25 .Param TR 25 .Param DT=TEMP-TR {Rs}
.Param G 1000 Param GR 1000
Param a 1.1*72 1 D1 R1 AV
.Param lpw (8.374033242478303E0+3.622368445864302E-3*DT-3.3780364202900T0E-6*DT=2-7.578514461251018E-8*DT=3)*"G/GR 'f' EZ C
.Param Rs 1.62320013124469TE-1-3. 2146527901 96998E-3*DT+7.0464 2855705427 5E-T*0DT=2-3.0147451 03669205 E-8*DT=3 fipv} DiIoDE {Rsh} - {Pot
.Param Rsh 1/{3.033335350687063E-342 654714522944 385E-4*DT+1.503100630024161E-6*DT*=2+1. 5605817 3889T95TE-8*DT**3)
.Param 10 exp{-1.967202910485500E1+1 .43966887018T725TE-1*DT-4.8032176309886603E-4*DT=2+1.14701 5032764869 E-6*0T*=3)
- - -
.MCODEL DICDE D (15=10 N=a THOM=TEMP} |
11
104 - - - - 1)

I(A) : : : :

L R e T T e T R e

BA—

FA o

S R ...

5A

anf———— - ;

FA

Zh—
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LTSpice Examples

¢ LTSpice model. MSMD290AS-36.EU Temperature variation (15:5:85)

-op
.Step Param Pot 0 46.1 0.1 Step TEMP 15 85 5 . Step Param G 200 1000 100 In ﬂ'\i'.-"?\,-' out
.TEMP 25 .Param TR 25 .Param DT=TEMP-TR Rs}

.Param G 1000 .Param GR 1000

Param a 14572 1 o R4 1w
.Param Ipv (8.243373734964720+3.493669589695205E-3*DT-1.682220698209894E-6*DT*2-2. 411861 6633203 14E-8*DT=*3*G/IGR i 5 C
Param Rs 1.3016591164106565E-1-1 96317751 2608361 E-3°DT+2.530824231965095E-6*DT2-1 0681893326561 281 E-3*DT=3 DIODE {Rsh}

.Param Rsh 1/[3.175975114505289E-3+2 3322347964301 T4E-4*DT+1 266815894525395E-6*DT*2+1.33166114546835TE-8*DT*3)
.Param |0 exp(-1.9865842041191201E1+1.408868299494937 E-1*DT-4.6902120736 27350 E-4*DT*2+1 13080410856 3038 E-6+DT**3)

o o o
.MODEL DMODE D (15=10 N=a TNHOM=TEMF} 47

350W

P(W) : : : : : : : : :
L Fommeneee Foomemneeeee Fosomeeeeeneee oo P P e e

Viouf*I[¥1]

e SE— SE— SE— SE— S B S AN
N . . e — RN
N e e - S R N R

o] S o i S S S

OV — - R EEEE LR R b RREEEEEEEEEEE e RREEREEEEEE e REEEEEEEEE e R S LR LR SE R S

" ] 5I 1;0 1;5 20 25 30 35
A

21



LTSpice Examples

¢ LTSpice model. MSMD290AS-36 Irradiance variation (200:100:1000) :

-op

.Step Param Pot 0 46.1 0.1 Step TEMP 15 85 5 . Step Param G 200 1000 100 In - - ﬂ'\i'.-"?\,-' out
.TEMP 25 .Param TR 25 .Param DT=TEMP-TR Rs}

.Param G 1000 .Param GR 1000

Param a 14572 1 o R4 1w
.Param Ipv (8.243373734964720+3.493669589695205E-3*DT-1.682220698209894E-6*DT*2-2. 411861 6633203 14E-8*DT=*3*G/IGR i 5 C
Param Rs 1.3016591164106565E-1-1 96317751 2608361 E-3°DT+2.530824231965095E-6*DT2-1 0681893326561 281 E-3*DT=3 DIODE {Rsh} o
.Param Rsh 1/[3.175975114505289E-3+2 3322347964301 T4E-4*DT+1 266815894525395E-6*DT*2+1.33166114546835TE-8*DT*3)
.Param |0 exp(-1.9865842041191201E1+1.408868299494937 E-1*DT-4.6902120736 27350 E-4*DT*2+1 13080410856 3038 E-6+DT**3)

.MODEL DMODE D (15=10 N=a TNHOM=TEMF}

104 . : : : Iv1)
ICA) : : : :




¢ The results of the simulations performed reproduce with high accuracy
the experimental results for the characteristic points, regarding the
temperature variations, included in the datasheet.

lsc (T) pmp m
BES - F PP T T T T T T T TR TURRPPPPPPPUON S TIPS : 310 . . - .
+  MSP29045-36 EU Datashest Values of | : : +  MSP2S0AS-36.EU Datasheet Yalues of Pmp
Ll PP ROE 300
BB | MSP290AS 36 EU Eq. Circuit Valuss of |__ ; ; : MSP2S0AS-36 EU Eq Circui Values of P,
s | +  MSMD290AS-36. EU Experimental Values of I 1 e A0 g ------------- : + MSMDZI0AS-36 EU Experimental Values of Pmp :
— — —MSMD29045-36.EU Eq, Circuit Values of | S TS S Naw | ———M3MD290AZ.38. EU Eq. Cireut Values of P |}
85l - - N -
: : : 270
BBk e s e Lt
= : : :
", : : i : : : L EOE
=gk [T T A N LR LR (ERITTEPRISTSS S |:|_E
: : : : : 280
[P =] T SETTTITI e L :
: : s 240
: : : _.;—-"'A : :
Ak e S _.-‘ et T :
: et : : 230+
: D et : :
g5k R PP UP S .
DT : : : : 20k
.-“f" : : . : : : : !
e : . : : : : : :
a2 . L L L - . L ! 210 i 1 i 1 i i 1 i
10 20 30 40 a0 B0 70 a0 a0 10 20 0 A0 a0 B0 70 a0 90
T(°C) T 0
Yoo T Vg T
4B - 50~ *a
+  WESPZI0AS.36. BV Datashest Values of vV g\:._ = MSFZE0AS.35.EU Datashest Yalues of ¥
15 . MEFZ0AS-35 EU Eq. Circuit Values of v = -\:"-_‘_ i MESFZS0ME-35 EL) Eq. Crcut Values of Vew
s  KWEMDZAAS.ZE EU Experenendal Yalues of '"'ln-r kErl g : NL‘H“-&N -4 s MEMIZN0AS.3E EU Expenmental Values of l"".m
44 i === MEMIPA0AS-36 EU Eq Circuil Yalmws of ¥V = M“b‘:., — == MEMICAAS-36 EL Eq Circul Values of ¥
L «
i
FEE ",
P 12 g ‘\\
= = ,
M- .
] B g
>¥ o = - \‘NL:‘.x
’ i
ey
k- . kX -\"N !ﬂ“
“I-
T, i “-“-::t.h
= - " &\___‘
Eil e
e
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VIII E | ¢ New analytical
Conclusions | methodology
Explicit
Non-Iterative
Straight forward

¢ Parameter identification
of the equivalent circuit
for a solar cell/panel.

¢ Meeting manufacturer
datasheet for any

Temperature
lllumination




VIII
Conclusions

Possible applications:

o

End users with little
calculation and testing
resources

Analysis that imply
profuse calculations.

Determination of initial
values for numerical
methods

Construct realistic
models of solar panels
that can be used in
simulations of MPPT
algorithms
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Any
guestions?

Javier Cubas
].cubas@upm.es




