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Abstract

In this document BDM presents the details of a computer program to unfold current versus voltage (IV) data from
a photovoltaic cell or module. IV data from both forward and reverse bias is used to calculate parameters such as
series resistance, saturation current, shunt resistance, and junction emission constant. Standard deviations of
calculated parameters are listed, and a plot of a calculated IV curve overlaying the empirical input data is
produced.
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 FOREWORD

This report, BDM/A-81-549-TR, was prepared by The BDM Corporation,
1801 Randolph Road S.E., Albuquerque, New Mexico 87106, for Sandia
Labaratories, Albhquerque, New Mexico under contract number 62-0214.

The Sandia technical project manager was C. B. Rogers. The BOM
program manager was T. J. Lambarski, who also performed the PV cell
modeling, Computer programmihg -and implementation were accomplished by
A. F. Malmberg, W. M. Resnik, R. W. Wolf, and R. Rodriguez. Computer
runs were made by D. B. Adamson. This document was written by T. J.
Lambarski. '

ii



THE BDM CORPORATION

Chapter

I1

III

Iv

TABLE OF CONTENTS

INTRODUCTION

A.  BACKGROUND--PROBLEMS IN DATA REDUCTION
B. CODE DEVELOPMENT SUMMARY

PROGRAM FORMULATION

A PV CELL MODEL AND EQUATIONS

B.  PROGRAM CAPABILITIES AND LIMITATICNS
C. DATA REDUCTION INPUT FORMAT

D CAUTIONS

DATA REDUCTION USING PV-TAP

A.  USER INTERFACE INSTRUCTIONS
B. PV-TAP DATA REDUCTION EXAMPLES

DATA REDUCTION USING PVDR

A.  USER INTERFACE INSTRUCTIONS
B. PVDR EXAMPLES

EXAMPLES OF DATA REDUCTION
A.  FLAT PLATE CELL AND MODULES

1. Cell Data
2. Modules

B.  CONCENTRATOR CELLS AND MODULES

1. Cell Data
2. Modules

it



THE BDM CORPORATION

LIST OF ILLUSTRATIONS

Figure Page
II-1 PV Cell Mode! ‘ - II-1
II-2 Typical Illuminated Forward I-V Characteristics o II-4
II-3 ~ Typical Dark Reverse I-V Characteristics II-5
II-4 Typical Dark Forward I-V Characteristics II-6
II-5 Reverse I-V Curve with Reversing Slope II-16
II-6 Reverse I-V Curve with Step Increase 11-17
1I-7 Dark Forward with No Series Resistance Effect 11-18
II-8 ITluminated I-V Curve with Decreasing Current

at Short Circuit 1I-20
II-9 IN1Tuminated I-V Curve for Moduie with Possible Bypass

Diode Effect II-21
ITI IT1Tuminated Forward Cell I-V Curves : III-3
I11-2 Dark Reverse Cell I-V Curve . II1-4

ITI-3 PV-TAP Plot for ITluminated Forward Cel1l Data Reduction I1I-9

11I~-4 PV-TAP Plot for Dark Reverse Cell Data Reduction III-1
ITI-5 Dark Forward Cell I-V Curve I11-12
III-6 PV-TAP Plot for Dark Forward Cell Data Reduction III-16
I11-7 PV-TAP Plot for ITluminated Forward I-V Curves from

Dark Forward Data Reduction II1-17
IV-1 PVDR Plot for Dark Reverse Cell Data Reduction Iv-6
Iv-2 PVDR Ptot for Illuminated Forward Cell Data Reduction Iv-8
Iv-3 PVOR Plot for Dark Forward Cell Data Reduction Iv=-10
V-1 ITluminated Forward Cell I-V Curves V=2
V-2 PV-TAP Plot for ITluminated Forward Cell Data

Reduction V-4

iv



e

THE BDM CORPORATION

Figure
V-3

V-10
vV-11
V-12
V-13
vV-14

V-15
V-16

LIST OF ILLUSTRATIONS (Continued)

Dark Reverse Cell I-V Curve

PV-TAP Plot for Dark Reverse Cell Data Reduction
Dark Forward Cell I-V Curve

PV-TAP Plot for Dark Forward Cell Data Reduction
I1luminated Forward Module I-V Curve

PV-TAP Plot for Illuminated Forward Module Data
Reduction

Dark Reverse Module I-V Curve

PV-TAP Plot for Dark Reverse Module Data Reduction
Dark Forward Module I-V Curve

PV-TAP Plot for Dark Forward Module Data Reduction
Concentrator Cell I-V Curves

PV-TAP Plot for Illuminated Forward Concentrator
Cell Data Reduction

Concentrator Modules I-V and P~V Curves

PV-TAP Plot for Illuminated Forward Concentrator
Module Data Reduction

Concentrator Module Curves - No. 112

Concentrator Module Lurves - No. 155

Concentrator Module Curves No. 167

Concentrator Module Curves - No. 295

V-16
V=17
V=22

V-23
V-25
v-27
V-29
V=30
V-33

V-34
V-36

V-37
V-41
V-42
V-43
V-44



THE BDM CORPORATION

Table

II-1
I1-2
II-3
I1-4
I1I-1
I1I-2

III-3

I11-4
TI1-5
111-6
I11-7

Iv-1
Iv-2

Iv-3
Iv-4

Iv-5
1v-6

LIST OF TABLES

Page
PARAMETERS OBTAINED FROM I-V CURVES I11-7
DATA REDUCTION CAPABILITIES II-8
GENERIC DATA REDUCTION FORMAT II-11
DATA REDUCTION INPUT FORMAT EXAMPLE I1-14
PV CELL DATA REDUCTION IN PV-TAP III-2
INPUT LISTING FOR ILLUMINATED FORWARD AND DARK REVERSE
DATA REDUCTION ON PV-TAP WITH RUN TO PRODUCE PLOTS II1I-6
COMPARISON GENERATED BY PV-TAP ILLUMINATED FORWARD AND
DARK REVERSE DATA REDUCTION I11i-7
LISTING OF PARAMETERS BY PV-TAP FOLLOWING ILLUMINATED
FORWARD AND DARK_REVERSE DATA REDUCTION I11I-8

INPUT LISTING FOR DARK FORWARD DATA REDUCTION ON
PV-TAP WITH RUN TO PRODUCE DARK AND ILLUMINATED PLOTS ITI-13

COMPARISON GENERATED BY PV-TAP DARK FORWARD DATA

REDUCTION 111-14
LISTING OF PARAMETERS BY PV-TAP FOLLOWING DARK FORWARD

DATA REDUCTION I11-15
PV CELL DATA REDUCTION IN PVDR V-2
INPUT LISTING FOR ILLUMINATED FORWARD AND DARK

REVERSE DATA REDUCTION ON PVDR Iv-4
COMPARISON GENERATED™ BY PVDR ILLUMINATED FORWARD

AND DARK REVERSE -DATA REDUCTION - Iv-5
LISTING OF PARAMETERS BY PVOR FOLLOWING ILLUMINATED

FORWARD AND DARK REVERSE DATA REDUCTION V-6
INPUT LISTING FOR DARK FORWARD DATA REDUCTION ON PVOR V-9

COMPARISON GENERATED BY PVDR DARK FORWARD DATA

REDUCTION Iv-9

vi

.



THE BDM CORPORATION

Table

v-7

V-1

V-2

V-3

V-4

V-8

LIST OF TABLES (Concluded)

LISTING OF PARAMETERS BY PVDR FOLLOWING DARK FORWARD
DATA REDUCTION '

SUMMARY OF ILLUMINATED FORWARD DATA REQUCTION FOR
FLAT PLATE CELL

SUMMARY OF DARK REVERSE DATA REDUCTION FOR FLAT
PLATE CELLS

SUMMARY OF DARK FORWARD DATA REDUCTION FOR FLAT
PLATE CELLS

SUMMARY OF TLLUMINATED FORWARD DATA REDUCTION FOR
FLAT PLATE MODULES

SUMMARY OF DARK REVERSE DATA REDUCTION FOR FLAT
PLATE MODULES ‘

SUMMARY OF DARK FORWARD REDUCTION FOR FLAT PLATE
MODULES

SUMMARY OF CONCENTRATOR CELL ILLUMINATED FORWARD
DATA REDUCTION

SUMMARY QOF CONCENTRATOR MODULE ILLUMINATED FORWARD
DATA REDUCTIGON

vii

Page
IV-10

V=5

v-24
V-28
V-31
V-35

V-39



THE BDM CORPORATION

I.  INTRODUCTION

A.  BACKGROUND--PROBLEMS IN DATA REDUCTION

The BDM Corporation developed the Photovoltaic Transient Analysis
Program (PV-TAP), a major revision for PV applications of the NET-2
circuit and network analysis code in contract 07-6941 for Sandia Labora-
tories (reference 1 and 2). PV-TAP has proven to be useful for a wide
variety of PV cell and system applications analyses. The PV cell model
used in the program is based on an Ebers-Moll formulation commonly used
in circuit design and analysis codes and also in PV cell research.

Procedures for obtaining device parameters for use in the PV cell
model in PY-TAP have been discussed in the PV-TAP User's Guide and else-

- where (reference 2 and 3). The method for obtaining parameters from dark
forward-bias I-V curves is not particularly difficult because the I-V
curve can be divided into three regions which are dominated by different
model parameters. Dark I-V curves are not usually available from manu-
facturers, however, and often prove deceptive for several reasons: 1)
the separation of regions is not c¢learly observable for PV cells with Tow
ohmic losses, 2) the use of an external source to generate current flow
does not exactly duplicate photo-induced ionization because different
current distributions are produced in the cell, and 3) the PV cell often
operates at the transition between the generation-recombination and
diffusion current regions making it difficult to observe a single expo-
nential shape.

Since most analyses require good modeling of illuminated behavior,
illuminated forward I-V curves are normally used for data reduction.
These curves, however, do not lend themselves readily to a separation of
regions because the 1light-generated photocurrent often masks the shunt
resistance effect, and the series resistance affects all portions of the
curve. The analyst is often faced with the task of solving three ijtera-
tive equations for three unknowns. In addition, he may be required to
obtain parameters for a large number of cells to determine parameter

I-1
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statistical distributions. For these reasons, it was considered desir-
able to develop a computer methodology code to facilitate the data reduc-
tion process for illuminated as well as dark I-V curves.

B. CODE DEVELOPMENT SUMMARY

The technical activities focused on developing computer coding for
reducing dark reverse, dark forward and illuminated forward I-V curves.
I1Tuminated reverse data was not considered since it could be easily
reduced to dark data by subtracting the short circuit current from all
points on the curve. The data reduction code development was based on
the data reduction techniques utilized for zener diodes in PV-TAP, but
was tailored to the specific requirements of PV cells.

The data reduction coding was not only implemented as an addition to
the PV-TAP program but was also developed into a stand-alone code called
PVDR. This code is highly portable and has smaller core requirements
than PV-TAP.

Because reverse-biased capacitance data reduction has long been
available for diodes and transistors in NET-2 and the procedures did not
require modifications for use with PV cells, this capability was imple-
mented for PV cells in PV-TAP. Capacitive data reduction was not con-
sidered for PVDR, however, because the parameters can be easily obtained
with a hand calculator, and the PVDR code was intended to be as small as
possible to provide fast turnarcund and be easily impliemented on smaller
computers.

PV-TAP and PVDR are currently available on both the Sandia and Air
Force Weapons Lab (AFWL) computers.

This report contains a description of the PV cell model and equa-
tions, a discussion of the capabilities and 1imitations of the codes,
users' finterface instructions for both the PVDR code and for data reduc-
tion in PV-TAP, and examples of data reduction on cells and modules. For
those who possess the PV-TAP manual, the PV-TAP User Interface chapter
can also be xeroxed and stapled in for ready reference. '

I-2
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II. PROGRAM FORMULATION

v Y
A. PV CELL MODEL AND EQUATIONS

T (THERMAL CIRCUIT),
JUNCTION ANODE

g SRR
et
\ oy

Z e é‘) o d-) ¢, :Jf Rey é vp Vpy

KJ — K -

SUNI2) ' CATHODE

tp ® LIGHT-GENERATED PHOTOCURRENT
Ip = STANDARD DIODE JUNCTION CURRENT
C; = JUNCTION CAPACITANCE

R = SHUNT RESISTANCE

Rg = SERIES RESISTANCE

Figure II-1. PV Cell Model

The data reduction coding is designed to provide parameters which
describe the PV cell model shown in figure II-1. This is an Ebers-Moll
type model which has been used for many years in computer-aided circuit
analysis codes such as PV-TAP. The equation which describes the opera-

tion of the cell is

dVD
Ipy = Ip = Ip = Vp/Roy - Cygr
where
Yp = Vpy * IpyRs
IP = light-generated photocurrent
* ID = junction current
VD = junction voltage

IT-1
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H

RS series resistance

RSH = shunt resistance
CJ = junction capacitance
IpV = terminal current
VPV = terminal voltage.

The junction current can be further described by the equation

_ (q/MKT)(VPV + IPVRS)_ | A[VB - B(VPV + IPVRS)]
ID = IST e : 11 -ne

where

cell
by:

I.+ = saturation current at temperature T
ST

P -a/T
IST e

IS = temperature independent saturation current
P,a = saturation current temperature parameters

q = electron charge
K = Boltzman's constant
M = junction emission constant

A,B = reverse breakdown constants
VB = reverse breakdown voltage.
n = breakdown scale factor; normaltly = 1.0 mA

The junction capacitance describes the transient response of the PV
and is a combination of reverse-bias and forward-bias terms given

C;=Cp Cr
qVD/MKT
_ CO . qler e
v N MKT w
D
1 - =2
Yz
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depletion capacitance at zero bias
Vv, = contact potential

junction grading constant

diffusion capacitance constant

~ inverse of minority carrier lifetime

~ oz
H

1}

In normal operation, when the PV cell is illuminated by sunlight, a
photocurrent, IP, is produced across the junction as indicated in figure
II-1. This will produce a current in the external load with the positive
direction as indicated. If the anode is shorted to the cathode, essen-
tially all the current will flow through the external terminals and the
output voltage will be zero. This condition is represented by the short
circuit current, ISC’ in the typical 1 Sun I-V curve shown in figure II-
2. The basic shape of the curve is determined by the diode current, ID’
which is exponential. When a discrete load 1is placed across the
terminals, the voltage developed across this load biases the junction,
causing some of the photocurrent to be shunted through the junction. This
current, consisting mostly of ID' subtracts from the photocurrent, reduc-
ing the current available at the output.

At the other extreme is the open circuit voltage, VOC’ which is
obtained when the terminals are disconnected. VOC is determined by the
diode equation since essentially all of the photocurrent passes through
and forward biases the junction. VOC increases logarithmically with
insolation since it is determined by the photocurrent, IP’ being forced
through the junction, ID‘ Conversely, VOC decreases with temperature
since the saturation current, IST’ in the diode egquation increases with
temperature. This means that the junction is unable to sustain the same
voltage at higher temperatures.

The shape of the curve in figure II-2 1is also dependent on the
values of RSH and RS' These resistances cause the curve to deviate
further from a rectangular shape. Small values of RSH will shunt some of
the photocurrent, reducing the current available at the output at all
values of voltage. At open circuit, the current in the shunt resistor

I1-3
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CURRENT {mA)

CONDITIONS:
TEMPERATURE: 25°C
1800
lsc 1 SUN
1600 \\
1400 \\
1200 \\
1000 \
0.5 SUN \
800 “\
INEA
_ \w \
\
400 \\ \
200 ‘\ \\
0 \
0 100 200 300 400 500 / 600
VOLTAGE (mVy Voc
Figure I1I-2. Typical I1luminated Forward I-V Characteristics
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CURRENT (A}

will reduce the current available to the diode equation, reducing VGC‘
Large values of series resistance will reduce the output voltage at all
values of current.

The PV cell can also be operated in reverse bias as indicated by the
dark reverse curve shown in figure II-3. This curve is described by the
shunt resistance term in the linear region of the curve and by the second
term of the diode equation for the breakdown region. VB is the breakdown
voitage, A and B are curve fitting constants, and n is used in PV-TAP to
facilitate PV cell aggregation. n is also used to control the units and
is normally 1.0 mA. Under partial or full illumination, the curve would
simply be displaced upward by the degree of illumination times ISC'

CONDITIONS:
TEMPERATURE; 25°9C
INSOLATION: DARK
BA
6A
4 A
2A
0
¢ -5V —10v -15V -0V -26 V -30V

VOLTAGE (V}
Figure II-3. Typical Dark Reverse I-V Characteristics
The PV cell can also be characterized by the dark forward curve

shown in figure II-4. According to PV cell current conventions, this is
actually a fourth quadrant curve and represents forward characteristics

II-5
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CONDITIONS: TEMPERATURE 25°C

/

1000

CURRENT {mA)

100

0.1

Figure I1I-4.

VOLTAGE (mV)

III
/
/|
—f’/////
Jt/
l’
pd
/]
/.
/
100 200 300 400 600

Typical Dark Forward I-V Characteristics
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similar to those in figure II-2 except that 1) the illumination is
removed displacing the y-intercept to zerc, and 2) the current is pro-
duced by an external forward bias and flows into the cell. The curve is
plotted on semi-log paper accounting for the different shape. The low
voltage region is often dominated by the shunt resistance, the mid-region
by the diode equation, and the high voltage region by the series
resistance.

A11 the parameters previously listed can be obtained from these
curves except the junction capacitance which is not a steady state term.
Table II-1 Tists the parameters which can be cbtained from each of the
curve types. The dark and illuminated forward curves produce similar
sets of parameters with the exception of RSH which in the illuminated
curve is usually masked by the photocurrent. The breakdown parameters,
of course, can only be determined from the reverse curve in the breakdown

region.
TABLE II.1. PARAMETERS OBTAINED FROM I-V CURVES
DARK REVERSE — RSH. A, B, Vg
ILLUMINATED FORWARD — ~ Rg, M, P, a, Ig
DARK FORWARD — RSH. Rs, M, P, a, Ig

B.  PROGRAM CAPABILITIES AND LIMITATIONS

Both data reduction codes are capable of reducing data from dark and
illuminated forward curves and from dark reverse curves. The program can
also accept temperature data for calculating temperature dependence.
Table II-2 Tlists the data reduction capabilities, required inputs and
program outputs for each. Each type of data reduction can be run sepa-
rately, or dark reverse and illuminated forward can be run together.
With this option, the shunt resistance is calculated from the reverse
data and used as an input to the forward data reduction. If illuminated
forward data reduction is run alone, the shunt resistance must be sup-
plied by the user. The parameter entry is actually the shunt conductance

11-7
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TABLE II-2.

DR OPTION

ALL OPTIONS

REVERSE DARK

ILLUMINATED FORWARD

OPTIONAL

DARK FORWARD
OPTIONAL

REVERSE DARK
FOLLOWED BY ILLUM.
FORWARD

OPTIONAL

REVERSE CAPACITANCEW
NOTES:

DATA REDUCTION CAPABILITIES

INPUTS REQUIRED

-V POINT PAIRS

5 I-V PQINT PAIRS MINIMUM

4 1-V POINT PAIRS MINIMUM
SHORT CIRCUIT CURRENT (I1SC)
CELL TEMPERATURE (TEMP}
SHUNT CONDUCTANCE
(G = 1/RSH)
TEMPERATURE DEPENDENCE
{DVDT, DIDT)

5 [-V POINT PAIRS MINIMUM

CELL TEMPERATURE (TEMP)

TEMPERATURE DEPENDENCE
(DVDT, DIDT)

5 REVERSE — 4 FORWARD |-V
PAIRS MINIMUM

SHORT CIRCUIT CURRENT (ISC)

CELL TEMPERATURE (TEMP)

TEMPERATURE DEPENDENCE
(DVOT, DIDT) ’

4 C-V POINT PAIRS MINIMUM

~

{1) OVERLAY IS AUTOMATIC IN PVDR, BUT REQUIRES CIRCUIT RUN IN PV.TAP
(2) @ CALCULATED FROM DEFAULT EQUATION IF TEMPERATURE DEPENDENCE IS NOT INPUT

{3) CAPACITANCE DATA REDUCTION CAN ONLY BE PERFORMED IN PV-TAP, NOT IN PVDR

OUTPUT

LIST OF PARAMETERS
STANDARD DEVIATIONS
ON PARAMETERS
TABULATED COMPARISON
OF CALCULATED VERSUS
EMPIRICAL DATA
OVERLAY OF CALCULATED
ON EMPIRICAL DATAM

CALCULATES — RSH, A, B, VB

CALCULATES — RS, M, IS, P, ol

CALCULATES — RSH,RS, M, IS
P, ql!'

CALCULATES — RSH, A, B, VB,
RS, M, IS, P, at¥

CALCULATES — CO, N, VZ
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(G = 1/RSH). Illuminated data reduction also requires that the short
circuit current and temperature of the cell be input by the user. Dark
forward bias data reduction requires only that the temperature of the
cell producing the I-V curve be input.

The appropriate parameters for each data reduction type are calcu-
lated and listed in the output along with the rest of the parameters
which describe the PV cell model. For those parameters not calculated,
standard default values are 1listed unless the user provides specific
values for these parameters in the input file. The standard deviations
of the calculated parameters are also listed to permit assessment of the
goodness of fit to the empirical data. The programs also calculate
currents from the generated parameters for each user-provided voltage and
tabulate these with the empirical data. The PVDR code also produces a
plot overlaying a calculated I-V curve With the empirical data. PV-TAP
does not do this automatically, but a circuit run can be made to generate
an I-V curve and overlay it with the empirical data.

The temperature parameters, P and a, are calculated for dark and
illuminated forward-bias data reduction. P is calculated as 3/M. If no
temperature dependence data are provided in the run, a is calculated from
the default equation

@ = Egq/MK
where
EGO = the band gap of siTicon at 00K
= 1.21 eV
M = junction emission constant
K = Boltzman's constant

If the rate of change of voltage and current with temperature (DVDT and
DIDT} are input, the programs will calculate a based on these parameters
from

11-6
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a = T T
LIPS
where

ISCZ = ISCl + (DIDT)(T2 - Tl)

Capacitive data reduction is performed only in PV-TAP and can be
input in the same run with any I-V data reduction option.

Weighting values between 0 and 1.0 may be supplied with each data
point-pair. These are used to instruct the program to assign more impor-
tance to selected point-pairs when calculating the cell parameters.

A1l parameters which are normally calculated by a specific data
reduction option may instead be assigned a fixed value. Parameters thus
specified are called fixedparams and will not then be calculated. The
user may also specify parameters as startparams. This specification
provides the program with a starting value for that parameter which will
be updated by the program to provide the best data fit.

C. DATA REDUCTION INPUT FORMAT

The input format for PVDR was designed to be identical to that for
PV-TAP. The basic format for data reduction as shown in table II-3 has
an outline format. Subgroups are indented. The user may choose the
column number for each indentation level, but once specified, it must be
adhered to for the rest of the run.

The first card should be a title card. It must contain an asterisk
in column 1. Data reduction in PV-TAP starts with the entry "LIBRARY" in
column one. PVDR, however, does not use the library card since it has
no meaning for PVOR. The device specification entry is at indentation
level one. The term "device" refers to a user-assigned name or serial
number for the PV cell. The model number for PV cells in the PV-TAP
model 1library is 11.

TT_1n
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TABLE II-3. GENERIC DATA REDUCTION FORMAT

*TITLE CARD
LIBRARY(1)

PV DEVICE 11
PARAMSPEC
DATA DRTYPE FIXEDPARAMS / STARTPARAMS
DATASET1
DATASET2

WHERE: DEVICE = NAME ASSIGNED TO CELL FROM WHICH DATA
WAS OBTAINED

PARAMSPEC = DEVICE PARAMETER SPECIFICATION LINE
DRTYPE = DATA REDUCTION TYPE CODE

FIXEDPARAMS = LIST OF PARAMETER SYMBOLS WHOSE
VALUES ARE TO BE FIXED AT
PRESCRIBED VALUES

STARTPARAMS = LIST OF PARAMETER SYMBOLS WHOSE
PRESCRIBED VALUES ARE TO BE USED
AS STARTING VALUES FOR DATA
"REDUCTION

DATASET1, DATASETZ, ETC. = SETS OF NUMERICAL VALUES
FOR DATA POINTS

(1) USED ONLY IN PV-TAP

IT-11
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In the "paramspec" entry, values may be assigned to any PV cell
model parameter or to essential input parameters such as short circuit
current or temperature. Values assigned to parameters which are calcu-

lated during data reduction will be replaced by the calcultated value
unless the parameter is specified in the "fixedparams" field. The param-
specs are entered at indentation level two.

Also at indentation level two, is the "DATA" Tline which specifies
the data reduction type (drtype) and the fixedparams and startparams.
For PVDR, the only symbol used for "drtype" is DC indicating steady state
I-V data reduction. In PV-TAP, two symbols are allowed for PV cell data
reduction, DC and CT, representing I-V curve and transition capacitance
data reductions, respectively.

The user may elect to have certain parameter values held constant
during the data reduction process (normé]]y these values would be calcu-
lated as part of the data reduction). This can be done by including the
symbols for these parameters in the optional fixedparams field on the
DATA card. Only parameters which are calculated by the specified data
reduction type may be included in the fixedparams field. The values of
the remaining parameters are calculated so as to be consistent with the
fixed parameter values.

- The user may also wish to specify a set of starting values to assist
the programs in the data reduction process. This can be done by inclu-
ding the symbols for these parameters in the optional startparams field.
The startparams field must be prefixed with a slash when it is used. The
data reduction process will begin using the specified values for these
parameters, but as the data reduction progresses, these values will be
modified so as to give an optimal fit to the data points. Only param-
eters which are calculated by the specified data reduction type may be
included in the startparams field. i

The term "dataset" refers to the data point-pairs. The point-pairs
are entered at indentation level three. The input order for each line is
voltage, current (or capacitance), weighting factor. The number of
point-pairs must be greater than the number of parameters to be calcu-
lated : for a given data reduction type. The weighting factors are
optional.  They instruct the programs to assign more significance to

11-12
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certain point-pairs to ensure a bétter match to these points. Values
between 0 and 1.0 may be used for weighting factors. If omitted, the
programs automatically supply a value of unity.

Table II-4 contains an example of the data reduction input format.
The short circuit current entry keys the programs to expectA111uminated
forward-biased data. The shunt conductance, G, is also required for this
type of data reduction. The normal set of units is volts, milliamps,
kilohms, millimhos, 9Kelvin, picofarads, nanoseconds. Thus, ISC is in mA
and G is in mmhos.

The parameter M which is normally calculated appears in the fixed-
params field. It 1is thereby declared a fixed value parameter with the
value 1.5. The parameter RS appears in the startparams field. Thus, the
value of 10 mQ specified in the RS paramspec line will be used as a
starting value for RS in the data reduction process.

The data point-pairs must be input in ascending voltage order. The
zero voltage point is considered by the programs as a reverse-bias data
point and should not be entered with forward data. The programs use ISC
as the intercept value for the data. The voltage range in this example
is from 0.1 to 0.57 V. The current decreases from 1990 to 0.0 mA.
Weighting factors have been assigned to all points with the strongest
weights for points near peak power and at open circuit.

D.  CAUTIONS

The programs are designed to reduce data which fit the PV cell model
equations. Therefore, the pfogram will often reject data which is not
well-behaved. In addition, since the programs were intended to reduce
data from modules as well as cells, some restrictions which might assist
the program in producing meaningful data could not be made. For example,
the emission constant, M, for a PV cell is normally in the range of 1.0
to 2.0 with values occasionally between 0.8 and 2.5. However, the value
for M for a module of 30 cells might be in the range of 30 to 60. There-
fore, restrictions could not easily be placed on the value of M. For
this reason, the programs will sometimes produce parameters which are not
physically realistic or do not match the curves over the full range of
data if the curves are not well-behaved. Examples of such problems are
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TABLE II-4. DATA REDUCTION INPUT FORMAT EXAMPLE

*ILLUMINATED DATA REDUCTION EXAMPLE

LIBRARY
Pv CELL12 11

1990

1980
1965
1910
1790
1550
1200

600

ISC 2E3

TEMP 298

M 1.5

G 100.

RS 10E-6

DATA DC M/RS
0:1
0.2
0.3
0.4
0.45
0.47
0.b
0.65
0.57

END
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included in figures II1-5 through II-9 which represent actual data taken
on 3-inch flat plate cells (figures II-5 to [1-8) and on a concentrator
module (figure I1-9).

Figure II-5 is a reverse characteristic with a varying slope between
the origin and breakdown. The programs expect a linear (or near linear)
region from the origin to the onset of breakdown. Since it is not known
where breakdown will occur nor how sharp the breakdown will be, the
programs look for an increasing slope in the data. The programs will
accept some variation in the data, but in this figure, the decreasing
slope beyond 10-12 V, which 1is neither 1linear nor characteristic of
breakdown, was apparently toc variant from the model and was rejected by
the program,

Figure 11-6 exhibits a discontinuity at about -18 V which was prob-
ably caused by excess metallization leaking onto the edge of the cell.
This results in a partial short across the edge when the voltage becomes
high enough to breakdown the air gap. The increased current was inter-
preted by the program as breakdown of the cell, and all points beyond -
18.5 V were rejected as being inconsistent with the model.

In both these cases, the simplest solution would be to draw a
straight line from the origin to the onset of breakdown as interpreted by
the user. Digitizing from this line would ensure that a clear definition
of linear and breakdown regions was obtained. The user might instead
attempt to guide the program by placing VB in the fixedparams or start-
params field and specifying his choice for VB as a paramspec.

Figure 1I-7 represents a dark forward curve with no clearly defined
series resistance effect. The series resistance would tend to cause a
decrease in the slope at high currents. This curve instead exhibits a
slight increase in the curve at high current. Data would have to be
taken beyond 600 mV to observe the series resistance effect. The series
resistance would have to be on the order of at least 20 m@ to exert
appreciable effect on the slope at 500 mA. The upward turn to the curve
between 500 and 550 mV may be caused by the transition of the cell from
the generation-recombination region to the diffusion region of operation,
thus masking the series resistance effect. 1In cases such as this where
no series resistance effect is observable, the programs will supply a
default value of RS = 1.0 mQ .
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Figure II-5.
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Reverse I-V Curve with Decreasing Slope
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CURRENT (A)
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Figure II-6. Reverse I-V Curve with Step Increase
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Figure II-8 represents an illuminated I-V curve with a decreasing
current at short circuit. This was probably caused by an error in the
experimental procedure since this condition is not consistent.with PV
cell operation. The programs can not reconcile currents in the forward

. region which are greater than the short circuit current in the paramspec
entry. The best solution is to extrapolate the curve back to a con-
sistent value of ISC which is Tlarger than all other currents in the
forward region. Care should be exercised here. If ISC is not signifi-
cantly larger than the current at the next point, the program may have
difficulty reconciling the flat slope with the shunt resistance value
which was either input by a paramspec or calculated from reverse data.
This could resuit in an inability to match the data accurately at higher
voltages.

Figure II-9 represents data taken on a module on the receiver tube
of a linear parabolic trough. Both current and power are plotted versus
voltage. The region between the origin and 1.0 V should not be inter-
preted as data, but is caused by the configuration of the experimental
set-up. The plots were made on a mini-computer and required several
seconds to sweep the load range. The day was characterized by inter-
mittent high clouds which may be the cause of most of the irregularities
in the curve. The step discontinuity at about 14.5 V, however, was
probably caused by a bypass diode being activated due to non-uniform
illumination along the receiver tube.

To properly model the bypass diode effect in this module, two PV
cell models would be required. The user might try inputting the values
below 14.5 V on the I-V curve for one data reduction and then subtracting
14.5 V from all voltages above 14.5 V to produce points for a second data
reduction.

If the user wishes to model this type of I-V curve with a single PV
cell model, he will have to ignore the discontinuity and approximate a
single cell curve through the data. The value in using the data reduc-
tion codes in this case is that they permit the analyst the luxury of
trying several curves through the data. If he had to do the subsequent
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Figure II-8. Illuminated I-V Curve with Decreasing Current
at Short Circuit
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data reductions by hand, it would probably take many hours, perhaps more
than a whole day. It should be noted that parameters generated fraom this
particular curve produced a calculated curve with reasonable match to the
data. This curve is shown as an example in chapter V. Other such curves
did not produce as good a match to the data. Usually the open circuit
voltage was significantly in error.

PV I~y CURVE PLOT

RMFS SCAH NO, 187
23 r THE MIRROR I3 THE T-789

zz r FYRHELIOMETER IS 898.783185841
21 THE MAX POWER WAS 192.201273¢

) -/

® =MW h o ~JIOLW

Figure II-9. Illuminated I-V Curve for Module with
Possible Bypass Diode Effect
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CHAPTER III
DATA REDUCTION USING PV-TAP

A.  USER INTERFACE INSTRUCTIONS

General data reduction features are discussed in section II.B and
also in the PV-TAP USER'S GUIDE, Vol. III (reference 1). This section
presents instructions for using the PV cell data reduction feature in PV-
TAP.

A1l PY-TAP runs start with a title card. This card must contain an
asterisk in column 1. A1l data reduction in PV-TAP is performed under
the Library heading. Thus, the second card consists of the word
"L IBRARY" starting in column 1. This is followed by the devicespec at
indentation Tlevel 1 and other cards 1isted in table II-3. The input
requirements and parameters calculated for each type of data reduction in
PV-TAP are catalogued in table III-1. The cutputs obtained directly from
the data reduction consist of a list of all cell parameter values and a
tabulated comparison of calculated with experimental <currents.
Additional outputs such as comparison plots may be obtained from PV-TAP
by specifying a state solution run, but this is not part of the data
reduction feature. If the user wishes to use only the data reduction
feature, the data points are followed by an "END" card starting in column
1. If a state solution run is desired following data reduction, the data
points are followed by the circuit topology description and solution
control cards. The "END" card is placed at the end of the program. The
parameters calculated during data reduction will be used for the state
solution run. Additional parameters required will be obtained from the
default 1ist unless specific values have been input in a paramspec line.

B. PV-TAP DATA REDUCTION EXAMPLES

Figures III-1 and III-2 are I-V curves taken on a 3-inch diameter
single crystal silicon flat plate <cell. Figure III-1 contains
iTluminated forward curves measured at 1 sun and. 0.5 suns, both at 250C.
The 1 sun curve was used for this example. Figure III-2 is a dark
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TABLE TII-1. PV CELL DATA REDUCTION IN PY-TAP
INPUT PARAMETERS
"“DRTYPE" DESCRIPTION SEQUENCE CALCULATED
DC DC CHARACTERISTICS
DARK REVERSE Vv, 1, WGT. G, A B, VB
ILLUMINATED ISC. TEMP, G RS, M, IS, P, ALPHA
FORWARD DVDT, DIDT (optional)
: Vv, I, WGT
DARK FORWARD TEMP G, RS, M, IS, P, ALPHA
DVDT, DIDT (optional)
Vv, |, WGT.
DARK REV./ILLUM, ISC, TEMP G, A, B, VB, AS, M,
FWD. DVDT, DIDT {optional) IS, P, ALPHA
V., L, WGT.
CcT CAPACITANCE CURVE Vv, C, WGT. C,VZ N
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CELLTYPE 3" NO. 134 DATE: 5/17/78

o = 1.48A
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180 - P.P. = 550 mW
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Figure III-1. I1luminated Forward Cell I-V Curves
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reverse curve measured at 25°C. The input 1listing used to perform a

combined data reduction for these curves and to produce comparison curves
is shown in table III-2. The data reduction entries end at line 35.

Lines 36 through 40 represent the circuit topology. Lines 41 through 69
define the table used to plot the empirical data. The illuminated state
solu- tion controls are contained in lines 70 to 74 while the dark
reverse controls are in lines 75 to 80. Note the "END" card in line 81.
If lines 36 et. al. were not used, the "END" card would be required fol-
Towing 1ine 35.

In illuminated forward data reduction, the paramspecs ISC and TEMP
are required. G (the inverse of shunt resistance) would also be required
if dark reverse data reduction were not performed. IP 1is not required
for data reduction, but is required for the illuminated state solution.
VB is redundant 1in this context since the dark reverse data reduction
will calculate VB and substitute the calculated value in the device
library in place of the specified value. Note that VB has not been placed
in a fixedparams or startparams field on the "DATA" card. The use of the
DVDT and DIDT paramspec cards instructs the program to calculate ALPHA
based on these values.

In the data set cards, the zero voltage point is assumed to corre-
spond to zero current. PV-TAP will dignore the point-pair if the zero
voltage point is specified with non-zero current as part of the illum-
inated data.

If capacitive data reduction is desired, the "DATA CT" and capaci-
tance dataset cards may be placed directly after the I-V dataset cards.

The comparison of calculated to empirical currents performed by the
PV-TAP data reduction feature is shown in table III-3. The currents are
listed corresponding to each of the input voltages in the dataset cards.

The full Tlist of parameters for device SOLC1 1is shown in table
I1I1-4. Goodness of fit values for calculated parameters are included in
parenthesis. The parameter G is the inverse of the shunt resistance.
ALPHA was obtained from the DVDT and DIDT data. Had it been calculated
from the default equation, the value would have been 7.054E3%K. Param-
eters not calculated in data reduction carry standard default values
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TABLE III-2. INPUT LISTING FOR ILLUMINATED FORWARD AND DARK REVERSE
DATA REDUCTION ON PV-TAP WITH RUN TO PRODUCE PLOTS

0000000001111llllllc222f322223333333333&#‘4&&464#5555555555666666666677777777778
123Q567u90123¢5b(B?u}2345&7390133#567690]23456?890123&50789012365678901230567390

1 *DATA REDUCTION - 3 INCH CELL» SERIAL NUMBER 134
2 LiBRARY . -
3 Pv S0LCl 1i
4 I 1443
5 I1SC (483
6 TEMP 298
7 ¥H =33.5
a8 OVUT «2.2E-3
9 21D1 Gl
10 JaTA DC
11 ~34.4 1000
12 =33.9 900
13 -33,5 800
14 «3dey TS%un
15 =316 [4ha?
la =300 T1i3.9
17 ~25«0 03l.4
18 -¢0,0 $52.3
19 ~15.1 4730
20 -10,1'369.?
21 ~Tell 283.0
22 =4eY4 1841
23 =JsSy 104.A3
24 =labd 26.44 ’
25 a10u lagd -
26 w225 la?0
27 e 425 1aa9
28 +382 1«00
29 «415 1300
30 «445 1200
31 480 1100
32 -=4737:1000
3 +494 400
34 529 400
35 <556 0,00
34 PYl1 1 0 S T P S0LCL
37 I1 01 2k3
as Wl 1 0 3E-3-
39 vis s u il
40 VIT T 0 298
41 X1=TABLEL tviPVl))
42 TABLEL
43 ~34,0 2000
44 ~33.9 90¢
S =33.5 800
46 =32.Y% 754,49
o7 =31.6 T44.:2
48 =-30.0 713.9
49 «25.0 63l.b
-d°¢° 55203
=15.1 #73.0
=10.1 36%.2

=T.11 283.0
“%.94 1R4.l
=3.59 104.8

[ LR RL R U R RV R R AT,
—~ O PP ~NEANFrFWUN~OD

=l.bd 2b.b4 -
«04Y 000 .
001 1483
« 100 1480
«225 1470
«325 1849
62 +382 1400
63 419 1300
64 « 445 1200
65 +460 1100
66 4T3 1000
67 L4694 800
o8 «529 400
69 «556 0.00
10 STATE]
71 Il 0.0 . : )
re Rl SE~5 (5) l&=4 (1A} l&=3 (lu) lE-2
T3 PHINT Tit#vi) XL viPV])
T4 PLOT x! 1{(PVi) ¥ vipv])
75 STATE2
T6 vis 0.0
77 Rl 100. ' : ’
78 I1 lk=4 (3) 1E=3 (5) 1E-2 (S) 1E=1 (5) IEO (S) lel (S) 1E2 (18) 1E£3
T9 PRINT X1 I(PV1) viIPV1]) '
ao PLOT x1 [(PY1) VS VIPVL)
al’ END
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TABLE III-3. COMPARISON GENERATED BY PV-TAP ILLUMINATED FORWARD
AND DARK REVERSE DATA REDUCTION

OATA REJUCTION TYPE JC FOR SuLCl

CURRENT
EXPERIMENTAL CALCULATED

TERMINAL vOLTAGE

I11-7

~.3400E+02 «lUUDE+C4 «QT52E+ 0L
-.3350L+02 «BOU0E+U3 +8300E+03
- 3290E+02 + I540E+03 eH1B0E+03
"13160E"02 « TG4 ZE+U3 07“28&"03
-.3000E+02 «T139E+u3 «T432E+U3
-e2900E+42 «h31GE+0] «6193E+03
~.2U00E+02" «B523E+03 «4954E +03
-, 1910e+02 «473VUE+03 «3740L+03
~-+1010E+02 «36Y2E+U 3 «2502L+03
-.7110E+0] e ZHIVE+U3 «1761E+U3
-~ 4YH0E+QL «lHalE+U3 +1224E+03
-e3590£+01 «1048E+03 «BAYLE+U2
-.1680E+01 2644E+02 «4169E+02
«100GQE+DO +ltBOE+U4 «14H80E+UG
«2250E+00 «14TOUE+ VG «14T73E+04
«32S0E+00G 1GaYE+USG - W 144TE+V4
«JH20E+010 «140U0E+04 «1390E+U4
«#190L+00 +1300E+04 «1306E+04
«4450E+00 «1200E+04 = 1204E+U4
«4600F+00 +1100E+04 el121lE+04
«4T3VE+00 «1UVU0E+U4 «1032E+U4
«4940E+Q0U «B000E+03 +B449E+03
«5290E+00 «40U0E+0O] «3907E+03
+H554/0E+00 0. -+1035€£+03
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TABLE III-4. LISTING OF PARAMETERS BY PV-TAP FOLLOWING
ILLUMINATED FORWARD AND DARK REVERSE DATA REDUCTICN

LIBRARY VALUES AFTER COMPLETIUN OF DATA REDUCTION

TYPE PREFIX HMOUEL

SOLCl PV 11 PHOTOVOLTAIC CELL
G 2.478012+001 (1.80+000)
1S J.259285+003 (5.,27+003)
M 1.991490+000 (1.25-001)
vz 1.100000+000

N 5.000000~001

c 1.500000+006

w 2.000000-005

A 1l.342989+001

VB =3.3602021+001

8 1.000000+000

RS 1.563399~-005 (7.00-006)
IP 1.483000+003

KsC 4.500000+003

T S.000000+004

Cs 0.000000+000

CST 0.000000+000

cT 0.000000+000

CTT 0.000000+000

p 1.506409+000 (9.4R-002)
SR 1.000000+000

TR 2.980000+002

ETA 1.000000+000

QK 1.160000+004

ALPHA 6.003774+003 (4.044002)

except for IP which was defined in a paramspec entry. The parameter, QK
is the electron charge divided by Boltzman's constant and is given as
1.16E4°K/V. The units for tﬁe parameters are KQ, mmhos, V, mA, pF, ns.
If the user wishes to use a different set of units, he must adjust the
value of QK to match his set of units.

Figure III-3 contains the comparison plot produced by the illuminated
state solution. The x's represent the empirical data as listed in the
"TABLE1" entry seen in table III-2. The 1's represent the calculated
currents. There is both an x and a 1 for each plotted voltage. Where
only 1's are seen at a given voltage this indicates that the currents are
too close to be distinguished separately on the plot. Thus the 1 symbol
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is used to represent both calculated and empirical currents. The x-axis
is defined as V(PV1)(-1), the voltage across the cell in units of 10—] V.
Thus, the values on the x-axis should be multipled by 10_] to obtain the
true voltage. The y-axis are defined as X1{+3) and I(PV1)(+3). Thus, the
Teft column from 0.0 to 2.0 represents the empirical data in 103 mA, and
the right column from 0.0 to 2.0 represents the current out of the cell
in 10° mA. | -

Figure III-4 contains the comparison plot produced by the dark
reverse state solution. The x's again represent empirical data while the
1's represent ca?cuTatedfturrents. The voltage scale is from =36 V to
4.0 V. The current scales are both 0.0 to 1.0 A {or 1.0 x 103 mA). The
x's indicate that the empirical data is not linear from the origin to
breakdown. The 1's p]dtted in this region represent the best linear
approximation (RSH = constant) to the data.

The dark forward I-V curve measured from this same cell is shown in
figure III-5. The input Tisting used to perform the data reduction for
this curve and to produce comparison curves is shown in table III-5. In
dark forward data reduction, the paramspec TEMP is required. IP is not
used for data reducticn, but is required if the user wishes to generate
an illuminated comparisan plat.

Lines 23 through 34 define the table used to plot the empirical dark
forward data. Lines 35 through 47 define the table used to plot the
empirical illuminated data. The variable X3 in 1ine 48 is used to convert
the negative dark currents calculated by PV-TAP into positive quantities
so that a semi-log plot can be made.

In STATEl, a semi-lcg dark forward comparison plot is made. In
STATEZ, an illuminated I-V curve is generated from the dark parameters
and compared with i1luminated data. _

Table III-6 shows the comparison of calculated to empirical currents
produced by the PV-TAP data reduction. The full Tist of parameters
following dark forward data reduction is shown in table III-7. The
parameter units are the same as for the previous data reduction example.
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Figure 111-5, Dark Forward Cell I-V Curve
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TABLE II1I-5. INPUT LISTING FOR DARK FORWARD DATA REDUCTION ON
PV-TAP WITH RUN TO PRODUCE DARK AND ILLUMINATED PLOTS

00000000011111111112222222222333333333344444444445555555555666666666677TT77TTT778
12345678Y0123456789012345A76901234567890123456789012345678950123456789012345678%0

i oDATA REDUCTIUN =~ 3 INCM CELLe SERIAL NUMBER 134 - OF
2 LIBRARY
3 Py SOLCL 11
4 IF 1483
5 TEMP 29B
6 DATA DC
7 2100 =,941 .1
8 e150 =1.546 .1
9 '201 -2¢‘7R -1
10 « 251 ~44.2R5 .1
11 » 300 =7.201 .1
12 «351 =13.59 .1
t3 -399 -27-79 01
l“ -‘0‘9 -68-"4 1-0
15 49l =2T71ls1 1l
- 16 pb“y -blav’ l-o
17 PVl 1 0 S TP S0LCI
18 R1 1 0 .3E-3
19 vis S 0 I
20 VIT T 0 294
2l vl 2 0 0.0
e2 R2 2 1 JULlE=3
23 X1=TABLELl (v (PV]})
24 TAHLEL
25 +100 .941
26 =150 1.546
27 2201 2.4TH
28 -251 %.285
29 +300 7.201
30 e351 13.59
31 «39% 27.79
32 s 049 SH.Y¢
a3 a8 271a1
34 «549 blées?
35 X2 = TaBLEZ2(VIPYL1))
a6 TABLEZ
37 «10G 1480
38 «225 1470
 1°] «325 l44Y
A0 « 382 la00
] «419 1300
42 +445 1200
43 +460 1100
&d «473 1000 ~
45 «494 900
46 «52% 400
&7 2556 0.00
48 X3 = =[PV])
49 STATEL
S50 Hi 1u0.
51 vis 0.
52 V) 0.12 (l&) De4 (20) 0.6
S3 PRINT 1(PV]) VIPV]1] X1
S4 PLOT LOGLIN Xi X3 V5 viPVl)
55 STaTEz
S6 kg 100.
S7 V1is la@
58 vl D.u
59 Kl St=% (5) le-4 (1R} lE-~3 (1¢) lE=2
(Y] PRINT I(PV]) ViFV]) X2
61 PLOUT xZ 1{PV]L) VS VIPV])
62 Ewrll)
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TABLE 1II-6.

FORWARD DATA REDUCTION

DATA REDUCTION TYIME

TERMINAL VOULI1AGE

JU FUK SULCI

COMPARISON GENERATED BY PV-TAP DARK

CURKENT
EAPEXIMENTAL CALCULATED

- 44 J0E+ U0

«1000E+00 =el129E+U1
«15N0E+00 ~e1246E+U} =41T715E+01
«2U10E+00 - 24THE+ULl =e2385E+01]
«2910E+00 = 42HSE+0]l =.3299E+01
«3000t.+00 =« f2ULE+0]l =-.5051E+0U1}
«3910E+00 =+ 1399E+U02 =el01l2b+0¢
¢3qqra\}:‘00 ~clT9E+U2 --?.‘b'daE'FUB
«4490:400 =08%4L+U2 =.T6HBSE+D2
249R0L+00 —2711E+U3 =.230YE+03
«S5490E«0U -«6336E+03

--bl‘o?E*U:j

Figure III-6 contains the comparison plot produced by the dark
forward state solution. The voitage scale is 0.1 to 0.6 V. The semi-log
current scales are each 1.0 mA to 1.0 A. The x's represent the empirical
data in variable X1(table III-5, 1ines 23-34), and the 1's represent the
calculated currents from X3 = -I(PV1).

In figure III-7, the iilluminated curve (1's) calculated from the
parameters generated by the dark forward data reduction are compared to
the empirical illuminated data (x's). The curves deviate significantly
over the region from peak power to the open circuit. The calculated VOC
is 563 mV while the measured VOC is 555 mV. The comparison was made for
six other cells and all showed greater deviations up to 688 mV calculated
versus 542 mV measured for cell 233.

illuminated curves is also discussed in sections I.A and V.A.

This discrepancy between dark and
Note also
the differences in the: harameters obtained from each type of data
reduction. :

111-14
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TABLE III-7. LISTING OF PARAMETERS BY PV-TAP FOLLOWING DARK
FORWARD DATA REDUCTION

LIBRARY VALUFS AF1E& COMPLETIUN OF DATA REDUCTION

TYPE PRLFIX HUDEL
SoLCl PV 11 PrHOTOVULTALIC CELL
G 1.119%09+0¢1 (3.23+000)
1S 245514840+005 (2.d2+006)
M 1e927TRKI+0C0 (4.19-001)
vZ lJUuUuLOsOUY
N S5.000000=-001
c 1.500000+0u0b
w 2.000000-065
A 1.5000C0+0G1
V8 =3.5%00000+001
R 1.0000v0+GUU
RS 2¢6719965=005 (4.45-004%)
iP 1.483000+003 :
KSC &,500000+4003
T 5.0050G0+uus
Ccs 0.G00C000+UOV
CsT 0.00000U+VOO
CcT 0.000000+000
CTT 0.000000«00GU
P 1.963494+000 (S5,38-v01])
SR 1.000090+000 '
TR 2.580000+002
ETA 1.000000+000
QK 1e160000+004

ALPHA 9.16¢971+003 (2.514003)

IT1-15
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Figure III-6. PV-TAP Plot for Dark Forward Cell Data Reductien
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CHAPTER IV,
DATA REDUCTION USING PVDR

A.  USER INTERFACE INSTRUCTIONS

General data reduction features for PV-TAP and PVDR are discussed in
section II.B. This chapter presents user instructions which apply
specifically to the PVDR code and examples of the use of PVDR.

A1l PVDR runs start with a title card. This card must contain an
asterisk in column 1. This 1is followed by the "devicespec" card at
indentation level one and other cards Tisted in table II-3. The input
requirements and parameters calculated for each data reduction option in
PVDR are catalogued in table IV-1. Three types of output are obtained
from PVDR for each run. 1) Currents are calculated from the parameters
obtained and tabulated with the experimental currents for each voltage
point in the input 1ist. 2) A Tisting is given of all parameter values
used in PVDR to obtain the calculated currents. Included in the listing
are the calculated parameters with their standard deviations and other
parameters required for I-V calculations. 3) A plot of the currents
calculated over the range of input voltages is overlayed with the experi-
mental input data.

The user may obtain additional data reductions in the same run by
appending each additional deck behind the last data card of the previous
deck. Each additional deck must begin with a title card and contain all
required data reduction inputs. At the end of the data reduction run an
"END" card is used to signify the end of the run.

B.  PVDR EXAMPLES

The same I-V curves used as examples for PV-TAP data reduction in
chapter III were repeated on the PVDR code. The parameters obtained
using PVDR were the same as those obtained from PV-TAP.

Iv-1
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TABLE IV-1. PV CELL DATA REDUCTION IN PVDR
"DRTYPE" = DC
INPUT PARAMETERS
DESCRIPTION SEQUENCE CALCULATED
DC CHARACTERISTICS
DARK REVERSE - vV, I WGT. G A B'VB
ILLUMINATED ISC, TEMP, G RS,.M; 1S, P, ALPHA
FORWARD . '

DARK FORWARD

DARK REV./ILLUM.
FWD.

DVDT, DIDT (optional)
V., I, WGT o

TEMP
DVDT, DIDT (optional)

V, 1, WGT.

ISC, TEMP
DVDT, DIDT {optional}
vV, I, WGT.

Iv-2

G. RS, M, IS, P, ALPHA

G, A, B, VB, RS, M,
IS, P, ALPHA

4



THE BDM CORPORATICN

The experimental data curves were shown previously in figure III-T,
ITI-2, and III-5. The PVDR input 1listing used for the combined dark
reverse and illuminated forward data reduction is shown in table IV-2.
The device has been labeled SOLCY in the "devicespec" line. Note that
the LIBRARY card used in PV-TAP is not used with PVDR.

Illuminated forward data reduction requires that values be input in
“paramspec" cards for ISC and TEMP. G (the inverse of shunt resistance)
would also be required if dark reverse data reduction were not performed.
The use of VB in a '"paramspec" card is not required unless the user
wishes to instruct PVDR not to calculate this parameter by placing VB in
the "fixedparams" field. Since the "fixedparams" field is blank, PVDR
will calculate VB and substitute the calculated value in the output
parameter 1listing. The use of the DVDT and DIDT "paramspec" cards
instructs the program to calculate ALPHA based on these values.

In the "dataset" cards, the zero voltage point 1is assumed to
correspond to zero current and is not reguired as input. If a non-zero
current is input at zero volts corresponding to short circuit current
(ISC), PVDR will ignore the point-pair and assume zero.

The comparison of calculated to empirical currents performed by PVOR
is shown in table IV-3. The currents are tabulated corresponding to each
of the voltages input in the "dataset” cards.

The parameters listed by PVDR are shown in table IV-4. Standard
deviations representing goodness-of-fit for most calculated parameters
are shown in parantheses. The units for the parameters are K2, mmhos, V,
mA. The parameter G is the inverse of the shunt resistance. ALPHA was
obtained from the DVDT and DIDT data. Had it been calculated from the
default equation, the value would have been 7.054E3°K. QK is electron
charge divided by Boltzmen's constant = Q/K = 1.16E4°K/V. If the user
wishes to change to a different set of units, he must change the value of
QK for the new set of units.

Figure IV-1 contains the comparison plot produced by the dark reverse
data reduction. The +'s represent the empirical data and the *'s
represent calculated values. In cases where an ¥ and a + would be plotted

IvY-3
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TABLE V-2, INPUT LISTING FOR ILLUMINATED FORWARD AND DARK
DARK REVERSE DATA REDUCTION ON PVDR

#DATA KEDUCTION = 3 InMCH CELLe SERIAL NUMBER 134
Py SULCl 11

I1SC lawd

TEMP 29H

VB “3305

DVDT -2.2E-3

NIDT 0.1

DATA DC
=-34.0 1000
-33,9 900
-33.5 800
=32.9 754,0
=31.6 Tad,.2
'30.0 T13.Y
"-2500-631c6
-20.0 552.3
.’1501 473.0
-10.1 369.2

-Toll 28300
4494 1840l

S =359 104.8
~1.68 26444 -
«100 1480 -
0225 1470
.e325 . 1449

- «382..1400 .

Te&le 1300
2445 1200
460 1100
$473 1000
« 494 ”8901»-._,
«52% #OOkfi‘.

«556 0400 -
END n

T OIv-4
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TABLE IV-3. COMPARISON GENERATED BY PVDR ILLUMINATED FORWARD
AND DARK REVERSE DATA REDUCTION

CURRENT
EXPERIMENTAL CALCULATED

TERMINAL VOLTAGE

-+3400E+02 «1000E+04 «9752E£+03
-43390£+02 «9000E+03 «8752E+03
-e3350E+02 +B00CE+03 +B300E+03
=.3290E+02 « 7T540E+Q3 «B150E+03
=.3160E+02 o TG42E+Q3 «7828E+03
-.3000E+02 «T139E+03 «7432E+03
-.2500£+02 «6316E+03 v6193E+03
”OEODOE*DE +5523E+03 +4954E+03
=.1510E+02 «4T730E+03 +3740E+03
~.10108E+02 + 3692E+03 «2502E+03
-, 7T110E+01 «2B30E+03 «1761E+03
~e4940E+0]) +1841E+63 e1224E+03
-+ 3590E+01) «1048E+03 «8895E+02
-, 1680E+01 «2644E+Q2 +4165E+02
«1000E+00 « 14B0E+04- «1480E+04
+2250E+00 «14T0E+D4 «1473E+04
«3250E+09 e 14049E+04 ¢«144TE+04
«3820E+00 «1400E+04 «e1390E+04
«4190E+00 «1300E+04 «1306E+04
«44S0E+0D «1200E+04 «1204E+04
«4600E+00 «1100E+04 «1121E+04
«4T730E+00 +100BE+04 «1032E+04
«4940E+00 +B00DE+D3 «B449FE+03
«5290E+00 «4000E+03 «390TE+03
«5560E+00 0. =-+1035E+03

Iv-5



THE BDM CORPORATION

TABLE IV-4. LISTING OF PARAMETERS BY PVDR FOLLOWING ILLUMIWATED
FORWARD AND DARK REVERSE DATA REDUCTION

FINAL PARAMETER VALUES FOR DC DATA REDUCTION

SYMHOL VALJE SIGMA
A «1342989E+02
ALPHA +6003774E+04 { «#043E+03)
=] «1000000E+0]
ETA «1000000E+01
6 «24T78012E+02 { «1795E+01)
1S «3259285E+04 { «52T2E+04)
M +«199164G0E+01 { «1253E+0D)
P +1506409E+01 { «94T7E=Q1)
QK «1160000E+05
RS +1563399E=04 { »TOCLE=0S)
VA ~«3362021E+02
I I 1 I I 1 I
1500, ~-1 -
I
I
I
I
I
1200, -1 -
1
1
1
I -
1 ®
900,.0 -1 Y3 -
1 L1
1 ‘R -
1 & Be »
1 o8
1 +
600,.0 -1 we » -
1 . o »
I E 2
1 + 4
1 a« o
1 + * a8
3006.0 -1 + i -
1 »
1 + * &
1 ) ]
1 oo h
] #+ ¢
0. -5 —— - - -
1
I
1
1
1
-300.0 =1 . -
1 I 1 T 1 1 1
O i2.00 24.00 36,00

DARK CURRENT vS. REVERSE VOLTAGE
{+ = DATA PDINT, ® = CALCULATED POINT)

Figure IV-1. PVDR Plots for Dark Reverse Cell Data Reduction
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at the same point, the + takes precedence. The units in all plots are mA
for the y-axis and volts for the x-axis. For the dark reverse plot, the
Xx-axis is in negative volts; for forward plots, it is in forward volts.

Figure IV-2 contains the comparison plot produced by the illuminated
forward data reduction. The +'s are empirical data; the *'s calculated
values. Units are mA for the y-axis and volts for the x-axis.

The input listing used for the dark forward data reduction for cell
134 is shown in table IV-5. Dark forward data reduction requires the
temperature be input as "paramspec," TEMP. Table IV-6 shows the compar-
ison of calcuiated to empirical currents performed by PVDR. The currents
are tabulated corresponding to each of the voltages input in the "dataset"
cards.

Table IV-7 contains the parameter 1list generated by PVDR. The same
parameters are listed from the dark forward as were listed from the
illuminated forward and dark reverse data reductions. Since breakdown
parameters are not calculated from dark forward data reduction and no
values were input as paramspecs, the program supplies default values
A=15, B=1, ETA=1, and VB=-35V. The default values are the same as those
used in the PV-TAP PV cell model. '

Figure IV-3 contains the comparison plot produced by the dark forward
data reduction in PVDR. The +'s are empirical data, the *'s calculated
values. Units are mA for the y-axis and volts for the x-axis.

Iv-7
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TABLE IV-5. [INPUT LISTING FOR DARK FORWARD DATA REDUCTION ON PVDR

#DATA KEDUCTION = 3 IMCH CELLs SERIAL NUMHBER 134 - DF
Py SCLCL 11
TEMP 263
DATA DC
0100 '.941 ol
«150 =14546 41
o211 ~Z2ea478 .1
0251 -4.285 tl
0300 -70201 01
351 ~13.59 1
0399 ‘27.79 Il
0449 =6B.94 1.0
«498 ~-271.1 1,0
c549 -61407 1.0
END

TABLE IV-6. COMPARISON GENERATED BY PVDR DARK FORWARD DATA REDUCTION

TERMINAL VOLTAGE CURRENT
EXPERIMENTAL CALCULATED

«100GE+00 -e9410E+00 =~«1129E+C1
«1D00E+00 < meldabE+d]l =.1T715E+0C1L
«241JE+00 ~eZ24TBE+U]l =-e2385E+01
«2510E£+00 ~eZ285E+U]l =43295E+01
«3000£+00 ~.7201E+01 =+S051E+01
«3510£+00 -+ 1359E+02 =.1Nn12E+02
« 399GCE+00 —J2TTPE+U2 =-.252BE+02
449 0E+00 —e6B894E+U2 =-.T76B5LE+02
SG9R0E+00 —ecTllE+U3 «<2309E+03
«54G0E+00 ~ebl4T7TE+U3 =.6336E+03
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TABLE IV-7. LISTING OF PARAMETERS BY PVDR FOLLOWING DARK FORWARD DATA REDUCTION

FINAL PARAMETER VALUES FUR DC DATa REDUCTION

SYMisOL VAaLJE SIGMa
A «1500000E+0¢2 .
ALPrA +9162%T1E«04 { «2513€+04)
R «10C0000E+D]
ETA «1000000E+01"
G »11185U3E+y2 { «322BE+0]) -
IS « 25518408+ b { «2420E+07)
M «1527389L+01 { «4190E«00)
P »1963454E+y] ( «5384E«00)
or «116C00NE+05
PS 2679365804 { +4446E=00)
VP =«3300000E+02
1 1 I 1 1 I 1
1200. -1 -
1
1
1
I
1
10000 ‘I -
I
I
I
i
I
8400.0 -1 -
1
I
I
I
1 o
00,0 =1 *e -
I »
1 *
I L 2 ]
1 L]
I *
400,0 -1 . -
1 *
1 s
] L
1 -~ Y
1 L2
200,¢0 -1 bt -
1 s
1 L)
1 4*
1 * <+
I e
0. miemtescttatietjieontjdoliatisliciviacsjntiofijantivceccnsereeornelicerccasese o
1 I 1 I . 1 - I b
Ga «2000 #4000 «6000

DARK CURRENT V5. FORWARD -VOLTAGE )
(+ = DATA PJOINTs # = CALCULATED POINT)

Figure IV-3. PVDR Plot for Dark Forward Cell Data Reduction
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CHAPTER V |
EXAMPLES OF DATA REDUCTION

The following examples of data reduction were performed'to provide
experience in the use of the codes and to assess problems involved in
reducing actual data. They can, thus, serve as a valuable learning tool
for the new user.

The results catalogued in the summary should not be viewed as an
assessment of the accuracy of the program. Given data which fits the
Ebers-Mol1 model, the program will produce parameters which can be used
to match the data. The summaries are meant, instead, to assess the
problems associated with reducing real data which contain deviations from
the ideal curve shapes, to gauge the tolerance of the program to data
anomalies, and to provide practical guidelines for reducing real data.

The data was obtained from BOM files on flat plate cells and modules
and concentrating cells and modules. The flat plate data and the concen-
trating cell data were generated by other organizations. The
concentrating module data were generated by BOM.

A.  FLAT PLATE CELLS AND MODULES

1. Cell Data
The data reduced consists of dark forward and reverse curves
and illuminated forward curves taken on 42 3-inch diameter single-crystal
silicon flat plate cells with typical short circuit current of 1.6 A at
100 mN/cm2 (1 sun) and 259C,
a. Dark Reverse and I1luminated Forward

Figure V-1 shows typical illuminated forward I-V curves
taken at 1 Sun and at 0.5 Suns. The manufacturer's specification of ISC’
VOC’ and RS is contained in the upper right corner. The 1 Sun curve was
used for data reduction. The shunt resistance required as input to
illuminated forward data reduction was obtained from a dark reverse data
reduction performed at the same time. This will be shown later.
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"CURRENT {mA) x 10

CELLTYPE 3" NO. 134 DATE: 5/17/78
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VFiguré V-1. Illuminated Forward Cell I-V Curves
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Figure V-2 contains a plot made by PV-TAP comparing a
calculated I-V curve (1's) made from the code-generated parameters with
the empirical data (x's). The y-axes are both 2 A full scale and the
x-axis is 0.55 V full-scale. In PV-TAP plotting, 1's take precedence
over x's so that only 1's are seen at those voltages where the values are
nearly identical. The match is good with peak power currents of 1.30 A
measured and 1.29 A calculated at 0.42 V, and VOC values of 556 mV
measured and 550 mV calculated.

A summary of the illuminated forward data reduction for
flat plate cells is contained in table V-1. It contains the key param-
eters--IS, M, and RS--obtained from data reduction. It also contains
comments on the characteristics of the data curves and on the data reduc-
tion runs and a comparison of calculated and measured VDC' For 3-inch
diameter cells, IS values should normally be in the range of about
1 x 10% to 3 x 10° mA/°K, M values should range from about 1.0 to 3.0,
and RS values should be about 20-60 mQ. Values obtained beyond these
ranges and deviations from measured VOC can be caused either by anomalies
in the forward or reverse data or by non-optimum selection of input
parameters. |

In general, points were input evenly from all portions of
the curves. It appears more prudent, however, to input more points from
peak power to open circuit portions than from the short circuit and low
voltage portions since the most important cell characteristics are open
circuit voltage (VOC), peak power current (Ipp) and voltage (Vpp), and
short circuit current (ISC). Since ISC is input as a "paramspec", this
point is matched exactly, but‘Ipp, Vpp’ and VDC are matched through the
calculated parameters. Therefore, more emphasis should be placed on
these data points either by preferential selection of data points input
or by the use of weighting factors.

In many cases, irreqgularities in the data required correc-
ting approximations to obtain results. A positive slope in the data near
short circuit in an illuminated forward curve will cause a fatal error in
the program. Irregularities in reverse data will either cause errors in
forward data reduction since shunt resistance is cobtained from reverse
data reduction or will result in fatal errors or convergence problems.

V-3
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G-A

CELL
NR

113

116

118
120

134
136

138
141
143
147
185
196
201

203

TABLE V~1. SUMMARY OF ILLUMINATED FORWARD DATA REDUCTION FOR FLAT PLATE CELL

COMMENTS
RE DATA

Curve has inflection at
120 mV

Curve has inflection at
100 mV

h'4

Current at 100 mV > ISC
Current at 100 mV > ISC

Current at 100 mV > ISC

isc

Current at 125 mV

IS(mA/°K)

9.98E3

3.55t5

1.17E5
2.18E6

1.02E5

6.17E4

6.25E5
8.75E4

1.01E6
1.12E6

2.68E6

1.88E4
1.55E5
1.35E6

M

3.17

1.25

1.99

2.20

1.28

2.05

1.43
1.35
1.24

3.03

RS
(mQ)

1.0

13.5

1.0
39.8

15.6
5.43

59.9
12.6
1.75

31.8

6.73
1.0

16.5

48.7

VOC(mV)
DATA CALC.
het 608
565 560
548 551
534 534
556 550
558 553
543 565
552 553
543 526
538 537
544 527
544 568
542 545
548 551

COMMENTS RE
DATA REDUCTION

Large slope at ISC compared
with reverse data causes
error at VDC

Irregularities in reverse
data required correction

Irregularities in reverse
data required correction

Slope required correction
Slope required correction

Slope requived correction

Slope required correction
Irregularities in reverse
data corrected

NOILVHOdHOO NA8 IHL



9-A

CELL
NR

210

211
222

226

227

228

229

230
231
232
233
234

235

236

TABLE V-1. SUMMARY OF ILLUMINATED FORWARD DATA REDUCTION FOR FLAT PLATE CELLS {(Continued)

COMMENTS
RE DATA

I1S(mA/°K)

-~ 3.79E4

- Curve has inflection near

peak power .

Cufve has. inflections
between 100 and 250 mV

7

Curve has inflection at
220 mv

Curve has inflections at
430 and 490 mV

Curve has inflection near
open circuit

Curve has inflection at
400 mV

Curve has many inflections

2.99E5

2.56E5 |

1.96E4

1.41E4

" 1.28E5

- 9.83E4

3.19E4
5.27E4
1.12E5
6.90E4
8. 75k4

1.28E5

4,43E10

M

'2.55

.68

69

.24

.20
.98

.82

.63

.09

.97

.25

.80

.76

.24

RS
(mQ

24,

30.

11.

31.

49,

42.

1% Y — S TR R

)

.95

(%]

VOC(mV)
DATA  CALC.
549 553

534 539
541 540
539 550
547 575
545 541
577 565
533 555
575 575
547 546
527 540
559 579
561 562
573 580

COMMENTS RE
DATA REDUCTION

Irregularities in reverse
data required correction

Irregularities in reverse
data required correction

Irreguiarities in reverse
data required correction

Irregularities in reverse
data required correction

Errors due to inconsistency
between high reverse leak-
age and slope near ISC

NOILYHOd4HOO WNAg 3H1L
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CELL
NR

237
238

239

240

261

262

263

264

265
266

268
269

273

275

TABLE V-1. SUMMARY OF ILLUMINATED FORWARD DATA REDUCTION FOR FLAT PLATE CELLS (Concluded)

COMMENTS
RE DATA

Current at 150 mV = ISC

Curve has inflection
near 250 mV

Curve has inflections
near peak power

Current at 250 mV = ISC

Curve has inflection
at 240 and 475 mV

IS(mA/°K)

.88E4
.68E5

.07E4

.89E5
.03E4
.A41E4

. 05E3

. 14E5

. 22E5
. 89E4

. 56E4
. 19E4

.27E4
.47E5

M

2.44
1.81

2.72

1.88

3.07
2.55

RS
(m2)

1.0

9.09

20.0

22.

[p*)

45.0

20.4
15.0

27.6

VOC(mV)
DATA CALC.
559 561
561 544
5N 571
542 541
559 576
551 576
580 640
547 560
562 559
572 573
547 575
530 534
538 550
550 551

COMMENTS RE
DATA REDUCTION
Slope required correction

Irregularities in reverse
data required correction

Irregularities in reverse
data required correction

Errors due to inconsistency
between high reverse leak-
age and slope near ISC

Irregularities in reverse
data required correction

Slope required correction

Irregularities in reverse
data required correction

Irregularities in reverse
data required correction

Irregularities in reverse
data required correction
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In general, data inflections with negative slopes will not halt the data
reduction program, but may produce errors in parameters obtained.

Figure V-3 shows a typical dark reverse I-V curve. Data
was taken to breakdown or to about -34 V if breakdown did not occur. The
cell shown (134) did not breakdown in the actual measurement, but
breakdown data was artificially created in this case to provide a good
breakdown example. Most of the cells, which did enter into breakdown,
exhibited very sharp "knees" at breakdown and could not be taken more
than 0.1 to 0.2 V beyond breakdown.

Note the nonlinear shape of the curve from the origin to
about -12 V. This is also evident in the PV-TAP comparison plot in
figure V-4. The x's represent empirical data; the 1's are calculated
values. This type of irregularity will often halt the data reduction
program and require approximating a straight line through the input data
to obtain results. This is indicated in some of the data reduction
comments in the dark reverse data reduction summary chart in table V-2.
In some cases, superlinear and sublinear regions could be handied by the
program. This depends on the degree of non1inearity. If a line drawn
from the origin to the onset of breakdown, reasonably bisects the data,
resuits can usually be obtained from the original data. If the data is
mostly above the 1ine (sublinear curve), the program may not accept the
data. If the data is mostly below the 1ine (superlinear curve), the
program may postuiate a low breakdown voitage with a mild breakdown slope
and reject the real breakdown data.

Shunt resistances for flat plate cells vary over a wide
range from occasionally less %han 10 @ to over 1000 Q. The 3-inch diam-
eter flat plate cells in this sample should have shunt resistances from
about 10 @ to 200 Q. The range of values in the chart is consistent with
this range; however, individual values may be incorrect due to misinter-
pretation of data anomalies by the program. This, in turn, can affect
the accuracy of the forward data reduction since shunt resistance is a
required input for illuminated forward data reduction.

In some cases, A, B, and VB were input as "fixedparams"
because the shape of the curve in breakdown was non-monotonic causing the

V-8



THE BDM CORPORATION

CURRENT (mA)

5-

4 4

3

CELLTYPE 3* NO, 134 DATE 5/31/78

Figure v-3.

VOLTAGE (V)

Dark Reverse Cell I-V Curve
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TABLE V-2. SUMMARY OF DARK REVERSE DATA REDUCTION FOR FLAT PLATE CELLS

CELL COMMENTS VB(-V) COMMENTS RE
NR RE DATA RSH(Q) A B DATA CALC. DATA REDUCTION
113 No breakdown at -33 V 51.3 NA
116 Sublinear beyond -15 V 19.5 15.0 1.0 32.7 32.7 A, B, VB input as "fixed-
Vertical slope in breakdown params" to circumvent
breakdown irregularities
118 No breakdown at -32 V 30.6 NA
120 Superlinear beyond -20 V 28.5 10.1 1.0 28.5 28.0 Straight line approximation
required
134 No breakdown at -33 V | 40.4 13.4 1.0 NA 33.6 Breakdown data artificially
Sublinear beyond ~ -8 V created to provide good
" example run
136 No breakdown at -33 V 54.2 NA
Sublinear beyond ~ -8 V
138 No breakdown at -33 V 139. | NA
141 No breakdown at -33 V 52.5 NA
Sublinear beyond ~ -7 V
143 Superlinear beyond -14 V 60.0 0.40 1.0 25.3 13.2 Low calculated VB due to
superlinearity
147 Sublinear beyond -10 V 27.2 1.06 1.0 ~24 18.5
Stop discontinuity at
-18.2 V
185 67.9 0.52 1.0 ~25 14.3 Low calculated VB due to
slight superlinearity
and soft breakdown
196 No breakdown at -34 V 489, NA

201 No breakdown at -34 V 129. NA

NOILVHOdH0D NA8E 3HL
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CELL
NR

203

210
211

222

226
227
228
229

230
231
232

233
234

235

TABLE V-2. SUMMARY OF DARK REVERSE DATA REDUCTION FOR FLAT PLATE CELLS (Continued)

COMMENTS
RE DATA

Sublinear beyond -15 V

Sublinear beyond -14 V
Superlinear beyond -22V

Sublinear beyond -15 V
No breakdown at -34 V

No breakdown at -34 V

Highly superlinear curve

Super]inear beyond -19 V
Superlinear beyond -20 V
Sublinear beyond -12 V

Superlinear below -8 V
Sublinear beyond -8 V

3 [
s L4

RSH(Q)

18.0

34.4
43.2

12.9

11
48.0
25.5
17.2

101.
25.2
59.8

69.0

14.2

8.28

13.5

3.58

VB(-V)
DATA CALC.
~30 30.1
25.2 24.5
34 16.5
32.5 31.5

NA

NA

25.5 22.2
~31 10.8
~33 28.1
~29 25.9
~25 13.8
~25 16.7
~23 21.2
~27-29  24.3

COMMENTS RE
DATA REDUCTION

Straight Tine approximation
required

Low calculated VB due to
superlinearity

Straight line approximation
required

Low calculated VB due to
superlinearity

Straight line approximation
required

Low calculated VB due to
superlinearity

Low calcuated VB due to
superlinearity

Straight line approximation
required

Straight line approximation
required
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CELL

236

237
238

239

240

261

262

263

264

265

266

TABLE V-2. SUMMARY OF DARK REVERSE DATA REDUCTION FOR FLAT PLATE CELLS (Continued)

COMMENTS
RE DATA

No breakdown at -10.5 V
High leakage (5 A at -9 V)
No breakdown at -34 V

Sublinear beyond -15 V

Highly superlinear curve

Superlinear beyond -20 V
Step discontinuity at -28 V

No breakdown at -34 V
No breakdown at -34 V

No breakdown at -20.5 V
Superlinear; High leakage

No breakdown at -34 V
Sublinear beyond -20 V

Superlinear beyond -29 V
Superlinear below -15 V

Sublinear beyond -15 V
Negative slope in breakdown

RSH(Q)
1.83

31.2
15.3

23.8

22.1

146
116

3.55
23.1

8.4
12.1

A

2.57

0.26

0.30

0.21

0.16

0.53

15.0

VB(-V)
DATA CALC.
NA
NA
26 24.6
~27-34 7.6
~30 7.8
NA 1.1
NA 1.3
NA
NA
32.7 22.8
27.2 27.2

COMMENTS RE
DATA REDUCTION

Straight Tine approximation
required

Straight line approximation
required

Low calculated VB due to
superlinearity

Low calculated VB due to
superlinearity

Slight superlinearity
interpreted as mild
breakdown

Slight superlinearity
interpreted as mild
breakdown

Straight line approximation
required

A, B, VB input as "fixed-
params" to circumvent data
irreqgularities
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CELL
NR

- 268

269

973

275

PL-A

TABLE V-2. SUMMARY OF DARK REVERSE DATA REDUCTION FOR FLAT PLATE CELLS (Concluded)

COMMENTS
RE DATA

- Soft breakdown

Negative slope in breakdown

-‘Nb"breakdown at -34 v -

Step discontinuity at -30 V

Super]fnear below ~ -17 V

~Sublinear beyond ~ -17 V

RSH(22)

38.1
46.5

176

19.1

0.17

2.29

1.0

1.0

1.0

__VB(-V)
DATA  CALC.
~27-29  24.7
16. 16.
NA 5.2
32 30.4

COMMENTS RE
DATA REDUCTION

"A, B, VB input as "fixed-~
- params"” to circumvent
breakdown irregularities

S1ight superlinearity
interpreted as mild
‘breakdown.

Straight line approximation
required B
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program either to reject the data and supply default parameters, to
produce unacceptable values or to halt completely. In some cases the
data appeared to exhibit two soft knees and in others the breakdown
region exhibited a vertical or negative slope.
b.  Dark Forward

Figure V-5 contains a typical dark forward I-V curve for
3-inch diameter flat plate cells. The data was taken at 25°C. The
comparison plot generated by PV-TAP for this cell is shown in figure V-6.

The semi-log plot has Tlogarithmic y-axes scales, each from 1.0 mA to
1000 mA. The linear x-axis goes from 0.1 to 0.6 V. The results exhibit
a good match for this cell because the cell data itself exhibited a
distinct RS effect at the top of the curve and because the data was input
with increased weighting on the upper three points of figure V-5.
However, the resultant parameters, as discussed previously in sections
i-A and III-B, do not produce an illuminated I-V curve with a good match
to the illuminated data.

In the dark forward data reduction summary chart in table
V-3, the comments indicate most of the problems encountered in the runs.
The measurements were made only out to 0.55 V for most celis. Since the
current direction is into the cells in dark forward measurements, the
voltage at the junction is lower than the terminal voltage as opposed to
the illuminated case in which the junction voltage is higher than the
terminal voltage. Therefore, higher terminal voltages must be employed
to obtain the same current through the junction. In most cases, the
maximum currents produced were 1less than 1.0 A. Thus, most curves
exhibited 1ittle or no RS efféct. This results in the program assigning
the minimum allowable value of 1.0 m2. This was done to prevent genera-
tion of negative values. Since PV cells are operated at low current
densities compared to semiconductor devices, they can be safely measured
at much higher forward currents and should have been taken to 2.0 A.

The points shown on the curve of figure V~5 indicate that
six of the ten points input were taken below 0.4 V. Since only RSH is
obtained from this region, more points should be input from the region
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1000 - CELL TYPE 355 NO. 134 DATE 6/7/78
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Figure V-5 . Dark Forward Cell I-V Curve
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CELL

113

116
118 -
1200

L

8L-A

136

138
141
143
147
185
196
201
203
210
211

222

TABLE V-3.

COMMENTS
RE DATA

No RS effect

"~ No RS effect
"No RS effect

S1ight RS effect

Slight RS effect
Slight RS effect
No RS effect

STight RS effect

Stight RS effect
Slight RS effect
No RS effect
No RS effect
No RS effect
No RS effect

RSH
@)
221
87.6
229
71.5

89.3

165
658
153
301
28.3
148

5140.

773
119
79.6
109
12

IS{mA/°K})

5.

a0 W

N W

60E3

. 35€3
.09E3
. 24E3

.55E5

.43E3
. 35E3
.87E3
.81E3
.01E4
. 98E3
.88E4
.98E4
.19E3
.80E2
.35E3
.05E3

M

2.96

.88
.39
.83

NN NN

.66

.65
.15
1
.06
.24
.46

Bw A kN NN

.44

RS
(m2)
1.0
1.0
1.0

26.8

w—
c o o o

—
o O 8 o o o ©

SUMMARY OF DARK FORWARD DATA REDUCTION FOR FLAT PLATE CELLS

COMMENTS RE
DATA REDUCTION

Lack of RS effect in data results
in default value of 1.0 mQ and
tends to produce errors in
other parameters. Data should
have been taken at higher

currents, and less low current

points should have been input
in. data reduction

Weighting factdrs;hsed to
improve results at hig
currents o
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TABLE V-3. SUMMARY OF DARK FORWARD DATA REDUCTION FOR FLAT PLATE CELLS (Continued)

CELL COMMENTS RSH IS(mA/°K) M RS COMMENTS RE
NR RE DATA @) (mQ2) DATA REDUCTION

226 No RS effect 213 1.85E4 2.52 1.0

227 No RS effect 247 7.64E3 2.90 1.0

228 No RS effect 156 1.65E3 3.74 1.0

229 No RS effect 51.0 1.08E4 2.60 1.0

230 Slight RS effect 274 5.77E3 2.60 1.0

231 S1light RS effect / 56.3 8.88E3 2.72 1.0

232 No RS effect 144 2.46E3 3.13 1.0

233 Slight RS effect 129 3.72E3 3.05 1.0

234 No RS effect 61.3 9.67E2 5.06 1.0

235 No RS effect 35.5 1.34E4 2.89 1.0

236 No RS effect 38.1 1.29E3 6.41 1.0

237 No RS effect 329 3.11E3 3.39 1.0

238 No RS effect 94.8 1.92E3 3.92 1.0

239 No RS effect; Very low =176 2.62E3 3.52 1.0 Very low leakage -interpreted as

leakage negative RSH

240 No RS effect 132 1.32E3 4.01 1.0

261 No RS effect 501 1.38E4 2.51 1.0

262 No RS effect 319 - 1.01E4 2.75 1.0

263 No RS effect 26.6 3.82E3 3.44 1.0

NOTIYHO4H0D WAE 3HL



TABLE V-3. SUMMARY OF DARK FORWARD DATA REDUCTION FOR FLAT PLATE CELLS (Concluded)

CELL COMMENTS RSH IS(mA/°K) M RS COMMENTS RE
NR RE DATA Q) (mQ) DATA REDUCTION

264 No RS effect 133 1.22E3 3.63 1.0

265 No RS effect 141 3.29E3 3.09 1.0

266 | 21.7 1.3985 1.88  27.2

268 No RS effect 132 4.26E3 3.15 1.0

269 No RS effect 159 8.79E3 3.02 1.0

273 No RS effect , 251 1.57E4 2.28 1.0 Weighting factors used to
: improve results at high

currents

0 275 No RS effect 96.9 2.14E3 3.50 1.0

NOILYHOdH0OD NAE IHL
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above 0.4 V, or weighting factors should be used to place more emphasis
on the higher voltage points. This was done for cells 134 and 273. The
results were good for cell 134 whose data exhibited a RS effect, but the
improvement was not quite as satisfactory for cell 273 whose data
exhibited no RS effect. The M of 2.28 is better than the other cells
which showed no RS effect, but RS is still 1.0 mQ.
2. Modules

The flat plate modules consist of 42 series-connected cells.
The cells are of the type reduced in the previous section. The data
consists of dark forward and reverse curves and illuminated forward
curves taken on six modules at 25°C.

a. Dark Reverse and Illuminated Forward

Figure V-7 contains a typical illuminated forward module
I-V curve taken at 1 sun and 25°C. The PV-TAP comparison plot is shown
in figure V-8. The match is good with identical Voc's of 22.8 V and
currents at 16.4 V of 1.52 A measured and 1.51 A calculated.

The summary chart for all six modules is shown in table
V-4. Initial runs were made with 10 to 11 data points spaced as shown in
figure V-7. The results were not satisfactory, producing significant
discrepancies at open circuit and very high saturation currents. Reverse
curves calculated from the parameters exhibited currents which were
higher then the reverse data because the saturation current was higher
then the current through the shunt resistance. The results shown in
table V-4 were obtained by eliminating all illuminated input points below
15 V. This resulted in Tower IS and better VOC matching.

The problem appears to have been caused by larger slopes
in the data near short circuit than should have been obtained considering
the Tow reverse currents. By eliminating these data points from the
input data, the program was better able to match the remaining data.

Figure V-9 shows a typical dark reverse module curve. The
measurements were taken only out to =10 V because it was feared that most
of the voltage could be impressed across a single cell which could become
permanently damaged. Several cells had been destroyed during dark

V-21
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CURRENT (A)

PANEL NO. 1 TEMP. 26°C DATE 7/20/78
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Figure V-7. Illuminated Forward Module I-V Curve
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ve-A

MODULE
NR

o B W

TABLE V-4. SUMMARY OF ILLUMINATED FORWARD DATA REDUCTION FOR FLAT PLATE MODULES

COMMENTS
RE DATA

A1t illuminated forward
module curves appeared
well-behaved

IS{mA/OK)

2.03E-2
1.09E-3
9.07E-2
2.44E-2
5.28E-3
1.57E-2

M

75.7
59.7
86.1
76.1
67.7
73.9

RS
Q)

1.28

- 1.45

1.10
1.33
1.44
1.14

Voc(V)
DATA™  CALC.
22.8 22.8
22.6  22.6
22.5 22.4
22.5  22.5
22.8  22.7
2.7 22.7

COMMENTS RE
DATA REDUCTION

I1tuminated data below
~15 ¥V was eliminated
from input for all runs
to produce parameters
with good match from peak
power to open circuit.
Based on cell data, M
and RS for modules should
be about 60-100 and
1.0-2.4q, respectively.
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PANEL NO.1 TEMP.25°C DATE 7/24/78
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Figure V-9. Dark Reverse Module I-Y Curve
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reverse cell testing and were discarded. A cell failure in a module
would have been more disastrous; therefore, high reverse voltages were
avoided.

A11 the reverse module I-V curves exhibit a Tight super-
Tinear behavior as shown in figure V-9 and by the x's of the comparison
plot (figure V-10). The slope continues to increase from 0 out to -10 V
as illustrated by the increasing separation between the x's and the 1's
which are linear. The two x's on the upper left of figure V-10 are not
part of the data. The table which was used to plot the data ended at -10
V. Since the voltages in the PV-TAP plot went beyond -10V, PV-TAP
supplied the -end value for all voltages beyond -10 V.

In order to prevent the data reduction routine from inter-
preting the increasing slope as a breakdown curve, the parameters--A, B,
and VB--were specified as "fixed params" in all runs as noted in table
V-5. Thus, PV-TAP supplied the default values of A= 15V, B =1V, and
VB = -35 V for all runs making these parameters strictly user input and
not calculated. |

b.  Dark Forward

Figure V-11 contains a typical dark forward module I-V
curve. The PV-TAP comparison plot is shown in figure V-12. The data
exhibits a slight RS effect; however, it is rather small for the magni-
tude of the voltages in the data. As can be seen from the comparison
plots, the program did not match the data well at high voltages. The
1's fall below the x's in this region. The comments in the summary chart
(table V-6) ihditate that this was true for all six modules. Fewer low
voltage points should have been input and the measurements should have
been taken at higher volitages so that a significant RS effect could have
been seen, -

In the comparisaon plot of figure V-12, it should be noted
that the last two x's at the Tower left are not real data since the data
only starts at -2 V. This is the same phenomenon as previously described
in section 2.a above. '
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MODULE
NR

82-A

TABLE V-5. SUMMARY OF DARK REVERSE DATA REDUCTION FOR FLAT PLATE MODULES

COMMENTS
RE DATA

A1l module data curves
are superlinear.

Module reverse data was
taken only to -10 V.,

RSH(Q)

6084
8255
6045
5417
5408
5016

A

15.0
15.0
15.0
15.0
15.0
15.0

1.0
1.0
1.0
1.0
1.0
1.0

VB(-V) COMMENTS RE

DATA  CALC. DATA REDUCTION

NA 35.0 A, B, VB were specified as
"fixedparams" in all runs

NA 35.0 to inhibit calculation to
breakdown parameters.

NA 35.0

NA 35.0

NA 35.0

35.0

NA
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MODULE

LE-A

NR

TABLE V-6. SUMMARY OF DARK FORWARD REDUCTION FOR FLAT PLATE MODULES

COMMENTS
RE DATA

A1l modules exhibit only
slight RS effect

RSH
@)
6285
6098
11286
6107
5134
5691

IS (mA/oK)

1.58E-1
1.38E-1
6.25E-1
2.45E-1
3.29€-1
2.15E-1

M

108
105
141
12
125
116

_-l
I
m
w
O
RS COMMENTS RE =
)
(m2) DATA REDUCTION O
)
o
1.0 Lack of significant RS effect ™
in data results in default X
1.0 value of 1.0 m2 and tends to ol
produce errors in other param-z
1.0 eters compared to values
obtained from illuminated
1.0 data reduction. Data should
have been taken at higher
1.0 currents and fewer low-
current points should have
1.0 been input to data reduction.
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B.  CONCENTRATOR CELLS AND MODULES

1. Cell Data .

The data reduced consists of illuminated forward I-V curves of
a2 single concentrator cell at seven concentration ratios. The cell is
approximately 3/4 inch by 2.5 inches, single crystal silicon for use in a
linear parabolic trough at concentrations of about 20X. The I-V curves
taken by the manufacturer are shown in figure V-13. A comparison plot
made for the 50X curve is shown in figure V-14. Since reverse data was
not available a typical shunt resistance of 100 was input as a
"paramspec" to the data reduction. As can be seen from the summary in
table V-7, reasonable parameters and good VOC match were obtained for all
curves even though the higher concentration curves exhibit significant
noise. The match at peak power for the 50X curve is 17.20 A calculated
versus 17.19 A measured at 0.482 V. The good match can be attributed
largely to the fact that no data below about 0.35 VY for the higher
concentration curves and about 0.45 V for the lower ones were inpuf to
the data reduction.

2. Modules _

The module data consists of illuminated forward 1-V curves of
series-connected cells on the receiver tube of a linear parabolic trough.
The modules consist of 44 series-connected cells of the type reduced in
the previous section. A typical module I-V curve is shown in figure
V-15. The data was taken at\the BDM Solar Test Facility. Both I-V and
power curves were made. The data was taken outdoors with north-south
oriented troughs. The linear portion of the I-V curve from the origin to
1 V is not real data, but is related to the start-up of the plotting
routine. The irregularities and steps in the curve are due to 1) the
activation of bypass diodes as a result of non-uniform illumination along
the 1length of the receiver tube and 2) fluctuations in dincident
illumination due to large intermittent clouds present on that day. The
purpose of using data from this day in place of much smoother data which
was available was to gauge the program tolerance to severe irregularities
in the data.
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Figure V-13. Concentrator Cell I-V Curves
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- GE-A

CONCEN-

TRATION
8x
16x
24x
32x
38x
45x
50x

TABLE V-7. SUMMARY OF CONCENTRATOR CELL ILLUMINATED FORWARD DATA REDUCTION

COMMENTS
RE DATA

Noise on curves increases

with concentration ratio.

IS(mA/OK}

4.86E5
1.27E5
2.34E5
1.09E5
2.59E5
1.84E5
1.59E5

M

1.07
1.63
1.37
1.97
1.41
1.75
1.97

RS
(ms2)
9.15
1.15
4.43
1.53
5.19
4.38
3.84

VOC(mV)
DATA CALC.
624 628
643 642
652 653
658 656
660 664
659 661
660 661

COMMENTS RE
DATA REDUCTION

Typical RSH of 1008
was assumed for
data reduction for
all cases.
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The program handled this particular curve very well as can be
seen from the comparison plot in figure V-16 and the test 107 line in the
summary table V-8. The values for M and IS deviate somewhat from expected
values based on cell paraméters; RS is consistent and Voc shows a good
match. The current at the peak power voltage of 19.1 V was 9.57 A
calculated versus 9.92 A measured. The comparison of VOC was not made at
zero current but rather at the last point available from the input data.
The VOC of the module is actually larger than 25.2 V.

It can be seen that the calculated curve in figure V-16 has a
smooth shape compared with the original data. This is consistent with
the modeling in which all 44 cells are represented by the single cell
model which has a single exponential. If the user wishes to model the
bypass diode step effect, he must model the module as individual cells.
This can be done by scaling the parameters by 44, and providing a
different jllumination for each cell to simulate the real environment,

The data reduction summary for 20 tests is shown in table V-8.
Comments concerning the shape of the data are included plus comments on
the data reduction as appropriate. Data curves for four more of the
tests have been included in figures V-17 through V-20 to provide further
insight into the irregularities encountered.

Perusing the summary, it can be seen that half of the data
reduction resulted'in default values of 1.0 m for RS. This may have
been due in part to the irregularities in the curves and in part because
a full range of'data:wQs input sfarting with 1.0 V. Only test 167 would
not produce results frmh theﬁbr1gina1 input data. This run was finally
accomplished by deleting muth of the data and inputting only four points
near peak power and open circuit. Why this curve, which is no more
irregular than most, was the only one which required this smooth curve
approximation is not clear, but may result from the long ramp followed by
the short bypass ramp which may have been interpreted as the termination
of the peak power region. In any case, the good results obtained in half
the tests and the ease of convergence for all but one case illustrates
the value of using the program for reducing irregular data which could be
extremely time—consumihg to acéomp]ish by hand.
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BE-A

TEST
NR

106
107
108
109
110
111
112

155

156

157

167

180

228

295

Ramp
Step
Ramp
Ramp
Ramp
Ramp

Step
Ramp

Ramp
Ramp

Ramp

Steep ramp from 13-15 V

TABLE V-8.

COMMENTS

RE

from

DATA

13-16 V

at 14 Vv

from
from
from
from

at 9
from

from
from

from

13-14 V
13-15 V
10-18 V
14-20 V

)
12.5-14 V

6-13V
13-14 V

5-10 V

Ramp from 10-16 V

Ramp from 4-12 V
Step at 14 V

Ramp from 2-10 V
Ramps from 13-16 V

Steps at 13 V and 21 V

Ramp from 13-16 V

Steep ramp from 10-12 V
Ramp 15-17 V, Step 21 V

oL A W

IS(mA/°K)

.01E7
.62E1
. 98E1
. 25E1
. 15E2
. 25E1
.09E2

.61E2

.54F2

. 99E2

.89E2

.03E2

.43E2

.06E3

M

172
183
179
181
214
197
202

304

327

284

312

290

312

381

RS
(m2)

340

143

134
164
148
50.2
14.8

1.0

1.0

3.96

4.28

205

1.0

1.0

VoctV)
DATA  CALC.
25.6  26.4
25.2  25.2
25.2  25.4
25.2  25.6
25.1 25.9
25,1 25,1
25.1 24.9
24.8  27.3
24.7 26.2
24.7 24.7
24.6 26.0
24.6 26.2
25.2 26.0
25.2 25.5

SUMMARY OF CONCENTRATOR MODULE ILLUMINATED FORWARD DATA REDUCTION

COMMENTS RE
DATA REDUCTION

Based on cell data, M and
RS for modules should be
in the ranges 60-80 and
100-300 m2, respectively.

Ramps and steps are
inconsistent with single
exponential model resylt-
ing in inability to match
curve over full range
and generate reasonable
parameters as indicated
by high M and low RS.

Smooth Curve approximation
required to obtain results
Same comment as #155

Same comment as #155

Same comment as #155
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TABLE V-8. SUMMARY OF CONCENTRATOR MODULE ILLUMINATED FORWARD DATA REDUCTION (Concluded)

TEST COMMENTS RS Voc(¥) COMMENTS RE
NR RE DATA I1S(mA/°K) M (m2) DATA CALC. DATA REDUCTION
324 Ramps from 8-10 V and 7.63E2 345 1.0 25.5 26.0 Same comments as #1556
10-18 V
Step at 21 V
325 Ramps from 10-12 V, 8.68E2 364 1.0 25.4 26.5 Same comment as #155
13-15 V and 20-21 V
326 Ramp 1-i3 V 5.69E2 318 1.0 25.5 26.5 Same comment as #155
Steep ramp 13-15 V
327 Steep ramp 12-15 V © 4.74E2 25 1.0 25.6 25.8 Same comment as #155
- 328 Ramp 1i-15 V ' 3.44E2 - 268 1.0 25.5 25.7 Same comment as #155
.
5 329 Ramps from 7-8 V, 12-14 Vv 2.50E2 24 _ 1.0 25.6 25.2 Same comment as #155

and 19-20 V
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