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How linearly do PV modules behave?

A module that behaves linearly can be fitted just by
Typical PRy for a linear module functions of irradiance G or temperature T
Twoo [€] independently

110.0% (C) “uniform vertical separation | _g .,

——15
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100.0%—@ ——-35
7 40 i.e. without any “f(G,T) non_linear terms”
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How can we best model them?
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Measuring matrices of PR, (G,T) I Y N Ly [ AP Outdoor measurements :

HTC

(1) IEC 61853 . o *| Temperature . >
(A) INDOOR (IEC 61853:2011'2018) 23 point (G,T) Matrix " Coefficients Cheaper than Indoor .
60 L uptod
o Tvalues M ix bins b
Specifies 23 points — could reduce costs with fewer e.g. 6 5 e ore matrix bins better
- Gives worse modelling accuracy ) PR, vs. for coefficient extraction
> Poorer fitting with inter/extrapolation from only 6 points. ~ » . . | irradiance
= No understanding of non linearities = e Upto5 Quick results with
L G values & . ) )
COSTS : insulation/heating, mesh
Indoor Matrix ~ $2800/€2300 + $700/€580 for AOI = A e cover, 2D mistrack
(2) Example good ... (3) Derive (G,T) - PR
(B) OUTDOOR (Gl OTF, Tempe AZ) raw points 1 year _ @ o° . ~100 bins i: DC
(] i = 97.5%
. 50 2o s, | O ,
From IV curves or P,,p With real weather * - DNERE. SRS Egm SR
50 pabias 50 - DoQOd0O o o -
- 260k measurements/year (if every 1m) . b . -cooooood- - 92:5% £
—> Needs data sanitizing and filtering 2w i 2 -o0ooe000o- 0w £
—> Can give ~100 matrix points (G=100W/m?2,T=5C bins) " S e ’n i o §
- Better analysis possible e.g. any non linearities i coeomEoEe o
| : ) - “.MS-CSi Iszs%
COSTS: ik | - Derived Matrix | 8
Outdoor /module $1000/6 months with spectral, AOI OB i mea 20 GWim~2l
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All measurement data is from Gantner Instruments’ OTF Solutions Tempe, AZ

Further info in published paper, [i{CrclNGITEIIN{11eXd]1] or email authors

GI OTF MEASUREMENTS
PV Module Measurements: Name | Description Units
Fixed and 2D track; IV curve every minute, all environmental sensors, spectral parameters G Global Horizontal Irradiance KW/m2
PV Module Power up to 500W/800W Du Diffuse Horizontal Irradiance kW/m?
High quality digitalization, current accuracy 0.1% FS, voltage: 0.05% FS BN Beam Normal Irradiance kW /m?2
Scalable system (4 .. 48 channels) with raw data access Gi Global Inclined Irradiance | kW/m?
Local or cloud-based data streaming (Pyranometers and c-Si ref cells)
Derived parameters using Loss Factors and Mechanistic Performance Models >~ Tavs Ambient Temperature C
Integrated Python Jupyter Lab for direct analysis and automatic reporting o~ J\TQD \?\iﬁg cgfpl\élgddule Temperatures 515-1
. . . . . . WD Wind Direction °
Continuous measurements in Arizona since 2010; Other sites available around the world RH Relative Humidity %
G(A) Spectral Irradiance G(350— 1050nm) W/m?/nm
Trusted by leading PV Module manufacturers, Technology providers and Research Labs
7 | i s e
!‘}EJ’! k \ = = /4' == = z s
=l g2 - — —— =
:~ :‘{‘l: e = = i - ';._‘ ";‘! —
f?}{i'{ F}v;f p,rw g ‘* | Gantner k-
: ol e . OUTDOOR TEST FACILITY USA .
g 111°54'W L h.T :F_‘
33°25'N =
U U - C L) U U
'~
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How to generate dense performance matrices from good outdoor data 1/3

A) Raw PR, (G,T)

Good points 1 year
random 4000 shown

Twop [C] 2

PRDC_MEAS
10U.U%
I97.5%
60
. 95.0%
>0 92.5% &
o
S 5
340 90.0%
é !
30 87.5% E
{ H ?
20 o bad point
82.5%
10

80.0%

0 200 400 600 800 1000 1200

Irradiance (;T, [W/m?] >

How to generate dense

matrix points?
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How to generate dense performance matrices from good outdoor data 2/3

A) Raw PR, (G,T) B) Filter into (G,T) bins

Good points 1 year Filter by steady weather,
random 4000 shown Sanity check e.g. 3sigma,
Group into (G,T) bins

Twop [C] 2

RS R S T R eE— I P R DC_M EAS
70 'Y B
70 caB8000 ' I97.5%
60 co 08800080,
60 - 2’ 95.0%
50 = 92.5% :Si’
p 2
— 0
%40 E4- 90.0% gl
Q ft
£ " 8606t 0 g
: 87.5% £
30 . 30 sededs ¢ .-
_______ 960686 o
20 . 2070008 e
. Fl\)/lrgi cSi 3 . .' s gflrzg cSi 82.5%
10 0@ e
200 400 600 800 000 1200 80.0%

0 200 400 600 800 1000 1200 Gti [W/m~2]

Irradiance (;T, [W/m?] >

Uniform colour bins prove

good non-scattered data
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How to generate dense performance matrices from good outdoor data 3/3

A) Raw PR, (G,T)

B) Filter into (G,T) bins QARG N SIS(CANEVLE | Useful standard graph format to be

Good points 1 year Filter by steady weather, NoeI[oINAWV={{1: 88 WACTTy used often showing .
random 4000 shown  Sanity check e.g. 3sigma, FNGEED(ZNAVLY BN Performance ((folour), Insolation
Group into (G,T) bins (area) vs. Irradiance- and
Tmodule bins

o " o8° R PRpc meas
. . . . . ° . -- .:H.J'/o
60 co 08000080 60 - - - s @ m -
60 x| - ;;_,-" [ / e OO I:l DD . 95.0%
¢ - 50 - OoQgoQg DD D oD o 92.5% g
o - 5 -oo0oo@gOoOe - g
— %40 7240 H oooedn |j . 90.0% _;I
SE © 260680 = -UEID_I"IIIEIé- ?
= 30 . 30 ... 608 30la0 o @ ._l'”. B E e s . 815% 5
- 900688 . .
20 M78 cSi 20 . . . . L4 201 = PRI
° col . g i i o
y prdc . : .. ¢d mcs § - . g"rgics 82.5%
0 200 400 600 800 1000 1200 200 A0 ey 1000 10 200400 o Wmear 00 1200 o GeneratEd dCCU rate
H 2
Irradiance Gy, [W/m?] = dense measurement
matrix with ~100 useful
points
26-Jun-21 Gantner WWWw.steveransome.com (@ R‘ C L 7 °N

instruments Steve Ransome Consulting Limited


http://www.steveransome.com/

‘PRp vs. irradiance’ from outdoor matrix

Small scatter only at

extreme weather?

Logarithmic fall

PRDC @ low light TMOD [C]
70 i - O 105.0% L sy e 10
. 97.5% Eﬁ / // +;gi
6 [ 4 D 0.0% /. " —o—ig;
—oooL Y- 5:/;- / / =
4\ 50 - 0o 00 |:|‘___ O[] e = 0259 & 95.0% :2;
S| -sooOooDOdde - Yo, . 50
= o -0ooeDdO0- e ¥ D
g - o Do @ @D@E B O ‘. —e-70)
& | 7% (B) 30C = Wk |
B --. a. 85.0% .
How does PRDC LI 80.0% M78 cSi Ir_]l_nialr-d:':p @
. M78 cSi 82.5% prdc igh lig
vary with prdc 5.0% - | | | |
- . ,? ' ' , ‘ % 100 200 300 400 500 600 700 800 900 100011001200
irradiance? . ) 600 800 1000 1200  °0:0% Irradiance GTI [W/mZ] >
Irradiance G;, [W/m?] -
Smooth plots can be generated from good
quality outdoor measurements which allow
accurate characterisation
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‘PRp Vs. irradiance’ for four technologies

M78 CSI M31 HIT M72 CdTe M81 CIGS Tooo [C]

105.0% 105.0% 05.0% — AT 105.0% st e —
M }/‘\‘ S|m|Iar VSs. G to cS| /’ D
H—./.—_‘ 20
100.0% 100.0% .00.0% — degraded, lower 100.0% / ——9 -e-25
p—9 Q . 30
N separation vertically, —e-35
. 40
X = //ﬂ*—‘\'\o 95.0% 0% higher scatter 95.0% 5
Sd 50
w 55
Wl 90.0% 90.0% .____.,__’__.__.__‘ 90.0% 90.0% —8-60
a4 —o —8-65
o ° o o ¢ —e-70
L —o o o —
WI 85.0% 85.0% 85.0% 85.0%
(@) L4 .\..*‘:—__."\. {
mo . e oo Similar shape vs. G to cSi, oo /./.HH_H._.
0% . . 0% ) ) 0% o o o o 800% M81 CIGS
Q. cSi : smooth lines, regular lower separation vertically M72CdTe & *—a ordc
prdc
75:0% 160 200 300 400 500 600 700 800 960 1o|00110012( 75.0% 55 2(‘)0 300 400 500 600 700 800 900 1o‘oo1100120c75'°% 200 300 400 500 600 700 800 900 10001100 1 729% 300 300 260 S604K060 760 800 GO0 1000 1100 1700

Irradiance G, [W/m?] -
This CIGS has a different sha

cSi, HIT and CdTe look quite linear over the matrix area rising PRy at high G and

larger gamma separationJ at
high temperatures which
indicates non-linearity

(Extreme weather points may have a little scatter)
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‘PRp vs. Temperature’ from outdoor matrix

How does PR, PR v(G,T)
DC 0
vary with oo.0% oo [%/K]
temperature? I Slope = Gamma(G,T)
. o e 105.0% Heatmap ~100 points 010%
s O 95.0% ,b 100.0% -0.18%
N > oD ? 92.5% ::,\_°I 95.0%: 0.26%%
bl 1‘40 O oo 90.0% E 90.0% |i --0. 34/;
g‘ o 08 @ o -0.42%E
87.5% V 85.0% \ 2
= 30c o @ @ W l =
A 4 a v(G,T) = 050%3
i 85.0% OZ  go.09%
200« s = ® ® = Q. dPRDC(G,T) 20 /—/ -0.58%
| . M78cSi % o] -
PrdCC | e 0% dTI\/IOD -0.66%
10 ) ) ‘ 100 o o o (=3 [=]
200 400 600 800 1000 1200  °0-0% 700% 9515 20 25 30 35 40 45 50 55 60 65 70 = 8 & R & 3
Irradiance G, [W/m?] - Twop [C] 2 Irradiance G, [W/m?] 2

Datasheets usually report 1 constant gamma value

This plot will quantify any non-linear behaviour
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Gamma(G,T) heatmaps for four modules

M78 cSi
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60-
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g -0.47%/K
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/ sTC
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= “A constant temperature coefficient
means a linear device”
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CdTe, CIGS : can have

N

on-linear temperature coefficients
which will affect PR,(G,T)
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15t Pass : Fitting performance matrices with a linear model (mpmé6 )

def mpm_6(G, dT, WsS) = (
1+ # constant

c—
c—
c—

2*dT + # temp.
3 *log,,(G) + # low light ~“Voc, Rshunt

coeff

MPMBS6 is a linear model :

(each coefficient is only a functionof G, Tor /")

G = irradiance [kW/m?] ;

dT = delta temperature (Tmod — 25) [C] ;

* [ . ~ [ .
cC4*G+ # hlgh light ~Rseries WS = windspeed [ms]
c5* + # windspeed ~0
c6/G #c_6 <=0 low light PR,c
PR
) 80% to 100% DC_RESIDUAL
ST S e ] U% e | o)
" Standardrap, =7 0 " - O H% g
. l.. | . l.. | 97.5% a DI:‘E“_EI —
50 -« @ m - - = OO m - - o013 - v
s oognrd | S = N SECR S -eoooOQOr] Jo - 0.5% 5
4\ 0 20 DDD.EH:”::ID o DDD_DD[]E' ° 192.5% :E 20 0o DDD_E‘DD“ . )
— cooomgO0e coooogdOde - s coO0oEOOde - 5
O .o ocoedpOOd - oooesdQOOr] - 900% B 5 a0 oo DV__E!JIDDDB“ '0.0% E-I
aQ cge E@DE@ - - Do Ep@EBE@ - - 3 £ coop@dooo . - c
g g 87.5% 2, ' =
30 o s @ @ 8@ 8 = ] RN - BB R P 300e s o@mOdoO o e - o
I_ - 'I':‘;'.' R R WE|ghtEd by - rIj-J R R g B a""- a--g---a c
0 q ~ 85.0% yd | _0 50/0 —
0]« & = = insolation 0« s & = 20« o o , ©
. ” PR ©
PRpc meas PRpc fir 5 DC_RESIDUAL 2
10{ - 10] » 10 = é]:)
200 400 600  BOO 1000 1200 200 400 600  BOO 1000 1200 80.0% 200 400 600 800 1000 1200 --1.0%
Gti [W/m~2] Gti [W/m~2] Gti bin [W/m~2]
=N
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Typical outdoor linear model residual fit error PRy (yeas.rir) four modules
cSi, HIT, CdTe :

Fit very well (because they are linear)

I:)RDC_RESIDUAL

70 _ @ o 8 70 SRR 70 - OO 70 o DD @
o[ 00+ - ol |0 - - -0 0o . quOm
60 . . o DDD-D 60 - o |:||:||:||:| 60 . O DE':[:IEI 60 o O |:||:||::|I:I
- = 0oOdr] o - 0oOdL] o - e ooQOdQgdal]e : umugm[]nl
50 oo o] |:||:| O o 50 oooQd DD O o 50 oooQn I:II:I[] o 50 o oooPoddels
cooooO]o - g cooDoBpOd]oe - g o Oo00e0d00 S o000 ML
40 DoosgOddQO0o - 240 ooos0QO00Oo0 - 540 oooesdO0Oo0 S 40 oooEs000O0 - \
oo ‘.IZI"‘”.EI ooo . £ O |:|l_‘|:|‘"‘|:| ooo . £ oo ‘_.|:|"|:| Do oo £ oo __1:1‘""|:| ooom
30 o f0oooo 30 o _EI”‘E! oOo oo 30 o _n"“lj 0o oo 30 o _u""|:| 0o o O
..o oo o5 o P e
2 <= a o M78 cSi 20 « = o | M31 HIT o sl M72 CdTe 20~ - = 9 M81 CIGS
N - N § } " 1<20.5%
200 400 600 800 1000 1200 200 400 600 800 1000 1200 200 400 800 8O0 1000 1200 200 400 600 800 1000 1200

Irradiance G, [W/m?] ©>

This CIGS module has a <t0.5%
Monotonic residual error between

to
1.0%
°
2
0.5% =
wn
UI
S
0.0% S
£
(@]
c
-0.5% T
-]
S
w0
(U]
(a'd

L 1-1.0%

high € low temperature indicating a Non-linearity
(as expected from the gamma heatmap)
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Many more modules were studied linear mpm®6 residual fit error
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Good fits PRp(G,T) <+0.2%
for all c-Si and HIT tested
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M31 HIT
diff PRdc
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=k
ol ]-
‘o]0 -
10
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s & = e

M47 HIT 2D
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AZ has “little insolation at low
light” 2D tracker worse choice for
matrix unless mistracked

2 X CdTe

70 'DD
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60 . DDDD
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CdTe <+0.3%

almost linear
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Non-linearities for some CIGS
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Which LFM parameter(s) cause non-linearity #1 ?

(2) Correlating shapes of colours ‘Cause’ PRy

behaviour
~ Rshunt ~Voc ~ Reseies
[ nR.. | X | nv, c: X
[ I
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No correlation
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meas.pmp
LFM/MPM
A | Augz020 @ imes2
<
= |Gantner
g _inatrumonts
HEL \
Voltage (V)') roc  voc (tmod)
~ constant ~ constant ~ consta nt evoltage losses

Find cause of non-
linearity from pattern

matching PRy with LFM
fits

rel%;

IXx nI,. X nFF; X nFF, ]

+1.0%

0.5%

0.0%

-0.5%

Residual norm_prdc_selfref [%]

L |-1.0%

PRDC_RESIDUAL

correlation to
(3) Cause found :
Atypical Rggpies™Tmop
Only at High Light
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>3 Different types of “<1%/bin” perturbations have been seen so far

Perturbation #1 : Perturbation #2: Perturbation #3:
High temperature “Sinusoid vs. irradiance?” “Low light and High light”
70 -‘ D[_, — — B A No single non-linear model can
A DDD N D V..@HighG? > HEIE to fit all different behaviours
. | 11.0%
i O « o O 60 o OOMI] |o S erfectl
50 o o o @ O oo oO0d]e s
7 o iy - a @O0 c% | - ojoooofol]e -0.5%%
R [l s | -opooECOO0" I Small technology dependent
o / Ccoogo B4 - s @O0EODBEONEDOOE ° . . o
’ “ ce@Oo El ol mamfanl 0.0% 5 perturbation coefficients can
2o i | | e | I B be added to mIfm6 for
- 61 CIGS 20 R 20 - ® a -0'5%5 Optimum fit if needed
Rseries=f(Tuop) @ high G? | g < Rsiunr @ low G? 2 ‘b are < +0 E-1 0% /hi
series—1\ mop) & N8 o L_JL: PP as most fits are < £0.5-1.0%/bin
200 400 - b?gc;W/mg‘DZ(} 1000 1200 200 400 - bﬁg%W/mgcg 1000 1200 200 400 600 800 1000 1200 e

Gti bin [W/m~™2]

Irradiance G, [W/m?] 2
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[ ]
1) From high 2) 100+ point Summary of this work
. : Tech mod c 1 c 2 cJ3 c 4 STC
Quality outdoor matrices of PRy L _ ~ X
data (e.g. —> or any LFM e.g. 7) Database of | CIS/CIGS 81 110.6% -0.5000 14.2% -1.5% [06.6%
Gantner’s OTF) nRo.. nV normalised CdTe 72 96.4% -0.36% 8% H.0% 189.7%
= ‘I’C coefficients cSi 78 109.6% -0.4794 12.5% | 38.7% [100.5%
et HIT 31 109.5% -0.359% 11.5% |[%7.3% [101.7%
ol |
KR Dﬁé@ 3) 1%t pass Linear 4) Residual
coniasnt =3 Model fit (measured- fit)
ar - = f(G) + f(T) ... matrices
S P § P .
fit <£0.2% ? fit >£0.5% ? W £1) 23 RS T
. _ - non-linear coeffs
e I T =
- - a0l ] i w ° o E[ﬂ
- = oo o- ”; oo
“;3?55%“7 S
. ozspeser
5) Linear : - . 6) “Non_Linear: .
\ 4 cSi, HIT //| |- - .| Some cigs T g b
8) Temperature /./ | ok 10) Quantify
coefficient — > | D small
heatmaps N e Iil!f perturbations
Yy T Identify cause

Thank you for your attention !

Contact us for OTF enquiries and high-quality data sets for your own research
www.gantner-instruments.com/products/software/gi-cloud
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