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Abstract: The article presents theoretical foundations gfiagtion of the reducetlV Blaesser's characteristics
in predicting a photovoltaic cell/module (PV) eféincy, together with calculation procedures. A dethanalysis

of the error of this transformation method of cleéedstics was carried out. Its practical applimatin predicting
efficiency of operation of various PV cells and mte$ in medium and high insulation conditions was
demonstrated. The practical suitability of the préed method in early detection of ageing phenomamnzh as,
for example, absorber degradation taking placedmiddules, was demonstrated. The article was peelpan the
basis of the results of testing five different P\@dules with various constructions, made of differeaterials and
absorbers, such as: c¢-Si, mc-Si, CIS, a-Si_SJ, &JSiThe used measurement data were collectedgdthie
16-year period of the experimental PV modulesrigstystem operation in Opole University, equippéth & data
acquisition system.

Keywords: photovoltaic conversion, PV cells/modules qualssessment, PV cells/modules degradation, PV
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The presented article is the second one in thessen non-standard application of commonly known
calculation models and procedures in PV measuritg first one titled:The use of two-diode
substitute model in predicting the efficiency of &wnversion in low solar conditiorj] - regarded
the non-standard application of a two-diode modebs$sessment of operation quality, including
suitability for work in very low and low insulatioconditions and in simple assessment of PV cells
and modules degradation level. The second - cuyrgmiesented, regards the application of
standardised Blaesser’s characteristics in assessheonstruction and material degradation ofscell
and modules, in the medium and high insolation itags. Similarly to the first, it was written imé
form of a guide to the above mentioned studied) dittailed introduction and comment sections.
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Introduction

In order to assess technical condition of operafhg modules and the degree of
degradation of their construction (e.g. absorkiei3, necessary to compare their parameters
in reference to always the same environment carditi defined in the
IEC-60 904-3 standard [2], as so-called Standast Tenditions (STC). These conditions
cannot be maintained in most of the carried outsuesaments. The conditions included in
the norm IEC-60 904-3 demand presentation of thtikd results of PV cells and
modules at: PV cells temperatulieg = 25+2°C, intensity of the falling solar radiation
Groa = 1000 W/M and spectral distribution of AM 1.5 type. Meetithgse conditions for
the measurements taken in external conditions newdry problematic. Therefore it
becomes necessary to apply the mathematical coomegrocedures, which enable
converting individual |-V characteristic points 8V cells/modules from measurements
other than STC to the values, which can be obtaim&IrC. A correction of the measured
actual characteristiccV of PV cells and modules to the reference conditidefined as
STC must be carried out. One of the four belowgmeesd correction methods for PV cells
is used most frequently [3, 4]:

1) With the use of the procedures from the norm IEG8D [5]:

|2=|1+|SCL|&—1}+O'[QT2—T1), (1)

U, =U,-R(I, - 1) -KO,(T,-T)+pUT,-T,) . ()

2) Blaesser’'s method [6]:

G
l, =1,—=2(1+ ,— 1)), 3
o tralr-T.) ©)
- keT \ [ G,
U, =U, , —T)+—=—In| =% |- l,=1,). 4
it 1)+ ST &R e, -1) @
3) Method of Anderson [7]:
|z=[i}g—ll , ©)
G, | +a(T,-T)]
U, = v ©)

- K@/
o+ AT, - T (G )

4) Two-Exponential Model [8, 9] (analytic):

I(U)=1 ph—|51{ex;{u . E&J—l}— |52{ex;{u * RJ_l}_(U*'RJ, 7)
Ny Wy n, Wy Ra

where:
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U, -k Iy DTsﬂaxp(ﬂj, 1,072 mx;{_m’vj,
q kT

2kT
| a(GT)=1 et lll,~25C)
G, 1l+alT,-25C)

Index 1 refers to the measured parameters of aleathcteristics, index 2 refers to the
results obtained after the correction to the ficell temperaturd and radiation intensity
G. T,-T, is the corrected temperatures differenGg;G; is the corrected difference of
radiation value.

The first three methods require a few parameteush sas short-circuit current
temperature coefficient and open circuit voltagg as well as serial resistangg of the
analysed element. The procedure within IEC-60 8@hdard uses the fourth parameter
referred to as “K curve correction coefficient.” ¢cBu parameters are not used in
a two-diode model, but they are required in thesegimulation computer softwale/ [9].
More information regarding the PV characteristiogedrization and their temperatures
corrections can be found in [10-15].

Summing up:

1) The above mentioned methods for characteristiceection to STC conditions can be
applied only for the conversion not greater thgn {3 = +(30, max 40) K - of a cell
temperature and foAG = +300 W/nf - of solar radiation intensity. Then, for the
applied correction methods 1-3, a relative error wafitage measurement is,
respectively:dUoc 0 2% and < 2.5%, for limit ranges of temperaturerection,
i.e. 30 and 40 K. Whereas a relative error of mtrraeasuremendlsc 0 8% for the
radiation correction rangdG = 300 W/n3. In the case of the 4th correction method -
the obtained errors are greater and amourdUg: [0 3 atATc = £30 K, 8Upc 5.5 at
ATc = +40 K anddlsc[014% atAG = +300 W/nf.

2) The application of characteristics correction mdtto the STC operation conditions
is quite troublesome in practical, engineering wdmlespective of the applied method,
it requires determining the actual values of caoédfits and resistance. These
coefficients change along with the progressing aeation of PV modules
construction. Moreover, some of them, for examgsistancesR;, Ry) and a diode
excellence coefficienta(, ny) [16, 17] change their values along with the iase of
a cell temperature and the values of falling radimtMore information regarding the
influence of absorber degradation on the value adefficient can be found in [18-21].

3) Considering tight restrictions regarding the pdssitange of corrections - their direct
use in comparing/analysinigV characteristics of the modules, operating in aewid
range of variability of conditions (i.e. high rangéTc andG values fluctuation) - is
practically impossible. However, already in 1997idg the 14' EPSEC in Barcelona,
G. Blaesser presented a new method of comparisasedbon the use of so called
reduced-V characteristics of PV modules, which should beoalnindependent from
meteorological conditions in the location whereytbperate [22].

Blaesser’s reduced-V characteristics of PV modules

The reduced current voltage\() characteristics of PV module is obtained from the
ordinary form ofl-V characteristics, by normalisation of currénio the value of short
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circuit current of a modulésc and voltaged to the value of open circuit voltadéyc of
a PV module. Therefore, it is a function of:

i=f(v),
i=1/1g, (8)
v=U/Ug..

The measured (source/origindly curve of a PV module is a set of pairs of values
(“points™) (I, U), from the short circuit pointlds 0) to the open circuit point (QJoc).
These points form a curve on the plahdJ), which function graph = F(U) - is referred to
asl-V characteristics. As the reduced characteristiestlus normalised values bfsc and
U/Uqc, all characteristics are automatically rescalethéorange from O to 1. This operation
allows to locate all characteristics in one grapitespective of the atmospheric conditions
present during measurement taking, and compare.them

Note: The basic limitation of the above mentionedcpdure [22] regards comparison
of the measured curves with characteristics extetpd to STC, only with maintaining the
minimum lighting level of module&ppa=> 600 W/n3.

Analysis of the method error in Blaesser’s reducettV characteristics

Theoretical analysis

The method of Blaesser's reduced current voltded) (characteristics is based on
translation of currentl (0) and voltage (@) coordinates of the actual measurement points,
using the simplified Blaesser’s procedures, i.e.akpressions: (3) and (4). Then:

1,(T,.G,) = 1, ,el)ag—z(wcan -) (9)

U,(T,.G,)=U,(T,,G,)+ AT, -T,) + N szln(Gz

Sn ) @

Du(T.G)
After simplifying and assuming th&t is a module current fofc = T, andGpoa = G,
similarly tol; and toU, andU; we obtain:

=1 Eg_z(l"'a [(Tz _Tl)) (11)

1

UZ:U1+DU_delz_ll):U1+DU+Rs[(ll_|2) (12)

Analysis of the current coordinate translation ftion (11):

By translatinglsq to the conditionsl, and G, according to (11) and dividing both
sides, we obtain:
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iz_ :|1D1 :Il =i,
lsee  lsa i(l+a'|:(-|_2—-rl)) lsa (13)
1
i, =i,
ll_zz% 1+a[ﬂT2_T1) :i_ (14)
1 1 1>>al{T,-T,) 1
|2=|lGG—2=|l B2 (15)
G, sa

Analysis of the voltage translation function (12):

Using the voltage translation function (12) andssitibting forU = Uoc;, we obtain:

Uoer, =Uoq + DU (16)
That means that the voltage translation value is:
DU =Uqc, ~Upg 17)

Introducing the definition of the reduced values/oltage translation and resistarike
of the formula:

DU

Dv= (18)
UOCl
I
r,= & 3-sC (19)
UOCl
the function of voltage coordinate translation ke form:
DU I, -1
1+ +RL1 -2
V, = U, _U1+DU+R5|IGI1_|2)_ Y, U, R U, (20)
= = =13 -1 &1
: UOCZ UOC1+ DU UOCl 1+ DU
el Uoe,
Dv
E=V, -V, (21)

where € - means a voltage translation error and definasdaracy of transformation at
voltage axis.
A voltage translation error functiorz’,
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DU
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E=V, -V, =V, 3 L L -y = Yy 4 BY +R,+—%-1-Dv|=
1+Dv 1+ Dv u, u,
U DU +Rs|1_|2—Dv: A ﬂ4_rSD]JOClD1 1- 1y _Dvl=
1+Dv | U, U, 14DV | v, leq U, l,
U=V, | i1=14/1 |2/|2'52/GI
D8 e e 1
L VYoo i
v, JDv r.0 G G
LU, UL VI W R Dv+r [, j1-—=2 |-v, [Dv
1+Dv | v, A G, 1+ Dv G,

1 G,
1+ Dv EEDV [(n.—vl)+rS 0, [El—aﬂ (22)
Summing up:

Comparing the expressions (13) and (20) we obtainstation functions opoints
coordinates of the Blaesser’s reduced charactesgf3):

{il =i,
(23)

V, =V, +€

Expression of the translation error function of 8¢aser’s reduced characteristics

Using the definition (8) and the function of traat8hn of points coordinates of
Blaesser’'s reduced characteristics (23) one caitendhat the translation changes the
reduced characteristics:

= f(v) (24)
into: i, = f(v,) = f(v, +&) = f(v) +% fv, ) (25)

Then, the absolute and relative error of the tmimsi method takes the form,
respectively:

N = f(v+e)- F(v) =2 fly) (26)
i iv
5[%] =1002" =1002 9 ()2 27)
i i, dv;

Practical estimate of the method error in Blaesses reduced I-V characteristics
Analysis with the use of one-diode substitute P¥eho

The form of a one-diode substitute PV module icdbed by the expression (28):
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o LU+RO)YN .| U+RH
I = Ipn IoEiexp nil, 1 R, (28)

where: U, =k%— free enthalpy (thermodynamic potential) of 26 nif silicon at

:|C

temperature 300 Kj - diode quality coefficient in a one-diode model; number of cells
in a PV module.

Due to the fact that in Blaesser's translation méththe parallel resistance of

a cell/module is not taken into consideration, ités assumed thdk,= o, the expression
(28) is simplified to the form (29):

I =11, E{exw—l} (29)

Then, the functioi-(U) for the conditiond’; andG; assumes the form:

I, =lgg 1, E{exw—l}, dividing sides bysq we obtain:
n

T

+
ip =1-—2R3 exp—VlUOCl R lsq -1 =1—|—°#exp

VilUoc +1 0V oy _1} -

lsa | 2||:IND:UT lsa NN W, (30)
1—='1'sca
U1_:V1Uoc:}
r<Rdsa/Voct
=1—|—0 ex Yoa (v1+rsi1) -1
lsa nIN W,
Considering that:
Uoe =NIN U, Elln(1+ls—°1] |
0 /b=nNM, Eﬂn[ﬁJ (31)
1<< IS_Cl , |0
0
_Yoa
ooyl lsal o o oo (32)
nNU; Iy l oot
then, Blaesser’s reduced characteristics functisumes the form:
Yoct (y4rgy)  -Yoc
i, = f(y)=1-e™" +e MU (33)

and in the case of a reduced characteristics vatistation to the conditions andG,:

Yoct (, +e4rgy-1) _Yocr

i, = f(v,)= f(y, +&)=1-e™"r +e MU (34)
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In this case, using (26) and (33) and (34), absokitror of Blaesser’s reduced
characteristics translation assumes the form:

Yoc1 : Uoc1 ;
i (vr+rdis-1) —OCL(yy +g+rgiy 1)
Ai = f(v,+&)— f(v)=e™r nhUr (35)
D i
m(Vl""sil‘l) -Yoar
ni=9 )z =9 1-em +e ™ (g (36)
dy, ! dy,

Relative error is determined in line with (27), hay determined (35) or (36) before.
Whereasa simplified form of absolute error of translatiaf reduced characteristics, for
the case whengR 0 (i.e.rs= 0), is presented by the relation (37):

Yoar (, 4 Yoa (g +e-1)

Ai = e™Ur * — U (37)
1.2 1 T T T 0.6 7 60
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_ | ‘ ‘ RO
] F-—1(Go,7 467 Winf; R=00; R = n=15;N=36) N ] ]
o4 \M’ - H04  d40
fa— E ; ‘1 ; 4 R
=3 U .

» 1 : : : : * T — =
Zo6d4 b 403 = {308
T y : : .1 S o
] | | [forv=090; 5<186off /A 1 ] ]

QLA — L\l 02 20
—— Ai=f '(v,)xe j ‘forv:0.85; o< 9.0%‘1 / | 1
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Fig. 1. The graph of normalisdeV characteristics, according to Blaesser's methad, the function
sequence of absolute and relative errors, detethaceording to (35) and (36) for the case of
translation from 467 to 978 Whiighting level

In Figure 1 the following curves are presented: vedrmalised-V characteristics of
a module built of 36 ideal cells connected in serigith zero resistandg, = 0Q, without
parallel resistance (i.&Rs, = « Q and for the assumed diode excellence coefficient in
one-diode substitute model= 1.5; blue - value of absolute error, determiraxtording to
(36) - curve with asterisk and according to (3®lashed curve; green - value of absolute
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error, determined according to (27) for the presigwetermined relative errors, according
to (36) and (35). The analysis of Figure 1 brirgsfollowing observations:

a)

b)

c)

d)

The ideall-V characteristics of the module as well as its néis®ed characteristics has
almost zero inclination in the range of voltages 0.6 Rs,= ) and a very sharply
falling side (large inclination) of characteristiésr voltages close tovr 0O 1. In
consequence, we see almost zero value of translatiors in voltages range< 0.6
and a very fast increase of errors values afteeedhiong so calletl-V characteristics
elbow” and getting closer to the valudo 1. That is, after exceeding> 0.9 (the effect
of a very high value of derivative in this arealod curve).

The results obtained from the relation (36) and) (8& basically comparable. The
obtained differences result from the fact that dleeivative from the relation (36) in
direct vicinity v—1 heads teo for R;= 0Q and distorts the actual error value, which
does not take place in the case of actual modiesyhen theiRs> 0.

Despite using a considerable simplification of adole model, the obtained relative
error resultd of translation forAGpoa= 311 W/nf amounting tad (v = 0.85) = 9%, is
comparable to the actual results when using cheriatits correction procedures with
the use of translation from methods from (1) to, (Bhich is within the range
Asc8% [3].

In the analyseshe reduced voltage valuer = 0.85, as the reference voltage was
assumed- because in the actual cells/modules, the valu&.85)Uoc O U, - is the
engineer’s method for fast estimation of the maximpower point voltage value, from
the valueUoc[23].

Summing up:

1.

The expressions from (33) to (36) have entangleasi$o The only method for plotting
and solving them is the use of numerical solutioms specialist software,
e.g.Mathematicaor similar.

The described method of determining the errorpthiced by the idea of Blaesser’s

reduced characteristics translation method, hasetk spots:

a) it does not take into consideration the occurresfcenodules parallel resistance
(Rsn), which influences the changes of characteristiahe range of low lighting
levels,

b) the identified errore - translation in voltage axis, does not differatdi between
the error originating from the increase of cellmperaturelc in the module and
the error from the increase of lighting lev@l(see Fig. 10). These factors have
contradictory influence on the increases of outfltages in modules.

c) The used parameters of modules, suchm,aB,, do not have fixed values but
change, along with the increaseTgfof cells in a module and with the change of
its lighting level, which causes additional errorbey also change along with the
process of a module construction ageing/degradation

d) Determining I-V characteristics of modules fdifferent values of radiation
intensity Goa in open space conditiongeads in practice to taking measurements
of I-V characteristics of modules for various spectratriiutions of solar
radiation. The following values are different: Aitass AM), Average Values of
Photon EnergyAPE) and the contents of the useful fractidsF] of the solar
spectrum.
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e) Comparing Blaesser’'s reduced characteristics féferént values of radiation
intensity G, without taking into consideration the changesumbient temperature
(Tamp involves the comparison of the obtained, nornealisPV modules
characteristics operating at different levels ojuatinent of spectral sensitivity
characteristics to the spectral distribution ofsb&ar radiation.

3. The analysis of the remark from point 2 suggests tthis actually very difficult to
filter out the external factors, influencing errarstranslation of Blaesser’s reduced
characteristics, in order to determine the errothefmethod when applying the above
mentioned function.

Analysis with the use of a PV cell simulator

A program simulator of a silicon PV cell made fabbratory-didactic classes was used
for further analysis. The input data were generaacheric tables of AM1.5G spectrum,
according to the procedures included in the SMARZ4)] application - relevant to the
spectrum reference distribution from the norm IEB®®4-3. The module consisting of 32
(N = 32) silicon cells connected in series, in whichsiagle |-V characteristics was
generated by the above mentioned simulator. Theishhracteristics is generated by linear
scaling (x32) of voltage values from a single P\Vdule cell characteristics.

Results [x]
Selection of tw Groph
™ Solor Spectium 11A]

- Exprimentel Absorpiion Cosfosnt
of Matens! (5)

 Expacmental Reflactance of Matenal
 Photon Fls Density
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09
0.5
08
 Phototurrent Denaty
s
Fl e i
) e Soac e ogen 0.8
] ot Dty 08
" Extarmnl Quantum Efficancy 0.5
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" Dark Cutrent Charocirstic a8
= ‘Currant- Vohage Characteratic 04
* Power charciensic o
Sesar Cul Maxsed Parameten 03
i Tl | Seler Ol 2 028
I ety (B | :
Inkemd el o
A | — 015
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T I | |
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Fig. 2. The result window of the PV silicon cellesption simulator called “Silicon Solar Cells”

The simulator was prepared according to the praesddescribe in [25, 26]. Table 1
presents the cell material parameters taken frdt) f2quired for the simulator operation.
The simulation was carried out for two leakage stasice value®y, = 276 Q, and
100,000Q - further marked in figure aRs, = o Q, i.e. without leakage resistance. The
assumed value of the module serial resistaRce 0.37 Q. The application contains
numerical procedures for plotting and solving iroplifunctions, which ideally suited
solving the current task.
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Silicon Solar Cells !iu
Solar Cell 1 [ SolarCel2| :
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Solar Spectrum
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— — S——— Authors:
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Tadeusz Rodziewicz Hodziewez{Bwp pl
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Run  Software witten by:
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Fig. 3. A tab of input data registry window andtisgt a cell material and construction parametdest-
figure; program information - right figure

Table 1
Si Solar Cell Model Parameters [25]
Factor/ parameter Value
Temperature of the Cells 49°C
Relative Permittivity 11.7
Break of Material Coefficient 3.44
Donor Density 1e+020 cth
Acceptor Density 1e+015 cm
Depth of Building in the Joint 0.35 um
Cell Thickness 300 um
Hole Diffusion Coefficient 1.5 cA(Vs)
Electron Diffusion Coefficient 35 cf{Vs)
Holes Lifetime 1us
Electron Lifetimes 350 us
Effective Su_rf_ace Recombination| 100,000 cm/s
Velocities of Holes
Effective S_qrface Recombination 100 cm/s
Velocities of Electrons
Series Resistance 0.37Qcn?
Shunt Resistance 100,000 / 27&cn?

Table 2 includes parameters of atmospheric datainemt) to generate the input
reference spectrum. Next, the spectrum numeridale tavas rescaled linearly to five
spectrum distributions with total powers: 1000, ;7800, 300 and 200 W/mThus obtained
files of input spectra with various powers had tited spectral distribution with the same
APE and content of eaddF fraction. The data was presented in Figure 4. Sfeetra were
generated in bandwidth 0.28-2.8 pm and scaled tairolthe above mentioned power, in
order to adjust to actual operating conditionshwtfte use of a typical pyranometer CM21
made by K&Z. When determining energetic parametéss integration area was restricted
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to B
spectroradiometer used in measurements.

0.3-1.7 um, in order to adjust to measurementditions of the actual

Table 2

Atmospheric parameter values used in detailed sition [27]

Air Mass

15

Turbidity - B

0.084 at 500 nmp(= 0.0316)

Precipitable Water (w)

1.4164 atm-cm

Atmosphere Ozone ContenpU

0.3438 atm-cm

Reference Atmosphere

Mid Latitude Summer

Aerosol Model S&F Rural
use defaults from selected
NO;
atmosphere
Surface Pressure 1013.25 mb
Latitude 52
Altitude 0 km
Extraterrestrial Spectrum Gueymard 2002 (synetic
Tilted POA 37

Spectral Results

Global Tilted Irradiance
B = 280-2800 nm

1800
i Solar radiation = Reference spectral IEC 60904-3:
1600—- - AM 1.5G; .
] - atmospheric water content: 1.4164 atm+cm;
1400 4 - atmosphere ozone content: 0.3438 atmicm;
] - turbidity: 0.084 at 500 nmB=0,0316);
- i - solar spectrum: global (direct + diffuse);
g_ 1200 r - tilted POA =37.
P ] D‘ S T T AT oM T
- Gpoa c-Si) UF(mc-Si) CIS; a-Si_S. a-Si
E 1000_ o | ?;/I]E ‘ URc-S) | UF( ) UF[(‘]I) UF(: J) UF( TJ)|
; E 1000 1.60 0.558 0.636 0.729 0.384 0.668
= - 200 1.60 0.558 0.636 0.729 0.384 0.668|
= _
= 800 J.N —— Gpo,=1000 Wi
a 1 ——— Gpos=700 Wint
600 Gpos=500 Winf
] ——— Gpo,s=300 W/nf
400 Gpos=200 Wint
T A N SR W' i WV ——— W
025 050 075 100 125 150 175 200 225 250
Afpm]

Fig. 4. Distributions of spectra of the radiatioghting the tested PV module used in the analydiss

their energy characteristics
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a b
) 1.2 - ) 1.2 -
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R=0.37%); R=o0; T= 49° R=0.37; R=276Q; T= 49°
04— 1.04
—, 0.8 - 0.8+
o Solar radiation = Reference spectral IEC 60904-3: - Solar radiation = Reference spectral IEC 60904-3:
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Fig. 5. Graphs of the normalised Blaesséné characteristics: a) for an idealised module,iigh no
leakage resistanc®¢,> 100 K2), b) for an actual, monocrystalline silicon moduligh leakage
resistanc&s,= 276Q. The temperature of modules in cells Was 49°C

In Figure 5 the value of Blaesser's normalised ati@ristics are presented, for
an idealised module without leakage resistancegurEi 5a, and an actual module with
leakage resistancB, = 276 Q (Fig. 5b). Both modules had the same cells tentpera
Tc = 49°C and serial resistand® = 0.37 Q. Despite the fact that spectral (energy)
parameters of the falling solar radiation spectmene identical, with the only difference of
lighting intensity, in both cases the normalisedrelsteristics differ considerably.

In the case ofn idealised modulavithout leakage resistand®, = « (Fig. 5a), the
curves almost cover each other in the full rangkgbting value changes. They differ only
at the bend, so called “elbow”, which is the effeta non-linear component occurrence In
(Go/Gy) in (10). In the area of low values of the redusettages V' i.e. for v < 0.6, the
curves have the same, zero inclination. In the afe@duced voltageg—1, i.e. close to
v 01, all curves go down with the same inclinationado 1R
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Fig. 6. The influence of the module leakage resistaRs,) on the speed of decreasing of the normalised
I-V characteristics and the translation errdr for the translation in the range from
200 to 1000 W/rh
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In the case ofin actual modulewith leakage resistande, = 276 Q (Fig. 5b), the
curves are at a considerable distance. The ladigsince occurs during the largest load of
the module, i.e. in the area of low values of redueoltagesV” and low values of falling
radiation, i.e. for low values of photocurrents gerted in the modules. In the area of
reduced voltageg—1, i.e. close tow 0 1, as in figure a), all curves go down with thenea
inclination equal to Rs. The occurring differences, caused by the influeotdéeakage
resistanceRy, in the module, become even more visible in thesueed characteristics,
along with decreasing their lighting valuBgoa below 500 W/rh
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Fig. 7. The influence of the module leakage resistaRs,) on the speed of decreasing of the normalised
I-V characteristics and the translation errdr for the translation in the range from
300 to 1000 W/rh
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Fig. 8. The influence of the module leakage resistaRs,) on the speed of decreasing of the normalised
I-V characteristics and the translation errdr for the translation in the range from
500 to 1000 W/rh

The following graphs from Figures 6 to 9 presen¢ ttesults of characteristics
translations and the flow of the function of errdos the above mentioned operations,
obtained for the normalised characteristics fromuFés 5a and b. ThieV curves from
Figure 5a refer to an idealised module without éegkresistance (i.&,= ), the curves
from Figure 5b for an actual module wiRy, = 276 Q. Thel-V curve in red and black
markedi; (Gpoa= 200 W/nf; Tc = 49°C) and, (Gpoa = 1000 W/Mi; T = 49°C) illustrate
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the reduced-V characteristics of the modules, obtained in opmratondition defined in
the graphs. The dashed blue curve - makied f'(vy)x¢ - illustrates the flow of absolute
error for translation of;, curve, from the conditionsGeoa = 200 W/nf; T = 49°C) to
(Gpoa = 1000 W/M; Tc = 49°C), determined according to (26). The blueveuwith

a circle, marked as: Subtracted by=l/lsq" on "i, = l/lsc" - the actual, total translation
error of the reduced Blaesser’s characteristiceyming during translation from®peos to
Gpos, at the same cells temperature in the modiide- (const), determined according to
(38). The dashed green curve - marked in the gesph= 100xf'(v,)xeli, - the absolute
error flow for the same translation, determinedoading to (27). Whereas the green curve
with an asterisk - marked in the graphsdas 100x{, — i1)/i; - the absolute error flow of
translation, determined according to (39). The ksapn the left in Figures 6-9, marked a
present the obtained translation data for an igedlimodule (i.e. foRs,= «), those on the
right - for an actual module with typical resistaras in the modules with c-Ri= 276Q.
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Fig. 9. The influence of the module leakage resistaRs,) on the speed of decreasing of the normalised
I-V characteristics and the translation errdr for the translation in the range from
700 to 1000 W/rh

Table 3
Values of absolute errors bV curves translation, depending on the range amdilegion method
Groa R:=0.37Q; R = o0 R:=0.37Q; Rh= 276Q
a=100xf'(v)xe/iy 3= 100x%{—i2/i1) d=100xf"(v)x&liy 3= 100x%{—li1)
[W/m?] according to (27) according to (39) according to (27) according to (39)
[%] [0] [%0] [%]
200 5.5 8.3 2.6 31.6
300 5.3 5.3 4.1 18.0
500 4.4 2.4 3.9 7.7
700 2.8 0.9 2.9 2.6

An analysis of the obtained results included inuFég 6-9 and Table 3 leads to the
following conclusions:

1. All results regarding translation errors of the malisedl-V characteristics to STC
conditions, irrespective of the accepted methodhiwithe valuesGpos> 500 Wi/nt
have the values lower than 8%, which is comparalitle the results of validation of
cells calibration procedures for the methods frota 3, according to [3].
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2. In the range of valueSpos = 700 W/nf, for the actual modules having leakage
resistancdRy,= 276 Q, there is equalisation of translation error, cltad according to
Blaesser's method, i.e. (26) and (27), with theualctesults determined according to
(38) and (39).

3. The significance of translation error and its flow the function V", calculated
according to (26) and (27) and the level of distortversus the actual value,
determined according to (38) and (39rictly depends on the shape of I-V
characteristics, therefore on the value presentthre resistance module R For the
modules with low leakage (i.e. large valuefRgf Figs. 6-9a) - the obtained values are
similar within the range of low voltages, i.e. up so-called elbow ofl-V
characteristics, occurring for < (0.7-0.8). Additionally, during translation to 8T
from the rangeGpoa= 500 Wi/nt - the value of the calculated translation error of
normalised |-V curves according to the formula (2aMd the measured actual,
according to (39) is within the range of 1%, whicily conforms with [6].However,
in the case of higher leakage in a module (i.eldarvaluesRy, Figs. 6-9b) - the rule
for the low voltagesV’ rangedoes not apply

4. If during translation of normalisedV curves of modules from the area of |&woa
values to STC conditions - the occurrence of adeetage resistand®, is not taken
into consideration, it results in a major distomtiof the flow calculated according to
Blaesser's method (26) and (27), i.e. a translagioar, in lower ranges of normalised
voltages (V), in particular. The situation is much improven the case of testing
idealised modules, i.e. with no leakage resistaRsg= ), however, this does not
reflect the real conditions.

Simplified method for determining actual translation errors:

Using the definition of the Blaesser's reduced ahteristics (8), where the
expressionsi, = f(v;) and i, = f(v,) present the reducedV characteristics for the
conditions, respectivelyQ;,Te1) and Ga, Teo), then using to (26) and (27), the absolute and
relative translation error of the I-V curve of theodule, from the conditions3(,T¢,) to
(G2 Tep) can be presented in the form, respectively:

A= (v +e)-f(v)= f(v)- f(v) (38)
&%) =100z =100 (V2) = T(W) (39)
Iy f(v)

The expression (37) in the form of a differen¢év,)- f(v,), means the numerical

result of the difference of two processes, for epd@nwith the use of typical software for
measurement data processing (e.g. OriginPro). @beltrof the subtraction was presented
in Figures 6-10, marked as: Subtracted by 'l/ls¢" on "i> = l/lsx".

Whereas the expression (39) means that it is negess divide the difference of two
processes by the stabilised first olteshould be remembered that numerical operations i
these processes can be carried out only in theitiond of unification of the “v” voltage
variable, for both processes.
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The above presented Blaesser’'s method of detemiranslation errors according to
(38) and (39) is a very simple operation in ordeiobtain reliable results, without the need
to carry out very complex mathematical operations!!

The obtained results are comparable to earlierepted methods, but there are no
limitations. In Figure 10 the obtained results dnslation error of the normalisdeV
curves of an actual polycrystalline mc-Si module jaresented, for the translation from the
measurement condition§ (= 467 W/nf andTc = 47°C) to the conditions¥ = 978 Wi/nt
and T¢ = 62°C) and G = 817 W/nf and Tc = 62°C), i.e. from the area of measurement
conditions ofl-V characteristics more than 450 W/rithe graphs were plotted using the
expressions (26) and (27) and the simplified methed the expressions (38) and (39). It
should be noted that many obtained results arelasimt should be remembered that
a guaranteed quality of translation of the Blaésseormalised curves to STC conditions
can be maintained only measurementsGgs,> 600 W/n? [6]). The only difference is the
lack of differentiation by the translation erronialtage axis £) - the error originating from
the increase of cells temperatufg in the module from the error from the increase of
lighting level G (see Fig. 10). These factors have contradictotyénice on the increases of
output voltages in modules.
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Fig. 10. Graph of absolute and relative errors b¥acurve translation to the conditions € 978 Wint
and Tc = 62°C) from the are& > 450 W/nf for an actual, polycrystalline PV module, carried
out for translation for the value: a) 511 W/emd b) 161 W/rh The graphs were plotted using
the expressions (26) and (27) and the simplifiethod i.e. the expressions (38) and (39)

In further analyses, the presented new method b@s€88) and (39) shall the main
method in practical application for determining miglation errors, as he most reliable and
not limited by any restrictions.

Research results

The assessment of the technical condition of thikwg PV modules and the level of
degradation of their construction was carried osihg the characteristics of tHev of
tested modules that were recorded for two extrerdiéfgrent days occurring in areas with
higher latitudes. The first one, characterized dy insolation and average temperatures,
which is referred to in IEC 61853-4 ED1 (IEC 618BRAFT 82/254) [28] as the so-called
‘typical warm and very cloudy dayMT’ (Low Irradiance, Medium Temperatyreand the
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second one - hot summer day with high insolatimalled HIHT (High Irradiance, High

Temperature
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Fig. 11. Graphs of the normalised BlaesskNscharacteristics for a monocrystalline module (c-8) at
the beginning of exploitation, i.e. from 2001, d)cafter 16 years of use, i.e. from 2016
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Fig. 12. Graphs of absolute and relatlvé translation errors for an actual, monocrystalljo€si) PV
module, for the translation value: a) 182 \&¥/iv) 266 W/n; c) 610 W/nd and d) 121 W/
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Figure 11 presents graphs of the normalised BlaesdeV characteristics for
a monocrystalline module (c-Si): a) at the begigrif exploitation, i.e. from 2001, and b)
after 16 years of use in extreme operation conuftia.e. from 2016. The distributions
obtained in Figure 11la and the flow of translatair-V curves function from the initial
exploitation period (i.e. from 2001 - Fig. 12), éiom good quality of the construction of
the monocrystalline module used in the tests. Hewel6 years of exploitation in extreme
conditions caused considerable degradation of m#teand construction of the tested PV
module, noticed in the changes of distribution ¢ todule normalisetlV curves (see
Fig. 11b). The presence of a very large increaseeofl resistanc®; can be noticed,
already after exceeding the solar radiation vah@vaGpoa> (150-300) W/ and in the
range of higher temperatures of cells operafignin the PV module. This is caused by
construction and material degradation, includiray, &xample, cracks in a module cell or
cells, structural damage of a cell surface layeruiding various hairline cracks, etc.
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Fig. 13. Graphs of the normalised Blaesséné characteristics for a polycrystalline module (mg-S
a) at the beginning of exploitation, i.e. from 20@md b) after 16 years of use, i.e. from 2016

Figure 13 presents graphs of the normalised Blaesdev characteristics for
a polycrystalline module (mc-Si): a) at the begnbf exploitation, i.e. from 2001, and
b) after 16 years of use. The distributions obtaiimeFigure 13a and the flow of translation
of |-V curves function from the initial exploitation pedi (i.e. from 2001 - Figure 14&V
red curve), versus thé-V black curve from 2016, confirm good quality of the
polycrystalline module absorber.

The effects of a PV module 16 years of use: ineezsthe mc-Si module leakage
(i.e. decrease ORy, resistance), and the occurrence of a strong etival between the
increase of lighting intensity lev€8po,, Cells operation temperatufe and a decreasirigy,
(increase of the module leakage - Fig. 13b). Moeeoin Figures 13b and 14b,c one can
notice the appearance of a characteristic discoityirin the characteristics of lowi™
current values, so-called discontinuity in the wigi of a moduleUqc voltage with low
lighting conditions, occurring during periods ofjhilevel of insolation and temperatures.
The phenomenon described in [1] frequently occgrimamorphous modules, is an effect
of the slow degradation of a cell crystalline stase.
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Fig. 14. Graphs of absolute and relativé translation errors for an actual, polycrystallimec-Si) PV
module, for the translation value: a) 801 \&¥iv) 779 W/n; c) 604 W/nd and d) 329 W/
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Fig. 15. Graphs of the normalised BlaesséNscharacteristics for a single-joint module of anfmps
silicon (a-Si_SJ): a) at the beginning of explaat(after initial ageing period), i.e. from 2002,
and b) after 15 years of use, i.e. from 2016

In a single-joint PV module of amorphous silicomedo highRs resistance and low
Ry, the translation error dfV curves to STC conditions, even during an initietipd of
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exploitation, i.e. after the initial ageing perioglas very high, amounting t@= 36% for
the changeSpoa= 178 51019 W/nf, & = 31%, forGpoa= 214 — 1019 W/ni, 5= 28%,
for Gpoa = 5991019 W/nf, d = 20%, forGpoa= 917 —1019 W/ni. It presented high
dependence of the increase Rf on the increase 06Gpo, and temperaturelc, with
simultaneously increasirg,
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Fig. 16. Graphs of absolute and relativé translation errors for an actual, single-joint R\dule of
amorphous silicon (a-Si_SJ), for the translatiolueaa) 841 W/rfy b) 805 W/n%; ¢) 420 W/n
and d) 102 W/rh

The effects of a 16-year exploitation of a PV medullecrease of a module FF
coefficient, increase oR,, and decrease dRy, resistance. Moreover, a characteristic
discontinuity appeared in the characteristics ofv 16i” current values, so-called
discontinuity in the vicinity of a moduléJoc voltage with low lighting conditions
(Fig. 15b), occurring during periods of high leva insolation and temperatures; the
phenomenon has been described in [1].

In the case of a triple-joint module made of amorghsilicon (Figs. 17 and 18), no
degradation traces were identified during 14 yesrexploitation in the same extreme
conditions. Similarly to the module a-Si_TJ, thesGhodule (see Figs. 19 and 20) had no
visible traces of degradation after 14 years ofatqtion, except for a slight increase Rf
resistance and the appearance of the influenceadiation increaseGpon and cells
temperature on the increaseRaf
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Fig. 17. Graphs of the normalised BlaesséNs characteristics for a triple-joint module of anfoops
silicon (a-Si_TJ): a) at the beginning of expladat(after initial ageing period), i.e. from 2002,
and b) after 14 years of use, i.e. from 2016
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Fig. 18. Graphs of absolute and relatlwé translation errors for an actual, triple-joint Pvodule of
amorphous silicon (a-Si_TJ), for the translatiolugaa) 957 W/rfy b) 742 W/n%; ¢) 511 W/n
and d) 121 W/rh
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Fig. 19. Graphs of the normalised BlaesseNscharacteristics for a CIS module: a) at the begmiof
exploitation, i.e. from 2001, and b) after 16 yeafrase, i.e. from 2016
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Fig. 20. Graphs of absolute and relativé translation errors for an actual, CIS PV modut®, the
translation value: a) 950 Wfrb) 544 W/n3; ¢) 513 W/n and d) 102 W/rh

Conclusions

The following conclusions and observations can tewvd from the analysis of the

above mentioned analysis method:
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The presented method of using the redue€dccharacteristics, according to Blaesser’s
method, in which after normalisation Idfsc andU/Uq¢ values, the characteristics are
automatically rescaled to the range from 0 to i each axis, offers the opportunity to
place all characteristics in a single graph, irrespive of atmospheric conditions
during measurements taking.

Placing all characteristics in a single graph,sipective of atmospheric conditions
during measurements taking, provides perfect oppiits of making analyses of the
influence of such factors a&Spos Or Tc of a module cells on the values of serial
resistancd; or leakageRy, obviously after a prior filtration dfV curves, according to
the second parameter. This process enables anabfsewchanical and material
degradation level of the PV modules.

In diagnosing the level of degradation of modulestarial structure, using only the
reducedl-V characteristics of the modules, without transtafimo STC conditions -
the presented method is not limited in uslAg characteristics measured above the
minimum level 0fGpoa = 600 W/nf.

Making regular records dfV characteristics of the modules operating in opmEts
and placing them in a single graph, together with ¢haracteristics recorded directly
after the module start up, provides the basic riatfar analysing the speed and level
of degradation of operating modules and assesB&igtechnical condition.
Implementing the function for regular (e.g. annuaBording ofl-V characteristics of
operating PV modules would enable a fast and simgthod for performing the basic
analysis of their technical conditions on locatidimeir dismantling and transport to
a research laboratory would not be necessary.

The authors hope that the above publication shalhtigbute to popularizing the

research method as a cheap and effective methastohating usability of modules to
operate outdoorsThis will allow to intensify research on optimigat of newly created

cells and modules to the conditions reflecting alctalimatic conditions in specified
geographical regions.
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