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PV Performance Modeling Collaborative @ .

= Started after 1st PV Performance Modeling Workshop (Albuquergque, NM,
Sept. 2010)
= PV performance modeling lacked organization.

= Accurate information about algorithms, validation data, best practices difficult
to find and access.

= PVPMC.org started to provide an information hub on PV performance
modeling
= Model agnostic, focus on algorithms, methods, data, etc.
= Detailed Modeling Steps (online textbook)
= Modeling function library in Matlab (PV_LIB)
= Member contact list, document library, bibliography, glossary, blog, events, ...

= 2nd PV Performance Modeling Workshop (Santa Clara, CA, May 2013)

= PVPMC and IEA PVPS Task 13 share many goals and can work together.

= “The overall objective of Task 13 is to collect and communicate data that will
help to improve the operation, the reliability and, thus, the electrical and
economic output of PV systems and subsystems.”
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Website: http://pvpmc.org ) .
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= 650 Members (and % Performance

MODELING COLLABORATIVE

growing) Search the Site. E :

=  Qver 15,000 visits in May :
2013, up 75% from April

= 213 web pages published
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PV Performance
Modeling Steps

Sandia is promoting a standard set of

10. System
Performance Over Time /
Monstorng of plant

modeling steps for PV performance.
Standardizing will make it easier to
compare different models and
performance predictions and allow
uncertainties to be identified and
reduced.

LEARN MORE )

When you join you will set up a username and password
-Sign up for weekly email updates separately
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PV Performance Modeling Steps
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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.

3. Shading and
Soiling -
Accounts for
reductions in
the light
reaching
the PV cell
material.

-

4. Cell Temperature - Cell temperature
is influenced by module materials, array
mounting, incident irradiance, ambient
air temperature, and wind speed and
direction.
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5. Module Output - Module output is
described by the IV curve, which varies P
as a function of irradiance, temperature,
and cell material. v

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

AC Losses - For large plants, there
may be significant losses between the

AC side of the inverter and the point of
interconnection (e.g., transformer).

8. DC to AC Conversion —

‘ The conversion
§ efficiency of the
inverter can vary

with power level
and environmental
conditions.

~
~N
7. DCto 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.
>

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.

~
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Sandia

Standard Modeling Steps
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http://pvpmc.org/modeling-steps/maximum-power-point-tracking/mppt-efficiency/
http://pvpmc.org/modeling-steps/maximum-power-point-tracking/mppt-algorithms/
http://pvpmc.org/modeling-steps/maximum-power-point-tracking/uncertainty-and-validation-2/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/definitions-and-overview-8/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/inverter-efficiency/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/inverter-efficiency/cec-inverter-test-protocol/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/inverter-efficiency/operating-temperature/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/inverter-efficiency/sandia-inverter-model/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/inverter-efficiency/driesse-et-al-2008-inverter-model/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/inverter-saturation/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/loss-of-grid/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/advanced-inverter-features/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/advanced-inverter-features/power-factor-control/
http://pvpmc.org/modeling-steps/dc-to-ac-conversion-2/uncertainty-and-validation-3/
http://pvpmc.org/modeling-steps/ac-losses-2/
http://pvpmc.org/modeling-steps/ac-losses-2/definitions-and-overview-9/
http://pvpmc.org/modeling-steps/ac-losses-2/ac-wiring-losses/
http://pvpmc.org/modeling-steps/ac-losses-2/transformer-losses/
http://pvpmc.org/modeling-steps/pv-system-output/
http://pvpmc.org/modeling-steps/pv-system-output/
http://pvpmc.org/modeling-steps/pv-system-output/definitions-and-overview-11/
http://pvpmc.org/modeling-steps/pv-system-output/pv-system-monitoring/
http://pvpmc.org/modeling-steps/pv-system-output/pv-system-monitoring/monitoring-equipment/
http://pvpmc.org/modeling-steps/pv-system-output/pv-system-monitoring/data-filtering/
http://pvpmc.org/modeling-steps/pv-system-output/pv-system-monitoring/data-filling/
http://pvpmc.org/modeling-steps/pv-system-output/pv-performance-metrics/
http://pvpmc.org/modeling-steps/pv-system-output/pv-performance-metrics/performance-ratio/
http://pvpmc.org/modeling-steps/pv-system-output/pv-performance-metrics/performance-index/
http://pvpmc.org/modeling-steps/pv-system-output/pv-performance-metrics/annual-yield/
http://pvpmc.org/modeling-steps/pv-system-output/pv-performance-metrics/annual-yield/
http://pvpmc.org/modeling-steps/pv-systems-operations-and-maintenance/
http://pvpmc.org/modeling-steps/pv-systems-operations-and-maintenance/definitions-and-overview-10/
http://pvpmc.org/modeling-steps/pv-systems-operations-and-maintenance/availability/
http://pvpmc.org/modeling-steps/pv-systems-operations-and-maintenance/failure-mode-and-rates/
http://pvpmc.org/modeling-steps/references/

Example Model Description ) 2.

Performance A e evis o

MODELING COLLABORATIVE
Search the Site... E

Applications Member Services Documents PV_LIB Toolbox Nomenclature

= Brief description

LOL TR N System Architecture

= Equation support

A Modeling Steps <€ Hay Sky Diffuse Model Perez Sky Diffuse Model »»
u Hype rI I n kl ng A Incident Iradiance
A Plane of Array (POA) Iradiance Reindl Sky Diffuse Model

= LinktoPV_LIB
I n O — The Reindl sky diffuse irradiance model (Reindl et al., 1990;Reindl et al., 1990b; Loutzenhiser et al., 2007 )

» Calculating POA Iradiance ) o _ . o . .
represents three components of diffuse radiation on the POA, including isotropic, dircumsolar brightening, and

.
fu n Ctl O n S A POA Sky Diffuse horizon brightening. This model extends the Hay model by adding an additional facter to the “brightening”
term to account for horizon brightening.

= |sotropic Sky Diffuse Model

|| Refe re n Ces = Simple Sandia Sky Diffuse Model As with the Hay model, an anisotropy index, A;, is defined as:
= Hay Sky Diffuse Model
DNI
= Reindl Sky Diffuse Model A =

u Contributor infO = Perez Sky Diffuse Model B’

where ) N[ is the direct normal irradiance and F, is the extraterrestrial radiation.

The Reindl model formulation for sky diffuse radiation is then:
. . Py _ 1+ cos(T,) DNI xcos(Z) . 4
= \We are |00k|ng for Ey= DHIx | A;cos(AOT) + (1 — A) == (14 | == sin
a d d lt I O n a I m Od e I S D H T is the diffuse horizontal irradiance, A(J I is the_angle of incidence, [ N [ is the direct normal
irradiance, ( H [ is the global horizontal irradiance, Ta is the tilt anale of the array, and Z is the solar

and process T
d eSC ri ptio n S This model is implemented in the PV_LIB Toolbox and the function: pvl reindl1990.

|3
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Modeling Steps: Areas Needed for ) i
Contributions

= Tracking, backtracking models

= Shading models and effect on performance

= Soiling (and cleaning) models

= Module IV parameter estimation methods

* Degradation models / processes

= MPPT algorithms

= Monitoring standards

= System Architecture (component and design descriptions)

= Applications (model reviews, features, case studies,
validation)
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PV_LIB Toolbox for Matlab ) 2.

= Qver 30 functions |

™ Example SCFiptS File Edit View Go Favorites Desktop Window Help

Search L~ & dm wp £+ | fr » PV_LIBToolbox » Function Reference » Example Scripts ¥ PVL_TestScri

[} Ti m e a n d Locat i O n c:g:;ei?;[:t:?“m The following plot compares the DC and AC power outputs predicted for the system an

J-@ Installation

efe. o figure
Utl I Itles j“@ MATLAB tfilter = and(Time.month == 8, Time.day == Z);

J"@ Code Generation from MATLAB plot (Time.hour (tfilter) ,aSAPMResults.Pmp (tfilter),'-sc')
-3 Fixed-Point Toolbax hold all

. | d . d ]..@ Image Processing Toclbox plot (Time.hour (tfilter) ,ACPower (tfilter),'-ch')
.. legend ('DC Pmp', 'AC Fower')
) Mapping Toolbox

rra Iance an @ Fping %xlabel ('Hour of Day')

J"@ MATLAB Report Generator

label ('Fowsr (W)'
J--@ Optimizaticn Toelbox ¥ g 40 7

atmospheric functions ]@P\J’ LIB Toolb title('Albuguergue DC and AC Power Output - Aug 2','Font3ize'
- | oolbox

[ About PV_LIB Toolbox

< User Guide Albugquerque DC and AC Power Output - Aug 2

= J|rradiance translation T uncton e e
functions

Fl . —
Fil —&—DC Pmp
—S— AL Powet

pvl_leapyear
wvl_matlabtime2excel 2600
wl_exceltimeZmatlab
pvl_maketimestruct 2000
- pvl_makelocationstruct

= Photovoltaic system
functions e oot e

[#-Photovoltaic System Functions
=-Example Scripts 1000
gPVL_TestScriptl

= Education, model s

PY_LIB Release MNotes

1500

Power (W)

0 PV_LIE Toclbox on the web

L] L]

Va I I d a t I O n 0-&3 Statistics Toolbox s
) J-@ Wavelet Toolbox

o-d8 Simulink 500 . . . .

- d SimPowerSystems a 5 10 15 20

transparency & Smcape

Mote that the inverter is undersized compared with the DC array and thus the inverter "
power.

Copyright 2012 Sandia Mational Laboratories




Sandia

New Features Coming Soon! ) e

" http://wiki.pvpmc.org/ (comingin Fall 2013)
= This was a request at the 2"4 PV Performance Modeling Workshop
= Platform to collaboratively develop content for the main site.

= Provides a collaboration area for working groups to develop standards
= Account requests will be made online.

= Equations, files, flowchart navigation

= PV _LIBin Python! (Fall-Winter 2013)

= Python is free, large user base, similar features to Matlab

= Provide easy way to submit library functions and deliver updates
(using GitHub).



http://wiki.pvpmc.org/

Sandia

2013 PV Performance Modeling Worksh@mﬂ%

http://pvpomc.orqg/home/2013-pv-performance-modeling-workshop/

Topical Sessions:
= PV Module Models (Coefficient generation)

= PV System Performance Models (updates on new features)

= Solar Resource Data (focus on uncertainty vs. variability)

=  Systems Losses and Derates (standard definitions are needed)

= Performance Degradation (field data and modeling studies)

= Modeling for the Real World (Existing models still have significant
limitations, but this represents opportunities! Data sets are being
collected that can help).

Feedback from Participants (survey results):

= Topics for next workshop:

= Most votes: Solar resource, Inverters, dynamic performance (subhourly)

= Best practices guides are needed (system monitoring, modeling guides)

= Development of test data and case studies for illustrating analysis
methods 11
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Sandia

2010 “Blind” Modeling Study Exampl8 ..

Blind Study Facts

- 2:3{]':]001,3|Total Energy vs. Model Type by Model Type Legend
= ~20 participants . * 5-Par
= Each given measured 22000001  Intemal
weather and irradiance 21000004 Other
= Each given 3 PV system o 0 * PVForm
designs 2000000+ s * | - pvsyst
. == © PWAWatt
= Asked to predict annual 2 10000004 *® . N i pa :
a * SAPM
energy from systems u_ﬁ ¢
. I 1800000+ .
= Results compared with o s e Measured energy #
measured annual energy 1700000 1504 ©
f -
= Most results over- 1600000- difference
predicted annual energy
= Differences were 15000007 -
significant even when 1400000
same model was used. 5-Par Internal Other PVForm PVSyst PVWatts SAPM

Model Type

Lesson Learned: Greater consistency and transparency in modeling is needed.

12
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2013 “Blind” IV-Coefficient Estimatidh

= Exercise led by Cliff Hansen (Sandia National Laboratories)

= |V curves from two modules (A&B) were provided (range of irradiance and
temperatures)

= 7 Participants estimated module coefficients for CEC and PVsyst models.

= Module A included IV curves measured at Sandia’s outdoor test facility
= Module B was made up by using the single diode model to forward

calculate IV points.

Module B (STC)

Sandia
National
Laboratories

Parameter PVsyst PVsyst PVsyst Pvsyst CEC#1 CEC #2 CEC #3
#1 #2 #3 #4
IL (A) 5.96 5.96 5.97 5.96 5.964 5.965 5.97
Rsh (Q) 960 800 700 500 438 419 688
Rs (Q) 0.43 0.48 0.52 0.42 0.31 0.34 0.53
lo (nA) 0.017 | 0.006 | 0.046 | 0.006 0.03 0.017 0.035
n 0.98 0.94 1.03 0.94 1.00 0.981 1.02

Parameter results vary but are the differences significant?

Parameter Exact PVSyst PVSyst PV Syst CEC #1 CEC #2 CEC #3
Value # #2 #3

IL (A) 6 6.00 6.00 5199 5.992 5.992 6.002
Rsh (Q) 2000 2065 700 700 675 675 594

Rs (Q) 0.02 0.03 0.037 0.02 0.175 0.175 0.183

lo (nA) 1 0.82 0.1 0.186 0.0034 | 0.0034 | 0.0053

n 1.2 1.13 1.09 1.12
13



2013 “Blind” IV-Coefficient Estimatidf &:-

= P,,overarange of irradiance and temperature conditions shows
differences between 1%-2%.

= These differences are due to both the method used of estimate parameters
and the choice of model (PVsyst or CEC).

= These differences demonstrate that there is still room for improvement and
standardization of analysis methods to estimate performance coefficients.
= 1-2% variation is enough to influence the choice of module for a large project.

Predicted IV Curves away from STC Predicted IV Curves away from STC

——— o=~
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Sandi
Summary ) e,
= Performance modeling is a key part of PV project bankability.

= Currently many models and analysis methods are still opaque.

= Uncertainty with data and methods remains significant.

= PV Performance Modeling Collaborative provides a venue to
= Document PV performance modeling methods and practice.
= Build an international PV performance modeling community
= Share methods and tools needed for model validation
= Establish PV performance modeling as a “discipline” and train future
practitioners.
= “Task 13 aims at being a platform for collecting, providing
and exchanging international information on the reliability
[and performance] of PV systems.”

= The PV Performance Modeling Collaborative can contribute to this
mission.
15




Thank You! ) i

jsstein@sandia.gov

http://solar.sandia.gov
http://PV.sandia.gov
http://pvpmc.org
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