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This paper describes the method to estimate maximum power point of the PV systems under the measured irradiance
and module temperature, reviews the error factors of the MPP estimation and summarizes the analysis results of the MPP
mismatch analysis for grid-connected PV systems. Spectral mismatch is not always the loss factor but gain factor in
cloudy condition. Regular loss including MPP tracking error is a major factor of MPP mismatch.
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INTRODUCTION

Performance analysis of the PV systems normally
uses irradiance data as an input energy and module
temperature is used to estimate the ideal output energy
and maximum power point (MPP) of the PV systems
under the measured irradiance and module temperature.
There are several factors which may affect the accuracy
of the MPP estimation, some of them have non-linear
characteristics for the irradiance and temperature. This
research concentrates to analyze the loss of DC output
energy using array output current and voltage. Simple
MPP estimation methods are introduced and analysis
results of MPP mismatch are summarized in this paper.

PV SYSTEMS AND MEASUREMENT

Data from “Demonstrative research on clustered PV
systems” are used in this paper. “Demonstrative
research on clustered PV systems” is a project of New
Energy and Industrial Technology Development
Organization and being conducted from December, 2002
to investigate about the potential issues of
grid-connected PV systems.

One-minute averages of secondly measured data
are used for the analysis. PV array’s output current and
output voltage are measured at the input terminal of the
power conditioning subsystems (PCS). Global irradiance
and direct irradiance are measured at the meteorological
stations. Incoming irradiation at the PV array’s plane is
calculated using direct model for direct components,
Perez model [1] for diffused components and uniform
reflection model for reflected components. Module
temperature is measured at the selected systems using
thermocouple sensor.

More than 100 PV systems are initially evaluated
and 80 PV systems which do not have shading loss are
selected for this analysis. Orientations of the PV arrays
are south, east or west. Some of the systems have single
array but others have multiple arrays oriented different
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direction. Data from March 2005 to February 2006 are
used in this study.

METHODS

Input data of the analysis are Irradiance [kW/mz] on
the PV array’s plane, PV module temperature [degrees
Celsius], PV array’s output voltage [V] and output current
[A]. Ratios of measured value to estimated MPP value
for current, voltage and power are used for the MPP
mismatch analysis.

Estimating maximum power points

Short circuit current (Isc) and open circuit voltage
(Voc) under the measured irradiance at measured
module temperature can be calculated using following
equations.

G
I =G_[SC(0)[1+a(T_TO)]

0

Voe = VOC(O) [1 + ﬂ(T =T, )] (2)

Where

G : Irradiance [kW/mZ]

Go :Irradiance in STC (= 1[kW/m?], AM 1.5G)
Iscoy : Short circuit current in STC [A]

a : Temperature coefficient of Isc [degC'1]

T : Module temperature [degC]

To  : Module temperature in STC (= 25[degC])
Voco): Open circuit voltage in STC [V]

B : Temperature coefficient of Voc [degC™]

Ideal maximum power point current (lpmax) and
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maximum power point voltage (Vpmax) are calculated

from the following equations using the results of
equations (1) and (2).
1
_ Pmax(0)
IPmax - SC[— (3)
5C(0)
VPmax
— 0
VPmax - VOC V— (4)
0C(0)
Where

Ipmax(0) : Maximum power point current in STC [A]
Vpmax() : Maximum power point voltage in STC [V]

Error factors

Spectral mismatch is one of the known error factor
for the Isc estimation. Equation (1) dose not have a term
to correct spectral mismatch because spectral data are
not available in the data set. Thus spectral mismatch
between Go and G might be an error factor for the Isc
estimation.

Voc estimation also has a known error factor. Actual
Voc will become lower along with the G decreasing
compared with the estimated Voc from equation (2). [2]
However, this behavior is not considered in equation (2)
due to the lack of the data of characteristics for installed
PV modules.

Change of the fill factor (FF) [2] [3] is another error
factor in equations (3) and (4).

Incident angle correction

Incoming irradiance is measured by pyranometer
and incident angle dependence of the pyranometer is
less than 3[%]. However, PV module’s surface is
normally flat so there will be reflection loss due to the
large incident angle. Simplified calculation method [4] of
reflection loss is used to correct this effect. Effective
refractive index of 1.8 is used for the correction. Figure 1
shows relative transmittance of the PV module (1py) as a
function of incident angle. Assuming the reflection loss
will reduce the input irradiance G, ratio of measured
output current (1) to lpmax is calculated using equation (5).
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Fig. 1. Relative transmittance of the PV module as a
function of incident angle.
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Where
R : Ratio of | to estimated Ipmax

DC voltage correction

During the DC power transmission from the PV
array to the measurement point at the PCS input terminal,
voltage becomes lower due to the resistance of the cable
and blocking diode. This voltage drop (Av) is calculated
using following equation.

A, =06+02-1 (6)

0.6[V] represents the voltage drop at the blocking
diode and 0.2[ohm] is the resistance of the cable that is
calculated using 20[m] of CV cable (2[mm2]), the most
frequently used cable within the evaluated systems.
Using the calculated Ay, ratio of measured output voltage
(V) to Vemax is described as follow.

Vv

R, = (7)
VPmax - AV

Where

Ry : Ratio of V to estimated Vpmax

Power calculation

The ratio of measured power (P) to estimated
maximum power (Pmax) is calculated using following
equation.

4
RP = = RI . RV (8)
(]Pmax : TPV )(VPmax - AV )
Where
Rp : Ratio of P to estimated Pmax

Data filtering

To minimize the intentional MPP mismatch by PCS,
data under the high grid voltage condition and PCS
capacity shortage condition are excluded from the data
set. The threshold voltage of high grid voltage is 107[V].

RESULTS AND DISCUSSIONS

Ratios of measured value to estimated MPP value
for current, voltage and power are calculated for each
one-minute data and its frequency are summarized for
each irradiance level in an increment of 0.01[kW/m2] .
Results are shown in contour graphs of Figures 2, 3 and
4. Average ratios and standard deviations for each
irradiance level are also shown in these figures.

As a result, both current and voltage showed lower
R; and Ry when the irradiance level is very low. Standard
deviations at low irradiance level are larger in both
current and voltage, one of the reasons is a small value
of a denominator for the ratios calculation. R, once have
a peak around the irradiance level of 0.2 to 0.4 [kW/mZ]
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then gradually go down but Ry have a peak at very high
irradiance level. Higher voltage and lower current at the
high irradiance level indicate that operation point is not
on MPP but slightly shift toward Voc.
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—— lrradiance vs STDEV
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Fig. 2. R, analysis results.
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Fig. 3. Ry analysis results.
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Fig. 4. Rp analysis results.
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To analyze more detail about the results, all the data
are classified into five conditions. The first condition is
the irradiance level of less than 0.15[kW/m2]. This
category has lowest ratios and largest standard
deviations. As it is mentioned before, voltage drop and
change of FF are more severe in low irradiance level,
thus this category can be assumed that estimated MPP
values may have a lot of error. Generated power in this
class is 6.2[%] of the total of generated power, loss in this
class is 10[%] of the total loss. Generated energy and
loss for each irradiance level and those cumulative
percentages are summarized in figure 5.

The second condition is also the irradiance but more
than 1.05[(kW/m?]. Data under this condition generate
only 1[%] of the total so this category may have scatter.
Loss in this class is 2.4[%] of the total loss.

After excluding these two conditions, rest of the data
are classified to three weather conditions, i.e. clear,
cloudy and other. The definition of the clear is the data
which clearness index is more than 0.7, that of cloudy is
the data which ratio of diffused light is more than 0.95.
Classified results are summarized in table 1.

Table. 1. Analysis results for five conditions.

Generated .
energy | Loss [kWh] LOST:%?atIO Average Rp j;i?adtia;:
[kWh]
<0.15[kW/m?]|  19350.1 2365.1 0.70 0.802 0.280
>1.05[kW/m?] 3147.8 569.4 0.17 0.848 0.093
Irradiance: 0.15[kW/m?] < G < 1.05[kW/m’]
Clear 1115110 |  11034.8 327 0912 0.063
Cloudy 29019.1 -46.8 -0.01 0.998 0.195
Other 151189.8 9722.0 2.88 0.941 0.123
Al 3142177 | 236445 7.00 0.905 0.179
Air Mass: 1.3-1.7, Irradiance: 0.15[kW/m?] < G < 1.05[kW/m?]
Clear 221692 ] 19299 ] 057]  0922] 0034
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Fig. 5. Generated energy, loss and those cumulative
percentages for each irradiance level.

As a result, clear and other condition have 46.7[%]
and 41.1[%)] of the total loss respectively but cloudy
condition has 0.2[%] of gain. This gain can be explained
as a spectral mismatch which is also mentioned before.
Figures 6, 7 and 8 show the ratios R;, Ry and Rp for each
weather conditions. In addition to the above three
weather conditions, air-mass of between 1.3 and 1.7 in
clear condition are also plotted in these figures. As
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shown in figure 6 and 8, only the cloudy condition results
more than 1 of R, and Rp because of the “matching” of
the spectrum. Figure 9 describes the examples of the
relative spectral response of c-Si solar cell and
normalized spectral irradiances of AM 1.5G, clear and
cloudy conditions. Cloudy condition have relatively blue
rich spectrum and this will match with the spectral
response of c-Si PV modules. [5] Thus actual output
current is larger than the estimated Ipmax in cloudy
condition. On the other hand, clear condition sometimes
have red rich spectrum compared with the AM 1.5G
spectrum and this will reduce the output current of the
¢-Si PV module. This spectral mismatch can be seen in
figure 6. R| of all clear condition are lower than the
results of AM 1.3 to 1.7 condition specially at the higher
irradiance level.
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Fig. 6. Average R, results for four weather conditions.

Q@

Irrad vs Clear

Irrad vs Cloudy

Irrad vs Clear AM1.3-1.7
Irrad vs Other

14

b4 @@

1.2

1.0

T T s, A s T
I DDA oo
i °
o

0.8

0.6

Average of V / V(Pmax) Ratio [-]

04 + T . . : !
0.0 0.6 0.8 1.0 1.2 1.4
Irradiance [kW/m”2]

0.2 0.4
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Fig. 8. Average Rp results for four weather conditions.

Another factor of MPP mismatch is the system
configuration itself. Since these are not the results of PV
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modules but systems, array configurations and variations
of the PV modules can cause mismatch of system peak
power. Soiling and degradation are also the causes. To
estimate this kind of regular loss, AM 1.3 to 1.7 clear
condition is used because of its minimal standard
deviation and better spectrum matching with the AM
1.5G. Considering the variation of the measurement error,
average plus standard deviation is assumed as a regular
loss. As a result, 62.9[%)] of the loss are assumed as a
regular loss including regular MPP tracking error, that is
4.4[%] of the expected energy out. Rest of them is
assumed as spectral mismatch loss and gain, MPP
tracking error and other non-identified loss factors, that is
1.7[%] of the expected energy out.
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Fig. 9. Relative spectral response of c-Si and normalized
spectral irradiance as a function of wavelength.
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SUMMARY

Detailed analyses of MPP mismatch are performed
in this paper. Results indicate the non-linearity of Vpmax
and FF are not the major error factor for MPP analysis
because of the low irradiance level. Spectral mismatch is
not always the loss factor but gain factor in cloudy
condition. Regular loss including MPP tracking error was
a maijor factor of MPP mismatch in this analysis.

“Demonstrative research on clustered PV systems”
is a project of New Energy and Industrial Technology
Development Organization (NEDO). Authors would like
to acknowledge the financial support of NEDO and
cooperative discussions with project members.

References

[11 R.Perez, R.Seals, P.Ineichen, R.Stewart,
D.Menicucci, “A NEW SIMPLIFIED VERSION OF THE
PEREZ DIFFUSE IRRADIANCE MODEL FOR TILTED
SURFACES”, Solar Energy Vol.39(3) pp.221-231 (1987)
[2] B. Marion, “A Method for Modeling the
Current-Voltage Curve of a PV Module for Outdoor
Conditions”, Prog. Photovolt: Res. Appl. 2002; 10:pp.
205-214.

[3] D. Anderson, G. Agostinelli, T. Sample and E.
Dunlop, “Modeling Outdoor Behavior of Fill Factor in Thin
Modules”, 17th EU PVSEC, Munich, Germany, 2001.

[4] Y Ueda, T Oozeki and K Kurokawa “Outdoor
measurement and analysis of incident angle effect of PV
module” Proceedings of JSES/JWEA Joint Conference
pp51-54 (2005)

[5] K. Hirata, Y. Miyake, K. Nakamura, T. Kato and K.
Kurokawa, “Spectral Error Analyses of Pyranometers
Composed of Multiple Photodiodes”, RE2006
Proceedings, 2006




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	QCMCPageNumber: 
	0: 
	03922867308946826: 162
	8531399121898156: 163
	6459442104798814: 164
	16916635457009865: 165




