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Present status of this study ...

* A comparison of 12 existing Empirical models showed a
limitation in their accuracies fitting measured data (i.e.

with scatter) due to some coefficients being unphysical
[1,2,3]

* Therefore an optimised Mechanistic Performance Model
(MPM) was proposed with only physical coefficients

* This study looks at yearly energy vield prediction
uncertainties due to fitting data vs. added random noise

[1] 7t PVPMC Canobbio, [2]44t™ PVSC Washington [3]33™ PVSEC Amsterdam
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How some models predict PV performance from G, and Ty,5p

Optimise fit coefficients C to minimise
rms error using e.g. Python, Excel

Measurements

WEATHER:
Irradiance G,

PREDICTED
PERFORMANCE:

EMPIRICAL or MECHANISTIC MODEL:

TMODULE

PR, preprcr = 2N Cy¥funcy (G;, Tyep..)

PRDC.PREDICT

ELECTRICAL:

PRDC.MEAS

3-7 Fit Coefficients C;,  Weather functions

@ TMODULEFit indoor e R
o /e . |EC-61853-1 Fit
4\8 “/—\‘- -+  matrix data outdoor 4\8
& (NIST/CFV) data vs. T o
S, NET time
Gi (kW/m2)
Irradiance>
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How does PV performance depend on weather inputs?

1. lyax <G, Module STC rating actual/nominal
2. Payoc(1+v*(Ty0p-25)) - Power temperature coefficient “y”
3. Vyax <log(G,) From diode equation

4. AP, € haaw? * Reppies 12.R; loss

5. Tyop ™ — fn( ) NMOT Thermal rise

6. Rgyunt < 1/exp(G)) (dependant on PV technology)
PR,. =

C, + C,*(Typ-25) + C.*Logy,(G,)+ C,*G, + C.*1c + HC/C.) <MPM>

Pyax . acruar Temperature Voc Rggprirs NOCT HUNT
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Comparing Empirical and Mechanistic models (61853-1 matrix)

O =
Compare fits to raw model data vs. 2% rms added noise to mimic measured data

Empirical
Model A

Empirical
Model D

Mechanistic
model

0.8
i W T

Raw data from model add 2% rms noise seed 0 add 2% rms noise seed 1
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Comparing Empirical and Mechanistic models (61853-1 matrix)

1) -
All fit “Perfect” data

Empirical Models don’t fit “imperfect or noisy data” well

[2]

€ [1] 2]

06 0.8 10
Gi (kW/m2)

— | Poor extrapolation
AL ORI\ and
/";____.__.___, kf}f/ e interpolation
el | | €405
- - [4] . @I_ZL‘/..———:‘ Variable
D * /K;: — / —r w temperature
.~ . — i /*"""‘——: coefficient vs.
% S f": irradiance
MPM% e /:'.':'T .. € MMechanistic
g . —s . : (‘_,_,,,...—A-—- model always fits
’ /’(::7 . et e, e —e e »—— well, even to noisy
s T N data

Raw data from model

1dd 2% rms noise seed 0 add 2% rms noise seed 1
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Comparing Empirical and Mechanistic models (61853-1 matrix)
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Empirical Models don’t fit “imperfect or noisy data” well

] 2]

€ [1] [2]
Poor extrapolation

0.8
i W T

AT RGO I\> and
/";____.__.___, kf}f/ — interpolation
el | | €45
- - [4] . @I_ZL‘/..———:‘ Variable

D~ /ﬁ’:: — / — W temperature
LT | - i /*"""‘——: coefficient vs.
% S /f"": irradiance

MPMF = | === /:'.':'T .. € MMechanistic

g . —— . . (‘_‘_._'__._;,_. model always fits
: /ar . nandill LIS e —e 4(.,.,- ~——— well, even to noisy
i T — data

Raw data from model

add 2% rms noise seed 0 add 2% rms noise seed 1
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Comparing Empirical and Mechanistic models (61853-1 matrix)

1) -
All fit “Perfect” data

Empirical Models don’t fit “imperfect or noisy data” well

] 2]

€ [1] [2]
Poor extrapolation

Pl

AT DEROSY = and
/";____.__.___, kf}f/ — interpolation
el | | €405
- - [4] . @I_ZL‘/..———:‘ Variable
D~ /ﬁ’:: — / — W temperature
I esunininenl B - : /*"""‘——: coefficient vs.
A S irradiance

MPMF = | === /:'.':'T .. € MMechanistic
g . —— . . (‘_‘_._'__._;,_. model always fits
: /ar . nandill LIS e —e 4(.,.,- ~——— well, even to noisy
L. Tl —— data

Raw data from model add 2% rms noise seed 0 add 2% rms noise seed 1
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Comparing model coefficients vs. technology cSi aSi CdTe

Technology ID G G G C, G rms

c-5i 60) |]—42.3 Es.g |—10.? [l—sz.g -3.0 D 0.22%
c-Si 62) ['12?.2 E [I-31.? [l-g?.s ﬂ-zs.g Eo.zz%
c-5i 64) |]—?1.5 E.S -18.0 |]—55.3 [|—13.5[| 0.09%
c-Si 66) [I-93.4 176 ['-23.4 |]-?2.0 [|-1?.5
c-5i 67) E.z [.123.8 I]z4.5 ElS.E |]18.4 D0.24%
c-5i 68) |]-59.5 E.g [|-1?5 |]-53.s [|-13.1|] 0.16%
c-Si 70) |]-3:f.3 .ﬂl [‘—98.? I]zl.g |]23.5[| 0.10%
c-5i 71) I 6.4 |—s.s 14 I 41 o.g[l 0.07%
c-Si 72) Eo.? |:l132.5 E.? I 10.1 -10.2
c-5i 73) Es.s |]—55.9 lls.s I]zsm a.?[| 0.09%
TF a-Si 65)! | 02 11 | -03 05 43.1
TF a-Si 74)! E.s ['121.1 I]31.9 Ez.s |13.2 E.sz%
TF CdTe 63) -0.6 22 |06 |12 03 D.z?%
c-Si 60) 96.2% m [| 8.3% | -2.1% 0.07%
c-Si 62) ﬁ E |:|205%[I -10.0% 0.09%
c-Si 64) E@ m [| 8.5% [I -6.4% 0.09%]
c-Si 66) ED ﬂ 11.9% [I 77% 0.08%
c-Si 67)! {1152 D |:| 18.2% |} -15.4% 0.11%
c-Si 68) Eﬁ m |] 10.4% [I -7.5% 0.09%
c-5i 70)¢ {1037 m 3.9% -4.3% 0.08%
c-Si 71){ {1137 m Dz4.4%[l -12.4% o.o%ﬂ 0.08%
c-Si 72) E@- II 0.7% 1.2% o.o%lj 0.20%
c-5i 73) ﬁ m |:| 17.1% [I -9.2% o.o%n 0.09%
TF a-Si 65)! {1122 -o.ﬂ,] D31.5%[| -11.9% o.o%l]o.n%
TF a-Si T4)! 1227 {E. BQE%[I -23.1% o.o%ljss%
TF CdTe 63)! | 121.3% -OEI D 19.6% |§ -20.2% 0.0%'] 0.16%

[SUPSI datal

Empirical model

No pattern to coefficients even though fits are
reasonable and c-Si measurements were quite

similar

MPM Mechanistic model

Sensible values of all coefficients = more robust

Pyiax tolerancef \ Realistic Py, Temperature coefficient etc.
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Comparing model coefficients vs. technology cSi aSi CdTe
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[SUPSI data]

Empirical model
No pattern to coefficients even though fits are

reasonable and c-Si measurements were quite
similar

MPM Mechanistic model

Sensible values of all coefficients = more robus

Priay tolerancef \ Realistic P,,,, Temperature coefficient etc.
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How well can MPM fit IEC 61853-1 data?

1.2 —

1I1 /
- - ° _
Tvobute
1.01 gm0 . : —.—

a — 5C
A — 10C
giug 25C
= o - - ———o — 50C
) — 75C
— 90C
0.8 '
L ——
—,———
0.7 ?
080 0.2 0.4 0.6 1.0 1.2 1.4 1.

0.8
Gi (kW/m?2)

Irradiance~>
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MPM can easily fit 37 party ,

and

Data From Gantner, SUPSI, NIST, ASU, ESTI, TUV Rheinland, CFV, SAPM and PVSYST

N50 ¢cSi rms=0.28%

%%

— -5C |
— 10C |

25C |
—— 40C |
— 55C |
—— 70C |

o8 1.0 1.2 1.4

0.6

outdoor

— 1SC
20C

25C
— 45C
— 65C
— TSC

-Si = < i
N2 c-Sirms O.SAMI G:‘nﬁz?;tsytate
0.2 0.4 1.2

0.6 0.8 10 14
Gi (kW/m?2)

Z =2 - B — =sc
g - . *— — 10cC
2sc

/'/./'_'_—’_ﬁ — e
—vasC

- — 70C

e N10 c-Si

rms=0.2%

)\

0.2 0.4 1.2 1.4

o6 o8 1.0
Gi (kW/m2)

N40 cSi rms=0.12%

N60 cSi rms=0.07% - IST/CFV
SUPSI
éD
=
X o. oe osm 10 °%% 0.z 0.4 & o8 1 12 12 1
Gi (kW/m2) Gi (kW/m2)
indoor
11 11
— 15C 10 /)“7 - = ! —
— 25C ? — 1sC
3sC %) .
— 45C 209 E— S‘c:
— s5C o — 75C
— 65C — 85C

L

N27 mcSi rms=0.26%

e JRC ESTI -ES‘{ J N32 cSi rms=0.17% .
. , , , e TUV —
'6.0 0.2 04 0.6 R 0.8 1.0 1.2 1.4 °‘%.o 0.2 0.4 0.6 0.8 1.0 1.2
Gi (kW/m2) Gi (kW/m2)

i 11

1.0 /’—~' - — 1o ‘ 5 - = | —
o = - _ 1:2 5 —— 10C
= 2 o 25C
- /"'i = £°° . - =1

& < —— 85C S - —— 70C

//f N24 CdTe rms=0.2%
il N23 cSi rms=0.019 Sanda @ PVSYST o
SAPM Laboratories PVsvyst
°%0 0.2 oa 12 14 12 14

0.6 [ X:] 1.0 0.6 0.8 1.0
Gi (kW/m2) Gi (kW/m?2)

models
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Are all the model coefficients independent?
C, + C,*dT,,, + C,*log(G;)+ C,*G; + ( C.*

Pyax acTuan Gamma Voc
110% PR=1 Gamma=1 LL=1 Rs=1 W5=1 G0=1
105% /
100%
95%
90%
5 85%
<
Q- 80%
10
75% -—25
40
70% Normal e
65% —70
«PRdcl
60%
0 0.2 0.4 .06 038 1
Irradiance Gi kW/m?
v PR=1 Gamma=1 LL=1.2 Rs=1 W5=1 G0=1
105%
100%
95%
90%
5 85%
[= 4
Q- 80%
10
75% -—25
70% . 40
C3 Low Light vyoc |~
65% —=70
«-PRdc]
60%
0 0.2 0.4 1

0.6 0.8
Irradiance Gi kW/m?

RSERIES NOCT

PR=1.02 Gamma=1 LL=1 Rs=1 WS=1G0=1___.
.

0.6 0.8
Irradiance Gi kW/m?

+ _(_Gé%G{_-)—)_

«Rgpunt>

1avso

PR=1 Gamma=1.2 LL=1 Rs=1 W5=1 G0=1
.

robust

Irradiance Gi kW/m¢*

105% 105% y . I
100% 100% ‘ zsc
90% 920%
5 85% B 85%
o 80% gBO%
75% —;: 75% —;g
70% C1 Pmax :2 70% :g
65% =70 65% C2 Gamma =70
et Gikime o
e If we alter each coefficient
individually -
all traces should change
differently
™ C4 Rs High Light | These graphs do that so the
- MPM has unique fits and is
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Investigating energy yield
* How does the robustness and variability of a model fit
affect its energy yield predictions?

* Consider fit variability at low and high light levels and
temperatures with sites that are dull, bright, cold or hot.
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How do the model fits vary vs. T\,;p=! and irradiance

Empirical A

MPM

\ 3.00%
2.75%
; 9 ,4 2.50% af
2.25% 5
6 2.00% £
175% ©
@ 150% 3
1.25% T
1.00% &
0.75%
5
o . X 0
L 05 s 003
B s 0.9 s 0.9 Bos 09
Tmod C 45 g5 11 Tmod C 5 g5 1.1 Tmod C 45 g5 11
65  Gikw/m2 65  Gikw/m2 65  Gikw/m2
O pecline in ® variable at low light (4]
accuracy as ® roorat Only slightly worse at

irradiance falls Cold+Mid light levels

O lowest light or

® cold+mid light levels

bins?

W 2.75%-3.00%
W 2.50%-2.75%
W 2.25%-2.50%
W 2.00%-2.25%
1.75%-2.00%
1.50%-1.75%
1.25%-1.50%
1.00%-1.25%
0.75%-1.00%
0.50%-0.75%
W 0.25%-0.50%
W 0.00%-0.25%
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Insolation fraction vs.lrradiance® and Module Temperature®
varies for sites worldwide — Koeppen colours

60
O ﬂ RIY 9‘
"
95 ©
Q
E
50 60
Q
45 g % Insolation
o W 4.5%-5.0%
40 % N 4.0%-4.5%
0 a 3.5%-4.0%
35 = ° 3.0%-3.5%
- 2.5%-3.0%
o m 2.0%-2.5%
30 W 1.5%-2.0%
B 1.0%-1.5%
25 e m 0.5%-1.0%
0.0%-0.5%

YR POA Insolation (kWh/m?/y)

500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
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Insolation fraction vs.lrradiance® and Module Temperature®

ARID

Most insolation at
very high light,
very high
temperature

varies for sites worldwide — Koeppen colours

Weighted module temperature (C)-=2>

Most insolation at
high light, high

temperature
‘O
45 2
)
© 3 6
o
35 £ -
l_
30 °

25 J

20
15

, COLD CONTINENTAL

&
i

&

Most insolation from
cool+dull to
warm+bright

% Insolation

W 4.5%-5.0%
N 4.0%-4.5%
3.5%-4.0%
3.0%-3.5%
2.5%-3.0%
m 2.0%-2.5%
W 1.5%-2.0%
N 1.0%-1.5%
m 0.5%-1.0%
0.0%-0.5%

YR POA Insolation (kWh/m?y)

Most insolation at 750 2000 2250 2500 2750 3000
low light, low temperature
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Energy Yield predicted

variability by site

to Arid

Each site has rms error for
1) Summer month

(Jul or Jan)

2) Winter month

(Jan or Jul)

3) Yearly Average

(All 12 months)

The most robust model

should have lowest FT S e
Bwh Year ] :

error everywhere

Site name, Koeppen climate designation A I JVIPIM

BARENTSBERG Summef 1.09% 0.77% [0.40%
Polar Tundra Eternal winter (ice cap) Winter

Etf Year 1.21% 0.72% J0.36%
ANCHORAGE Summef 0.50% 0.30% J0.25%
Cold (continental) Without dry season Cold summer Winter] 1.14% 0.96% }0.44%
Dfc Year 0.54% 0.29% J0.27%
HAMBURG Summef 0.40% 0.33% J0.23%
Temperate Without dry season Warm summer Winter| @ 1.89% 0.82% [0.41%
Cfb Year 0.55% 0.32% J0.25%
TOKYO Summel_0.43% 0 37% 0.28%
Temperate Without dry season Hot summer Winter 0.31% 0.28% 0.30%
Cfa Year 0.36% 0.28% 0.25%
SYDNEY Summer 0.23% 0.33% 0.23%
Temperate Without dry season Hot summer Winter 0.34% 0.28% 0.27%
Cfa Year 0.25% 0.31% 0.23%
LA PAZ Summer 0.30% 0.26% 0.22%
Temperate Dry winter Warm summer Winter = 0.18% 0.23% 0.17%
Cwb Year 0.22% 0.24% 0.19%
MUMBAI Summer 0.44% 0.39% 0.29%
Tropical Savanna, Wet Winter = 0.21% 0.35% 0.28%
Aw Year 0.23% 0.35% 0.28%
RIYADH Summer 0.24% 0.36% 0.36%
i .21% 0.29% 0.21%
7%
AVERAGE 22 SITES Summer 0.33% 0.36% | 0.27%
Winte 0.56% 0.42% | 0.29%
Year 0.35% 0.33% | 0.25%
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Conclusions

Existing empirical models
[X] Can’t repeatably fit imperfect data. They have unphysical coefficients.

Mechanistic Performance Model (MPM)
Much more robust and useful than empirical fit models

Added to Gantner Instruments’ www.gantner-webportal.com Saa$ platform

Energy yield predictions

Much less variability in EY from fitting errors for MPM
MPM 0.25-0.29% vs. Empirical 0.33-0.56%

PRy, =
C, + C,* (Tyop-25) + C.*¥Logyy(G,)+ C,*G. + C.*ic + S 4G}

Pyax . acTuaL Temperature Voc Repries NOCT «Rgpunr>

13-Nov-17 Gantner www.steveransome.com 20 (S)RC L

instruments

Steve Ransome Consulting Limited


http://www.steveransome.com/
https://www.gantner-environment.com/products/gantnerwebportal.html

Conclusions

Existing empirical models
[X] Can’t repeatably fit imperfect data. They have unphysical coefficients.

Mechanistic Performance Model (MPM)

Much more robust and useful than empirical fit models
Added to Gantner Instruments’ www.gantner-webportal.com Saa$ platform

Energy yield predictions

Much less variability in EY from fitting errors for MPM
MPM 0.25-0.29% vs. Empirical 0.33-0.56%

See Poster 7TuPo.225

Quantifying and analysing the variability of PV module resistances Ry and R, to understand and optimise kWh/kWp
modelling

Thank you for your attention!

¢ Please contact me to share your data steve@steveransome.com
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