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PV Module Modeling Approaches ) .,
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= Equivalent Circuit Models I,
= Describe full I-V curve at desired irradiance CD Ren Y
and temperature conditions N
= Single diode equation (‘5 parameter’) is most T N S N T
common T e T S
a Aliviliarg amtiabinne ralare the © maramabape fo  5b b b

=  Point Models

Auxiliary equations relate the 5 parametersto 7
irradiance and temperature PSSR SR OSSO NG SO SO M W S
= Different among PVsyst, De Soto, CEC, PV*SOL I R R

Current (A)
w

Describe cardinal points on the IV curve: Pmp,
Imp, Vmp, Isc, Voc

PVWatts 0 5 10 15 20 25 30 35 40 46 2 5%
. . . . . Voltage (V'

Huld mod I:}—-Algebralc equations relating Pmp to irradiance and temperature
uld mode

Sandia PV Array Performance Model (SAPM) Set of equations describing
Loss Factors Model Imp, Vmp, Isc and Voc

= ‘Data’ Models




Module model is only one part of a modeling g we,
process

PV Performance Modeling Steps

-

1. Irradiance and Weather - Available sunlight,
temperature, and wind speed all affect PV
performance. Data sources include typical years
(TMY), satellite and ground measurements.

2. Incidence Irradiance - Translation of irradiance to
the plane of array. Includes effects of orientation and
tracking, beam and diffuse irradiance, and ground

surface reflections.

10. System
Performance Over Time —
Monitoring of plant
output can help to
identify system
problems (e.g.,
failures, degradation).

= 7z
= 9. ACLosses - For large plants, there

. Shading and
Soiling -
Accounts for
reductionsin

the light
re:c;\?ng may be significant losses between the
the PV cell AC side of the inverter and the point of

: interconnection (e.g., transformer).
material.

8. DCto AC Conversion —
The conversion
- — efficiency of the

— inverter can vary

with power level

and environmental
conditions.

7. DC to DC Max Power Point Tracking —
A portion of the available DC power
from the array is lost due to inexact
tracking of the maximum power point.

4. Cell Temperature — Cell temperature
is influenced by module materials, array
mounting, incident irradiance, ambient
air temperature, and wind speed and

direction.

. Module Output - Module output is
described by the IV curve, which varies

as a function of irradiance, temperature,
and cell material.

6. DC and Mismatch Losses - DC string and array
IV curves are affected by wiring losses and mismatch
between series connected modules and
parallel strings.

Stein, J. S. and B. H. King (2013). Modeling for PV plant

optimization. Photovoltaics International, Solar Media Ltd. 19th: 101-109. 3




“Single Diode” Models ) .

= CEC, PVsyst, CEC, PV*SOL, others

= |V curve described by single diode i V + IR V + IR
equation | :|L|_ g exp( S _1}_ R S
= “5 parameters” — for each IV curve - _n,\/ ! :

= Auxiliary equations describe how

‘5 parameters’ change with | (E,T.)= = 1@ Tc -To)]

irradiance, temperature E,

= Different equations for each PV | @ T ’ 1 @ E, (Tc)
= | exp| =| S~
model 0 T ) P T, T

= Auxiliary equations contain the

model parameters E
P R, = . @ constant
= E.g., De Soto model has 7 E
parameters, PVsyst v6 has 9
parameters

De Soto et al, 2006




Ancillary Equations ) i,

Diode equation term (unit) PVsyst v6 CEC ‘6 parameter’ model

symbol

light current (A)

I I (ET)= |:IL0+a,SC(T -T,)] I (ETe)= [IL0+a,sc(T -T,)]
O

a, =a,, (1 Ad just/100)

dark current (A) T 3 L 1 - 5 T -
lo |0(Tc):|oo|:f} exp{qki;(ﬁ_fﬂ |O(TC)=IOO{%:| exp{g[ g-|€00)_ g—ECC)H

E, (Tc) = E, (1-0.0002677(T, - T,))

series resistance (Q) R, =R, R =Ry,
RS
shunt resistance (Q) B E,
Ry Rei = Ren pase +(RSH 0~ Rt pase eXp( Rstexp E j Ran (E) = Reo E

R -R., ,exp(—R

RSH’base — max SH ,ref SH.,0 p( shexp) ,0
1- exp( shexp)

ideality factor (unitless) Y=Vt H, (Tc _TO) n=n,

yorn




Open issues with diode models

= Simulated IV curves often don’t match measurements at low
irradiance

= Methods to estimate model parameters are often not carefully
scrutinized

= Many methods return non-physical values, e.g., n< 1
= As aconsequence, the same data lead to different parameter sets

Sandia
National
Laboratories

= Could have reference cases to test estimation methods (a common practice in

other disciplines)

= Can we validate the auxiliary equations?
= Light, dark current forms derive from device physics
= Others are eyeballed from data (e.g., Ry, in CEC model)
= May involve corrections to match IV curves (e.g., y in PVsyst v6)
= Equations for R, n or y are most promising targets



Single Point Models rh)

Ly
u vaattS . Pdc — ﬁpdco(l + F}"(Tcei!! - Tre_f))

= Huld Model : PG, T") =G (Psicm+k1 In(G) + k2 In(G' )2 + k3T’ + ks T' In(G)
+ksT' In(G')? + kg T?)

= PVUSA: P=1-(A+B-1+C-T,+D-WS)

= Because Pis P,., PVUSA combines cell temperature and inverter efficiency
model with module performance model

= PVWatts is (almost) module-agnostic: the only term which derives
from measurement is the temperature coefficient y

= PVUSA is not a module model per se; it’s a whole system model

= Huld model is intended to be fit to common measurements: back-
of-module temperature and broadband plane-of-array

7
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The Sandia Array Performance Model

= Describes module output at SC, OC and MP points

= As afunction of beam and diffuse irradiance (E, and E ), cell
temperature (T.), air mass (AM,) and angle of incidence (AOI)

= |14 empirical coefficients}|2 empirical functions (f; and f,)

= With exception of f,, coefficients must be determined for individual
modules

Voc:Voco+N(T )In(E) Poc (T T)
NJn (Te ) In (E, ) H{CN (i (Te ) In(E, ) {4 (Te ~To)

lse = lsedffi (AM, ) E, (1+a (T -T,))

. HCE?) (L+ene(Te = T))

E, =E, fz(AOI )+ Eal

VMP = VMPO +|C

N

IMP — IMPO|d 0




Loss Factors Model rh) s

e LFM Parameters for poly-Si-1 Module at Sandia
@) Reference Isc
6 nisc
qc_U 115+
© nRsc e - _
E 11}
5 1.05 |
&) MEASURED IV
1F
0.95
- nlscT
o9r P
Reference | nRoc
.
0.8 L L !
Q 0.5 1 1.5
Effective Irradiance (suns)
035ep13 13:01 nVYmp nRoc nVoc
Voltage factors LFM fits each of the LFM variables to a function of
Six Normalized LFM Variables irradiance for a total of 6x3=18 coefficients
1. nlscT = l 2
3. nlmp =
4. nVmp =
5. nRoc = Voltage factors
6. nVocT =
pImp = nlscT * nRsc * nimp * rImp x MMF * G; =+ Tcorr.1sc
pVmp = nVmp * nRoc * nVocT *rVmp + Tcorryoc TCORR,VOC =14+ IBVmp X (25 —_ Tc)
T, =14« X (25 -T,
MMF = spectral mismatch, G; = irradiance CORR/Isc Imp ( C) 9
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‘Data’ models ) e,

= These models are based directly on measure data (e.g., 61853-1) or
outdoor IV curves collected over time or trained on these data.

Models describe how to interpolate and extrapolate from a
measured reference data set.

= Janine Freeman will describe one such model developed at NREL.

= These models do not have parameters but rather are descriptions of a
procedure that results in a result.

= Another type of “Data” model is Machine Learning

Birk Jones from Sandia has used a Gaussian Process Regression algorithm to
simulate IV curves

Jones, C. B., M. Martinez-Ramonz, R. Smith, C. K. Carmignani, O. Lavrova and J. S. Stein (2016). Automatic Fault Classification of

Photovoltaic Strings Based on an In-Situ IV Characterization System and a Gaussian Process Algorithm. 43rd IEEE Photovoltaic
Specialist Conference. Portland, OR.
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Issues common to all performance mod &l

= Parameter estimation is generally not transparent nor reproducible

= Data requirements are not well understood:

Thought to be either:

Minimal, e.g., fit a diode model using single IV curve and a temperature
coefficient, or

Extensive, e.g., requiring days of measurements outdoors on a two-axis
tracker

Both are wrong

61853-1 is enough for diode or point models, with the exception of the
spectral mismatch function

= Multiple models in use but underlying data is not shared

Some resort to creating “models of models”, e.g., fitting the SAPM to a PVsyst
simulation

A modeled model inherits the problems of the source model

11




Useful Module Model Characteristics (@) ..

= Parameters are easy/straightforward to obtain

Standards exist for the collection of the characterization data
Calculations yield consistent parameter values (solutions are unique)
Estimation is transparent and reproducible from a common data set
Parameter values are easily shared and published

Values of parameters with physical meaning do not violate physics

= Model predicts performance well across the entire range of
environmental conditions

High and low irradiance
High and low temperatures

Spectral effects

12
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Questions?

Joshua S. Stein

isstein@sandia.gov
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