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Abstract

This best practice guide is PV System Commissioning or re-Commissioning Guide
Supplement to characterize and maximize PV system performance.

If a PV system is commissioned using industry standards, then it should produce as
much energy as was expected, right? No, PV industry commissioning standards do not
call for performance testing. This Commissioning Guide outlines methods to use during
commissioning to characterize and maximize PV system performance.
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1. INTRODUCTION

Commissioning is the process of assuring that a PV plant is safe,das®fis objectives, and
functions and produces energy in accordance w
commissioned according to industry standards, then it must be performing as expected, right?

Not necessarily. PV industry standards for commissioning do rlatimperformance testing.

The National Electric Codandthe IEC commissioning standard (IEC62446gntion nothing

about performance testindhSTM E284811 outlines a method of performance measurement

during the commissioning stage, but it is not a ceteplconsistent, standardizeeéthod of

measurement and mesic

Why is performance measurement an important component of the commissioning process? Ask
any system owner, financial partner or O&M provider what the key metrics are for any system.
They allinclude actual kwWh production versus expectatidRsid Rutherford, CEO of Photon

Energy Services of Mountain View CA states, 0
prediction of the energy production from the system based on inspection andemesgdardone

after it has been built and before final acce
Simply put, anyone with a financial i1interest

energy production at the time of commissioningttwas promised when | made my investment
deci sion?d6 prior to acceptance of the system.

According to Business Dictionary.com, commissioning is defined as:

Procesdy which an equipment,facility, or plant (which is installed, or is complete or near
completion) is tested to verify if ftinctionsaccording to itglesignobjectivesor
specifications

The dectric powerindustrydefinitions of commissioning include

Power Plant Commissioning is the process of assuring that all systems and components of
a power plant are designed, installed, tested, operatedyanthined according to the
operational requirements of the client.

The key words in these definitions are Afunct
to the operational requirements of the clieigt Owners, finanaiadorofi nst it
system production should not accept a commissioning process which does not include tests to

verify that it functions according to the original design objectwkih were used as a basis for

the investment decision. Furthermore, these teat be standardized and consistent for all the
commissioning of all PV projects.

Since the objectives usually specify levels of power generation and energy production,
commissioning needs to include performance testing. Wide adoption of rigorous jpeigerm
testing practices will avoid problems like these:

1. The 75 kWinverter was commissioned by a wedspected inverter manufacturer and all
appeared to be working well. It was later discovered that the MPPT software settings of
the inverter were not configured properly and the kWh production of the system was
about 25%ower than it should have been. The settings were changed remotely in five
minutes and system performance improved by 30%. However, months of valuable kwWh
production were lost.
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2. In another instance, a 30 kW PV system was installed on parking/shaderstuict
Phoenix. Commissioning consisted mainly of a final check of the main connections,
turning the inverters on, and waiting to see that all items were working correctly and that
the system was producing power. The power produced at that time appelaeed t
adequate. A few months later, the customer complained of lower than expected savings
on his utility bill. A review of the monitoring data confirmed that the kWh production
had dropped significantlybut gradually within the first few weeks of opation. A field
inspection revealed a reversed ground polarity of some of the strings. The wiring was
redone, correctly, and the system returned to normal power production within days. An
adequateommissioning procedure woulve revealed the reversedgrdy of the
grounding elements. Even if the polarity issue was missed, a more thorough performance
test during commissioning, including the capture of performance data for more than one
day, would have caught the power reduction within days after tbensygent online.

TheSunSpec Asset Lifecycle Performance Standards Commeiteesed the message from

industry professionals, investors and PV system owners that PV performance and safety
measurements must be included in the commissioning stage of a project. This was confirmed in
a survey performed in December, 2012 and repeatdaly, 2013. The industry needs a

consistent, standardized method of measurement, data collection and the metrics used during the
commissioning of a PV project to affirm that the energy output of the system meets or exceeds
expectations.

The Suispec Alliance has teamed with PV industry professionals to produce a set of guidelines
which addresses PV system performance testing during commissioning. THiS omte is
intended to be used by industry prinstitugosss i on al
O&M providers and standards setting organizations as the basis for developing a consistent,
standardized method of measurement during commissioning, as well as the metrics used to
record and report commissioning test resdulisere is futher discussioon how to use the

results to help satisfy ones risk assessment, or for future O&M purposes.

This guideaddresses the following topics:

1. Chapter 1Introduction The business case for performance testinghdurommissioning
that includes a full year of performance data and a recommendation for a secondary
commissioning process to account for hidden defects that often become manifest after a
Abr-eak period of six to 12 months

2. Chapter 2 System ac Performaa EvaluationActual performance metrics to be used
and methods of measurement and data collection, including:

a. A Summary of an 18 month study published by the SunSpec Alliance originally
done by San Jose State University and the Performance Committglardiesh
now sponsored by the SunSpec Alliahce

b. Recommendations for performance metrics during the initial commissioning as
well as for a secondary commissioning

1Solar PV Performance Assessmerractices, Methods and Guidelines to Assess Performance of Existing
Systems, James Mokri, Professor at San Jose Ghatersity and Joseph Cunningham, Director of Operations,
Centrosolar, available on the SunSpec webwgitew.sunspec.org
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c. Method of measurement, data collection and metrics repantishgow they may
relate to the need for system corrections during commissioning and maintenance.

d. Life cycle exampleso help justify PV performana@odelingand future
investments

3. Chapter 3Array Performanc&leasurement

a. |-V Curve Tracing and discrete voltage and current measurement methods
Relationship to PV system performan@gification, correction and measurement
Measurement methods
Interpreting 4V curves forperformance troubleshooting

®© a0 o

Test equipment selection

4. Chapter 4insulation Resistanddeasurement
a. Importance of PV system wire insulation for safety and performance
b. Measurement methods for ac and dc circuits
c. Interpretation of insulation test data and application ofekalts
d. Test equipment selection

5. Chapter 5infrared Measurements
a. Relationship between head PV performance
b. How Infrared Imaging works
c. Infrared Imaging techniques
d. Interpretation of results
e. Selecting test equipment
6. Chapter 6Shade Measurement (Solar Access)
a. Shade the performance killer
b. How to measure potential and actual shade against acceptable tolerances
c. Measurement techniques
d. Results, system design and verification during commissioning and maintenance
e. Selecting testquipment

The purpose of this guide is to recommend standardized, consistent methods of measurement,
data collection and metrics repag of PV system performance during the commissioning of a

new system, during a secomacar pyecommi, ssainanif mg
commissioning a system for a change of ownership, change of O&M provider, or close to the

end of warranty periodsBy employing these guidelines, the authors believe that any financially
interested party will be secure in the knowledge that the risk of revenue generation has been
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mitigated from the time the system first starts producing income through the genefation
electric power.

This process will alsbelp the key partiegerify thatthe PV system productiaa meeting
expectationsand it will set a baselinexpectation of system productiéor consideration of
future O&M needof the system.

The authors further believe that mitigation of revenue risk, aided by these suggested guidelines
of standardized, consistent methods of measurement, data collection and metrics reporting of PV
system performance during the commissioning of a system Wilithe capital markets accept

PV as an investment with lower risk and aide in moving PV to an acceptable asset class.

This is intended to be a supplementary guide to existing or developing industry standards such as
those developed by ASTM, IEC and othergh an emphasis on PV Production Performance
measurement and verification during commissioni@ger time these methods will be proposed

as additions to the corresponding standards.

2. PV SYSTEM AC PERFORMANCE EVALUATION

2.1 Overview

This chapter summarizes metrics and methods for acceptance testing of the performance of an
asbuilt PV system under actual weather conditions during the first year of operation. The

primary purpose of the acceptance evaluation is to determine if the syst¢hne ltapability of

generating the predicted electrical energy (kWh) over its lifetime. The evaluation compares the
systembs actual measured output with the expe
PV model predictions for the loigrm kWh, RO} and LCOE are valid. A secondary purpose is

to establish a baseline of performance for use in future evaluations of performance trend to

support O&M decisions.

The terminology used in this guide employs definitions used by organizations such as NREL.
Below are definitions for various states of power and engrgare used throughout this
chapter:

PredictedPower Thepowerthat is predictedo be generated by the PV system based on
historical weather conditions, PV module STC test data and R&hsytesign

ExpectedPower Thepower expected to be generated by a PV system at any particular time
based on actual wtreer, irradiation and alsuilt PV system configuration

Measured®?ower ThePV system ac output powtrat was measured during the test.
Exclusions are discussed below.

PredictedEnergy The energy generation predicted from historical weather data that is
considered to be representative for the siseng a model chosen by the parties to the test.

ExpectedEnergy The energy generation predicted from the same model but using the weather
data that is collected during the test. Exclusions and details are discussed below.

Commissioning for PV Performance
Best Practice Guide 14 WWW.Sunspec.org



Measured=nergy. Theenergy generatiothat was measured during the telSkclusons are
discussed below.

System AC performance evaluatidiffers from some other commissioningeasurements in

thatit should include an initial evaluation, plus ewaluation of the first twelve months of
operation. The initial evaluation opower ancenergyis designed tensure that the system is
functioning properly.The extended evaluation compaties first full year of systeractual
Measured Bergy production to thExpectedEnergy production based on actual weather
conditions during the same yed he longefterm evaluation takes into account the many factors
such as weather, soiling, grid outages, anduals configuration thatliffer from the assumptions
used in the original design model.

Two performance metrics are presented in this chapte focusing on instantaneous ac power
and the other on ac energy generation. Unlike other metrics commonly used, such as
Performance Ratio (PR) and Yield, these metrics are clearly defined to use actual irradiance,
temperature, wind speed, andhaslt system configuration, all of which have an effect on the
performance of the system. These two metrics are:

Power Performance Index (PPAn evaluation at an instant in time during the initial
commissioning, and defined as the actual Measured Poweedibidthe Expected Power

Energy Performance Index (EPAn evaluation based on the first year of performance data, and
defined as the actual Measured Energy divided by the Expected Energy. .

The NEC code, IEC 62446, and jurisdictional authoritiene@afequirements for system safety

and installation completeness and functionality; however they do not address performance
verification of that system output power or energy generation meets expectafioasEC
62446functionality tess include measung PV string polarity, Vocandlsc. The safety test

include measuring insulation resistameelgrounding integrityHowever, the IEC standadbes

not call for an evaluation of power dong termenergy production over the range of weather
conditions asumed in the original prediction. AC performance evaluation is important because
the PredictedEnergy production output is used in the financial model to predict thetéonyg
financial viability of the project through metrics such as ROl and LCOE. Btstimof

uncertainty in the expected and measured performance is also important to include because
uncertainty directly affects performance risk and project financing. It iskweWn, that actual
system energy performance metrics are more accurate when performed using data collected for a
full year or more compared to shorter durations. It is recommended that verification take place
after a full year of data has been collected.

2.2 Performance Evaluation Methods Overview

The performance evaluatigmocesses recommended in this Guade summarized iRigurel
and discussed in this section.

Commissioning for PV Performance
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Historical PV energy and

Derates for

PV System W;itlhirl soiling, shade, power models:
Design an ,°0 2 copper losses, SAM, PYSyst,
horizontal
: - or other
irradiance

Predicted
Power &
Energy

etc

Initial
Commissioning

Actual Actual
weather and degradation,
POA or global soiling, shade,

horizontal copper lasses, s

As-Built

System

irradiance etc.

Secondary Commissioning
and O&M methad

12 months of data

Measured power

—— Expected power

= PPI (Power Performance Index)

Measured energy

= EPI (Energy Performance Index)
— Expected energy

Recommended PV Lifecycle Performance Metrics

Figure 1: Performance Test Analysis andlest Sequence

Capacity Test

The capacity test evaluates the systemdés powe
performed using two different methods, a) ASTM Regression Method, b) PKs Method. These
methods are discussed below, and more de@y be found in the references at the end of the

chapter.

Capacity Testi Regression Method (Method 1)

The method described in ASTM E284& develops an equation that relates the irradiance,

ambient temperature, and wind speed to the AC power outphe sfystem. The method selects
data from figood dayo conditions only, to i mpr
equationbés unknown coefficients are found by
operating data is used, the equation@spnts the capability of the actualbaslt system with

the degree of soiling, component efficiencies, shading, and all primary and secondary
performance factors (e.g. angle of incidence, spectral content, diffuse fraction) present at the

time data was diected. Using the equation thus developed, the output of the system can be
predicted for any combination of irradiance, temperature, and wind speed, including those used
for the original performance predictiorThe legression equatiamsed in this method:is

ExpectedAC output powePexpecter= A + (Tempx Irrad x B) + (Irrad x C) + (Irrad? x D)

Commissioning for PV Performance
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Where A, B, C and D are coefficients caltathby the regression analysis.

In this approach, the regression equation is developed, andsidéoucalculate the Predicted
Power output of the asuilt clean and new system using the same historic weather, PV system
design considerations and PV module data, which were used in the original PV performance
prediction calculation to determine if tbeginal calculation of Predicted Power is validated
The ratio ofPredictedPowercalculatedusing the regression equation thus derived, to the
original modelPredictedPower,which we can calPPI, should be used to determine if the
system is performings expectedA ratio of 1.0 or greater, withintaleranceacceptable to the
owner, is the goal of this step. Before this equation is accepted as a baseline for future
evaluations, aution is advised to make sure the system is operasitgvas designed to operate
and that it is producing the amount of power that it was designed to praddaéjt is not, to
correct the system afaf the regression equation befarging theregression equation
coefficientsfor future evaluations

Thefollowing steps may be repeated until an acceptable tolerance is reached.
1. Calculate regression equation coefficients using actual system operating data

2. Use new regression equation dmstoric weather data from the original system design
model to calcula the Predicted Power

3. Divide the Predicted Power thus derived by the Predicted Power calculated in the original
system design model.

4. A PPl value within an acceptable tolerance of 1.0, or greater, indicates the system is
performing as predicted.

5. A PPl vdue less than 1.0 (minus the tolerance value) indicates low system performance.
Take corrective action to troubleshoot and fix the system. Conversely, the original model
may have been flawed as far as system design and derates that were used, in atiich cas
should be corrected.

6. Repeat steps 1 thru 5 above until the-RBgression is within an acceptable tolerance of
1.0.

This method is outlined in the flow chart in Figure 2.

Initial Commissioning Capacity Testi PKs Method (Method 2)

A simple method towaluate the PV system capacity is to determine the nomi@ahting of

the system at STC, measure POA irradiance, calculate cell temperature based on module back
side or ambient temperature using Sandia model, and estimate/calculate/determine vélees for t
derate factors familiar to the industry. The equation shown below can then be used with the
standard irradiance and power temperature coefficient to calculate the expected PV system
output power, Bpecten

1

1
O | ca
A|c:
g O
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This equation has been referred to as the Power Temperature Correction model in Ref 4 by
Marion. Due to the form of the equation, it has also been referred to as the PKs equation.

For the purposes of this evaluatioisirecommended that irradiance be §0n? or greater.
Refer to Figure Zlow Chart, Method 2 and calculate PPI.

A PPI of actual power measured versus expected power thus derived, within expected tolerances
of 1.0, validates the performance of thebagt system.

Commissioning for PV Performance
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Figure 2: Flow Chart - INITIAL COMMISSIONING 1 CAPACITY TEST OF POWER i POWER PERFORMANCE INDEX (PPI)

» PV Predicted Power System System
System Design Inputs Historical Hourly | System [—* and Energy Financial—T* Long-term
Model 1 outputs of Madel ROI, LCOE
Weather Inputs designed system
(eg PV Syst
or SAM)
Original design system Predicted Power and Energy
-l PV Predicted Power calculate PPI of
As-bullt System Inputs | Historical | | System | Flourty Quiput As- *|  Model 2 Predicted
Weather built Power to Modal 1
Fredicted Power, to
¥ Verify Regression
Converted GHI to Select POA values Equation Coefficients
| Hourly POA, | mrrasp:nji:gtitt:: tima . - Mus;g&_rwghin
HDUH‘_.I' Ambient Eruadbeand mmm;:ian?n: ::Ijata [box at coepta elerance
Temp & Wind lower left of page). r Y
Measure and avg. to Speed
obtain hourly values: h ¥
«POA™ broadband, Review data Develop || Apply Regression Equation Mode! N
Wim?2 *  for"Good *| Regression 2 to calculate Predicted Power Adjusted Hourly
*Ambient Temp, °C Days”, filter, coefficients and using historic weather data and as- Power Output with
*Wind speed, m/s evaluate wild equation built system conditions. uncertainty
-System kWhAC points Model 2
Develop and Verify Regression Equation
Method 11 Method based on ASTM E2848lL1.
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System Design Inputs

v |
Historical Hourly » System
Weather Inputs Model 1

Predicted Power System System

and Energy Output  [*) Financial
of Designed System Model

A 4

Long-term
ROI, LCOE

!

Hourly POA and Weather
corresponding to same day and
time of Commissioning Test

Original design system
Predicted Power and Energy

Commissionring Data
Measure instantaneous:
*POA, broadband, Wim?
*Module Temp, °C or
*Ambient Temp, *C
*Wind speed, m/s

v

Calculate POA
irradiance’

uncertainty

Measured Power
Output, KWAC and

Y

Calculate Cell Temp

¥

Calculate Temp factor

Calculate PPI of
clean and new
system from

Determine as-built
clean system Derate
Factors

r k k4

Calculate PPI of
Expected Power-

Measured Actual/Expected
Power/Expected Power-Historical
Power to to evaluate as
evaluate as built built system ‘
¥ system. Formula against
¥ Model 1

Apply PKs Equation Model 3 to calculate
Expected Power KWAC and Uncertainty

Expected Power
Actual Weather

kL 4

_T &

Expected Power

Historical Weather

1 Improvements for irradiance correction are shown in Ref 3, Marion

Met hod 2:

Us e

* PPl of Measured Power/Expected Power should be within accepted
tolerance of 1.0. Low value indicates poor performance.

* PPl of Expected Power-ActualiExpected Power-Historical should be
within accepted tolerance of 1.0. Low value indicates poor
performance, or Original Medel 1 corrections required.

manu al

times during 1 week commissioning test.
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Notes for Figure 2:

1.

Differences in systenmputs forsoiling and longterm degradation between original design calculation (soiled) and
commissioning test (clean) is accounted for by adjusting the derate factors.

Soiling, system annual degradation, and outages are inputs to the original desgrHoagver, during commissioning

testing, these factors will most likely be different. Therefore, when the Expected Power is calculated, the conditiabkeapplic

at the time of the test should be used in the model.

Method 1 measurement refers to POtheas than GHI broadband irradiance to develop the regression equation, as stated in
ASTM E2848, in which case it is necessary to have POA broadband historic irradiance data to apply to the equation. Since
most historic data is GHI, the PV model (such AMSr PVSyst), output includes POA calculated from the GHI input which

can then be used when applying the equation. If irradiance measurements are GHI, then use GHI to develop and to apply the
regression equation.

Method 1 does not validate the portidnivodel 1 for the conversion of GHI to POA since the output of the model is used to
calculate the Expected Power rather than the input, GHI.

The AiMeasuredod values are used to develop the dwegtheessi on
conditions for comparison to the fAExpectedo values.

Commissioning for PV Performance
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SecondaryCommissioningEnergy Testi PV Performance Model with Actual Weather
Input Method (Method 1)

Secondary commissioning is relatively leteym compared to initial comsssioning and is
performed during the first year of operation. Methods in this sestionld be applied for an
entire year for maintenance purposesl system performance validatiamd forevaluating
performanceguarantees, if they exist. Weather amddiation variability can varwidely for the
same montlyearto-year, butit is typically within a reasonable toleranaihistorical values
over the course of an entire yeakn EPI is calculated as the activdasured Bergy divided by
the ExpectedEnergy based on actual conditions as derived from one of the methods below.
TheEPIvalueshould be within an agredd toleranceof 1.0.

The moststraightforwardapproach is to use the same PV performance nasdesed for the
original performance predictipbut revised for abuilt clean and new condition andingthe
actual weather measured during ¢éhergytest converted to the input format (such as TMY)
required for the PV performance model (e.g. SAM o6&t). The above method is represented
in the Figure3 Flow Chart, Method 1.

SecondaryCommissioningEnergy Testi Regression Model Method (Method 2)

Secondary commissioning can be performed using the regression equation method similar to
regression mébd used for initial commissioning.

Expected ac Energy EEXPECTED = A + (Temp x Irrad x B) + (Irrad x C) + (Irrad? x D)
where A, B, C and D are coefficients calculated by the regression analysis.

The above method is represented in the Figu¥l®®& Chart,Method 2.
This method is also applicable for applying basetiperating measurements to letegm
operation for O&M decisions.

After Initial Commissioning and a full year of system performance evaluation, PV system
performance baseline and mogalidation will allow the system owner and maintenance
providers to effectively evaluate system performaatany timefor the life of the system

Commissioning for PV Performance
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Figure 3: Flow Chart - SECONDARY COMMISSIONING i ENERGY TEST i ENERGY PERFORMANCE INDEX (EPI)

PV

_ *»  System Predicted Energy, System System

System Design Inputs: Model 1 [* hourly and * Financial —* Long-term
Historical Hourly * e.g. SAM monthly Output Model ROI, LCOE
Weather Inputs or PVsyst
Original design system Predicted Energy
_ PV Expected Energy,
As-built system Inputs: » System hourly and monthly
» Model1 ™" output (kWh) of as-

C issioning Data e.9. SAM built system
H"mlm'ss'“"'”g a If GHI, Calculate hourly Pv‘“ t
m‘;‘;;immems DNI, DHI using DISC or sys v
«POA or GHI equivalent to create Calculate uncertainty

' weather file (eg TMY3) of Expected Energy Calculate EPI with
broadband, W/m?2 .
. _ ' y Output > uncertainty as
NTIUIBNTB'“D. c Measured Energy/
*Wind speed, m/s Expected Energy to

Calculate uncertainty validate Model 1
*System kWhAC * of Measured Energy > and As-built
Output system

EPI should be within an acceptable tolerance of 1.0.
Anything lower is an indication of poor system
performance. It may also indicate that the system
derates used in the original model were flawed.

Method 2: Secondary commissioning Energy testi Energy Performance Index (EPI)
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] PV Predicted Energy,
System Design Inputs System hourly and . System . System
Historical Hourly | Model1 monthly Output *  Financi * Long-term
Weather Inputs | e.g.5AM _ _al_ _ ROI, LCOE
or PVsyst

Original design system Predicted Energy

* PV Expected Energy,
As-Built Inputs B Historical = :ystum I ngrw Output .
Weather odel 1 including uncertainty
e.g. SAM of as-built system r
or PVsvst Calculate EPI of Expected
Energy Regression to
Hourly Expected Energy Model
1, to Verify Regression
. 4 Equation Coefficients —
Commissioning Data Hourly POA, Ambient Temp & Wind Must be Within Acceptable
Measure and avg. to )
. Speed corresponding to Measured Tolerance
obtain hourly values:
*POA ¥ broadband, 1
Wi 2 Review data Develop 3
=Ambient Temp, °C > tofilter, —»  Regression Apply Regression Expected. Energy Dytput of
«Wind speed, m/s evaluate wild coefficients and Equation Model [ *|  SYStem with uncertainty and
«System points equation ariginal hourly weather

Develop and Verify Regression Equation

Method 2: Expected Energy regression equation
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Notes for Figure 3:

1. The duration of the secondary commissioning test should be one year.

2. Method 1 doesot validate the portion of Model 1 for the conversion of GHI to POA since the output of the model is used to
calculate the Expected Power rather than the input, GHI.

3. Soiling and system annual degradation are inputs to the original design model, however, during commissioning testing
soiling and degradation will most likely be different. Therefore, when the Expected Power is calculated, the conditions
applicable at tharne of the test should be used in the model.

The AiMeasuredodo values are used to develop the regression equ
conditions for comparison to the fAExpectedo values.
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The following two graphs show the relationship between Predicted Energy, Expected Energy,
actual Measured Energy and Energy Performance Index and Performance Ratios.

Figure 4: Energy kWh vs Energy Performance Index; Predicted and Actual Energ kWh and PR
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Figure 5 below illustrates how the original system design and predicted perforatansed to

verify the asbuilt system at commissioning, and to verify system performance on a continual
basis. This also illustrates how actagétem performance data may be used to verify or correct
the original model to further enhance the accuracy of predicted energy production for future PV
design and investmerftigure6 illustrates how performance metrics are used throughout the
lifecycle of asystem

Design
Performance
Model

Refine
Performance
Model

PV Design &

Predicted
Energy

\

As-Built and
PPI Baseline

Energy
Performance
Index - EPI

Actual

Measured
Energy

Actual
Weather &
Irradiance

Expected
Energy

=3 &«
Figure 5: Solar Plant Life Cycle

Design
System and .
C);Iculate Initial Secondary Secondary Operation and
Predicted  |nstallation  CCMMiSSIONing, - Commissioning,  Commissioning, ~ Maintenance
Energy Calculate PPI Calculate EPI Calculate EPI

-1 Year 3 Months 0 1 Month 1 YearA 25 Years

Performance _Measure (monitor) weather |

Guarantee ~ and kWh AC production

Established Performance guarantee

ATrweo a noder t

Figure 6: Life sequence of a PV system
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The relationship between teepectecand measured values of Energy are illustrated in Table 1 below.
Example based on PVWATTSAM 100kW system valuger month of June

Table 1: Secondary Commissioning Calculation of EPI

Source Solar Resource | Derate Factor Uncertainty Energy EPI
> . TMY System | 6.9 kWh/m?/day
§ Predicted Energy Design 0.85 14600 kWh AC
“!\r/f dailzz::ee%) Pyranometer | 6.1 kWh/m?/day
Uncertainty Specs +8%
Measured Cell Temp
Uncertainty Specs +1%
Measure Wind
o Speed
5 Uncertainty Specs +3%
[}
€ | Soiling and outages® |  Contract 0.9
£
3 Uncertainty Estimate +10%
=
§ | Expected Energy® Model 6.1 kWh/m?/day 0.85 12900 kWh AC
3 SAM
& Uncertainty Statistic +15% 12O ANRT [
) AC
Option
Measured Energy Wattmeter 2% 12000 kwWh AC
Actual Energy Measured 12000 kWh AC
, Uncertainty 0 12000+240 kWh
] Calculation AL AC
EPI Metric YoYUy 12000/12900 0.93+0.14

Notes: 1 Measured hourly irradiance, soiling, outages are representative of actual measured values and inputs to the Expected Energy

calculation, but many moifactors are also needed
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2.3 System Definition and Risk Allocation of Performance Factors

The physical system being evaluated is generally considered to be the PV modules, balance of
system, inverter, and all the relatedbaslt components with good or baeésign or installation

guality. The inputs to the system model are generally understood to be the many factors such as
weather, soiling, shading, degradation, tracking effectiveness, outages, and O&M practices which
directly affect system power and enemgpduction. These factors are separate from the physical
system and the installer and owner must agree as to who accepts the risk if the actual values of these
factors differ from the values used in the predicted performance models (and in the pedormanc
guarantegif applicablg.

Performance guarantees are outside the scope of this guide. However, the methods of performance
measuremerdescribed in this chaptaray be used to evaluate performance for guarantee purposes.

As part of the Performance BHuation, if there is a difference between the Measured Energy and
Expected Energy which is outside #xgreedupon tolerancetroubleshooting of the system and/or
Expected Energy model would be indicated.

2.4 Duration of the Commissioning Performance Evaluation

The contract, and Performance Guarantee, if any, ultimately define the duration of the energy test
during secondary commissioning. Generdiytial Commissioning occurs during 0 to 6 months of
operation typically whenthe system is turned on and considered fully operational. Secondary
Commissioning occurs during the first year of operasisshown in Figure.5Shortterm testing is
useful to evaluate the initial power output using a Capacity Test and the PPI wigtddpng term
testing is considered to be an Energy Test with use of EPI. The l@mggrerformance
assessmemrovides useful date support O&Mafter the first year of operation.

2.5 Commissioning Performance Evaluation Metrics PPl and EPI

Recommende metrics arePower Performance Index (PRdy power andenergy Performance
Index (EPI) forenergy.The PPI and EPI acceptance criteria must be defined by the contract, such
as 0.9 to 1.1 allowin@0%tolerance

However, the industry has used various performance metrics and various calculation methods for

the same metric, such as Performance Ratio, Yield, Performance Factor and others. Standards have
been written and are being written at a high level, but thaegs intended to aid in the calculation

of appropriate metrics specifically for commissioning. Measurements and inspections during
commissioning are made to evaluate systedouals quality, safety, contract compliance, and
performance evaluation.

Peformance Ratio and Yield are metrics commonly associated with system performance, however
the PR metric doesndét account for cell temper at
cell temperature or irradi auate gstemAupctiamandes ul t , t |
therefore are not appropriate for commissioning.

The seasonal variation of PR can be illustrated using PVWATTS to represent an actual system to
calculate monthly AC kWh and monthlysolation A 100kW system with latiude tilt in

Commissioning for PV Performance
Best Practice Guide 29 WWW.SUNspec.org



Sacramento was arbitrarily selected and analyzed resulting in the plot shown in the Figure below. It
would appear that the system performance was degrading February through July.

Seasonal Variation of PR
0.8
0.75
0.7 \\‘-/‘
& 0.65
0.6
0.55
0.5
0 2 4 6 8 10 12
Month

Figure 7: Seasonal Variation of PR

The Performance Ratio (PR) may be appropriate for annual comparison of systems with the same
climates but is not appropriate for shorter term or system comparisons in differing climates.

For example, if PR is used to evaluate a system in San Franciscogi@pared to a similar system

in Daggett, CA, incorrect conclusions would be reached. Specifically, using PVWATTS to
represent actual systems, a 100kW system in San Francisco with latitude tilt has a calculated PR of
0.73 with an output of 145,000 kWiegr, while a 100kW system in Daggett with latitude tilt has a

PR of 0.69 with an output of 171,000 kWh/year. Even with a lower PR, the Daggett system has
higher output and therefore higher performance.

2.6 Measurement and Inspection Data Needed As Input to the
Performance Model

Parameters which were used as input to the Predicted Energy model should be measured during the
Commission test to obtain the actual values for input to the Expected Energy model.
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The measurements and inspections needgokfdormance evaluation are tabulated below in Table
2.

MEASUREMENTS: For use in: Uncertainty Notes
GHI Irradiance EPI-SAM 10%
POA Irradiance PPI 10%

EPI-Regression

Ambient Temperature | EPI-SAM 4%

EPI-Regression

Module Temperature | PPI 5%

EPI-Regression

Wind Speed All Models 5%
INSPECTIONS: Adjust Model if
Differences Exist
Wiring Consistency with 2%
model derating
Degree of soiling Consistency with 15% (up to a Best to Clean
model derating derate limit of modules before
1.0) testing.
Inverter Efficiency Consistency with 1%
model derating
Module Specs Consistency with +5 Watts typical | Convert to % module
model design with module rating for consistency
factors specs
Equipment Specs, Consistency with 2%
Orientation, Tilt, model design
Shading factors

Table 2: Measurements and inspections needed for performance evaluation

2.7 Analyzing the Input Data and Uncertainties

The datanputs to the calculations should be analyzed for uncertainties, as shown in Table 2. All
test results should have aoceptable tolerance based on these uncertaamteew/hich is acceptable
to the owner and the operator. It may not be reasonatiietothat Measured Power or energy
should always be equal to, or greater than, Expected Power or Bmetrgwthin an acceptable
tolerance range isMost measurement uncertainties ara%, yet an acceptable tolerance will
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usually be minus n%Itd s al s 0o rerpacthatMeabute@ Power or Energwll exceedor
fall below Expected Power or Energyith equal likelihood and degree

For these reasons, an acceptable tolerance for a PPl or an EPI may be one half of the combined
uncertainties of the input dat&or exampleif the combined uncertainties for the Expected Energy
and Measured Energy for the duration of a pestod is 10%, then the tolerance would be 5%. In
this example, an acceptable EPI would be 95%, or greater.

2.8 Reporting Performance Results

Ultimately, an owner or O&M provider should be ableggemerate EPI reportgithin thedata
cdlection andmonitoring systemwithout the need to download monitoring datanother
reportingsystem. This requires incorporating a standard PV energy production model into the
monitoring system.This systemshould also usstandardized methods of collecting weather and
irradiance data. Theata collection anchonitoring system W then be capable of producing
PredicedEnergy from the design mod&ixpectedEnergy from real operating conditions, and
Measured Bergy. If a standardized method of incorporating the model and actual weather and
irradiance data igsed in any monitoring system, then monitoring resulish@ consistent across

all platforms.

A spreadsheet, or other reporting format, may also be used for collecting data, calculating results
and reporting purposes. Inputs for such a system magvaelobded from a data collection and
monitoring system or combination of systems, or they may be input manually. Regardless of the
method, the inputs should be standardized for consistent results.

Reports should include the following elements, at a mimmu

System name, address/location

System size, type (fixed, tracking), module, inverter, pitch and azimuth

System derate factorsasbuilt

Name of person(s) performing the tests and reporting the results

Test equipment used (monitoring/model, irradasensor, temperature sensor, etc.)
Period of time for measurements

If EP1, measurements eliminated from the calculations (ewe, unreliable data, etc)
Number of measurements taken and used

Irradiance measured (and conversion of POA to GHI if gmoxte)

Temperature measured (and conversion of ambient to module/cell if appropriate)
Wind Speed Measured

AC Power or Energy Measured

Calculation method and results (regression coefficients if regression method used)
PPI1 and/or EPI calculated

Uncertainty of the test results and acceptable tolerance

Notes on any significant findings or observances

Summary and narrative of the outcome, with an action plan, if required
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2.9 Method Details

More detail on the methods described in this Guide mdgle in the reference sources at the end
of this chapter. In particular, the SunSpec PV System Performance Assessment white paper will
give greater detail on the equations and methods recommended.
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3. ARRAY PERFORMANCE

3.1 Introduction

This chapter describes measurement of the powel
circuits, using test equipment connected to the home run conductors at the combiner box. Our focus

on the testing gberformancecontrasts with IEE2446, whichfocuses on the testing of

functionalityand considers performance testing to be beyond its sedpeunve tracing is widely

accepted as the most comprehensive measurement of PV source circuit performance, and in this
chapterwe affirm that distinctiorand concentrate primarily on its use. Separaasurements of

Isc, Voc, Vop and lop (operating voltage and current) are discussed as an alternate method

PV array performance measurements are always pairediwitiitaneous (as nearly as possible)
measuremesf irradiance and module temperature, which providebtisis for evaluating the

array performance data. This chapter includes a discussion of irradiance and temperature
measurement methoétsr array performance characterizatipwhich differ from the methods

normally used for system ac power and energy characterization (Meydbray et. al., March & October
2012).

3.2 Review of |-V Curve Tracing

A PV array, like an individual PV cell or module, supplies maximum power at a particigat o
current and voltage called the maximum power point. The location of the max power péiht in |
space at a given instant is determined by the irradiance and cell tempétdtanedule type,

number of modules in tested in seriesl parallel, losses due to interconnection resistance, shading,
soiling, the state of health of individual PV moduylasad electricatonnectionsAny of these

factors can cause modules or seuctcuits to underperform or even stop producing altogether.

the problem goes unoticed, this lost capacity translates into losgstemenergy yield and longer
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payback Even asystem that is producing tmntracted levels may in fact have some
undeperforming elementsand thus be capable of even higher production.

Theprimarytask of array performance evaluation is to measure the maximum output power of the
PV source circuits and compare the results with performance predictions derived friied deta
models, taking into account irradiance, cell temperature, and other factors. The maximum power
point is located on the knee of th¥ lcurve, as shown in Figure 7.

JaN)
I-V curve Pmax
Isc
Imp \\
= .
3 P-V curve g
5 8
Q o
I
Voltage Vmp Voc

Figure 8: Typical 1-V and PV curves

The maximum power point is the point on thé turve at which the product of current x voltage
(the area of the dotted rectangle) is maximized.

Theperformance factometric describes how closely the measured Pmax agrees with the value
predicted by th@erformance model:

Performance Factor = Pmax(measured) / Pmax(predicted) (%)

Performance factor can be defined at operating conditions or at STC (standard test conelfions). |
curve tracers usually display the performance factor at one or both setsldfans.

A secondary purpose of array performance measurement is to provide diagnostic infdionation
troubleshooting of underperforming string®r that purposenimportant figure of merit is thil|

factor, which expresses the squamessofthetV cur ve and thus the PV sou
output power in relation ttsc and Voc.All |-V curve tracers report the fill factor, whichdsfined

in Figure8.
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Figure 9: Definition of the fill factor, a performance metric that represents the squar@ess of the 1V
curve and expresses the PV sourceodos ability to gene

Rewriting the formula shown in FiguB we see the critical dependence of output power on the fill
factor.

Pmax = Fill Factor x Isc x Voc
Any degradation of the shape of the curve reduces the fill fantitherefoe the power output.

The f il | -facterscimpdlsc ansl VmsplVbc provide insight into variations in the slope of the
horizontal and vertical legs, respectively, of thé ¢urve.

Fill factor is an excellent metric for comparing performance across a population of PV strings
because it is relatively independent of irradiance (at high irradiance laneis)calculatecentirely
from measured-V curveparametersAs aresult, it isindependent of any errors in the irradiance or
temperature measuremenis other parameters used in the performance modeling.

The earliestgrve tracing instrumenisere deeloped in the 1950to characterize the performance

of electronic components like vacuum tubes, transistors, and diodes. Curve tracers were later
adapted taolar cells modules, strings and arrays, andriethod has a long history in PV research
andmanufacturing Field applications were once limited by the bulkiness and cost of the equipment,
but following the development of rugged and lowest, fieldportable curve tracers, they have

been widely adopted for array commissioning and O&M.

In additionto being the most complete performance measurement for PV cells, modules, source
circuits, and arrays;V curve tracing has the advantage of characterizing performance with just a
single measurement; it is not necessary to first measure Voc and Is¢uaindater, with the

inverter operating, to measure operating current lop. Also, sincevloeiive measurement is
independent of the inverter, the array can be fully tested before the inverter is brelightasn

even installed.

3.3 Environmental Conditions

For most accuratgerformance verificatiorRV array performance measurements should be
performed under cdalitions of high irradiance. This is true feWlcurve tracing as well as separate
Isc, lop, and Voc measurements. The relative shape ofMhmutve is not preserved at low

irradiance, so the maximum power value measured at low irradiance is a poor basis for predicting
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performance under high light conditions. FH829 Onsite Measurement e¥ICharacteristics calls
for a minimum irradiance of TOW/n¥ in the plane of the array. Contracts for array
commissioning typically specify a minimum plane of array irradiance, which may differ from the
IEC value.

Accuracy is also best when the irradiance is stable. If a PV performance measuremdatigera
the irradiance is rapidly ramping up or downy#éime delay between the PV performance and
irradiance measurements translates arandom irradiance measurement erwanichis further
translated into apparenegormance variation of the PV circuithen the data is analyzed

Wind is also a factor in PV array performance measurements. MWésgecially variable or gusty

wind T causes rapid and namiform variation in PV module temperature. Time delay betwieen t
module temperature anéMl measurement causes apparent performance variation as in the case of
irradiance variation, though thmpactof temperature error is smaller.

The position of the sun relative to theemtation of the array is also a factor in measurement

accuracy. When light arrives at an angle perpendicular to the modules, more light is transmitted
through the glass to the cells than when the light arrives at more glancing angles. When the angle of
incidence (the angle between the incident ray and the perpendicular) increases beyond 50 degrees, a
rapidly increasing amount of light is lost to reflection at thegkss interface. This causes an

effective irradiance measurement error if the irradiarosa@ and modules differ in their angle of
incidence responses. IEI829 calls for the angle of incidence to be less than 45 degrees, that is, the
direct rays of the sun should fall within a cone that measures 45 degrees from a line perpendicular
to the malule surface. A common practice is to take array performance measureitient2-3

hours ofsolar noon, which can be found for your job site at

http://www.esrl.noaaay/gmd/grad/solcalc/

3.4 Test Equipment

Test equipment for array performance measurement is divided into three categories: electrical,
irradiance, and module temperature measurements.

Electrical measurements

The commissioning contract calls out the paramsetebe measured and may also specify the test
equipment. Table 1 lists the capabilities of various types of equip@elettion of test equipment
is discussed later ithis chapter.

Measured parameters Test equipment

I-V curve (includes lIsc, I-V curve tracer
Voc, Imp, Vmp, Fill
Factor, and the curve

itself)

Isc, Voc, lop, Vop String checker
with dc clamp-
meter

Table 3: Test equipmentoptions for measuringPV source circuit performance
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Like I-V curve tracing, string checkers safely make and break the connection to the PV source
circuit for the Isc measurement. String checkers may also measure adgiiameters such as
insulation resistance and ground continuity.

In addition to the instrumentBC cables or test leads to connect to the circuit undewitsie
needed

1 Test leads with alligator clips or probes for connections insidebiner boxes

1 Specialized cables for connecting directly to PV connectors

Irradiance and temperature measurement

Irradiance and module temperature are required to evaluate the array performance data, regardless
of the current and voltage measurement methods employed. Measurement kits designed for PV
array measurements typically include irradiance and temperatusens

3.5 Measurement process

Measuring string |-V curves at the combiner box

Measuring string performance always involi@satingandconnecting tdhe string you want to
measure. As an example, these are the steps for measuring strings at the cmlmar
negativegrounded array. See Figure 3

1. Shut down the inverter (if requoldoy system operating polity

2. Open the dc disconnect switch for the combiner box at which measurements will be made

3. Lift all of the string fuses

4. Connect the test leads of th¥ curve tracer to the positive and negative bus bars, observing
polarities.

At this point the electrical configuration is as shown in Figure 9.
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Figure 10: Electrical configuration for | -V curve measurements of PV source circuits at a combiner

box

Since the positive bus bar is isolated from the rest of the array by the open dc disconnect switch, the

fuses can be inserted one at a time to select circuits to be measured.

Perform this sequence feach string to be measured:

1. Select a stringpy inserting its fuse.

2. Take thedV curve measurement.

3. Inspect the results. If there is a performance issue, yaithawption to troubleshoot

immediately owait.
4. Save the results.
5. Lift the string fuse.

6. Repeat the sequence for each remaining simitige combiner box.

Deploying the irradiance sensor

Mount the irradiance sensor in the plane of the array. On partially cloudy days, mount the sensor

close enough to the strings under test to assure thahsgr s

irradiance at the instant of the measurement. If the string under test is in sun and the irradiance
sensor is clouded, or vice versa, there will be poor agreement between measured and expected

performance.

and

sensors

ar e

Select asensolocation that has an operew of the sky. This is especially important under hazy,
overcast or partially cloudgonditionswherea significant amount dheirradiance is diffusghat
is, arriving at the sensor (and the PV modules) fedhdliredions in the skylf under these

conditions part of the sky is blocked fraheview of the sensor by an adjacent tree or building, or

by part of the array itself, the sensor will ungeedict PV output.
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The selected sensor mounting location shoidd bk free of reflected light (albedo). Common

sources of reflected light include the PV support structure, buildings, cars, pavement and so on. In
parking canopy arrays, mounting the irradiance sensor magnetically to the side of an end purlin can
have thadouble disadvantage of blocking diffuse light from part of the sky and refleadigijonal

direct sunlightonto the sensor.

If the sensor is designed to be surfaseunted, placing the sensor on one of the modules in the
array will also assure proper alignmdé sure not to place the irradiance sensor on a module
under test, as it will shade the cells and produce a step intlcarve.

Deploying the temperature sensor

If a module backside temperature sensor is being used, attach it with high temperature tape to assure

that it stays in firm contact with the module backsheet for the duration of the measurements.
Common plastic duct tape or electrical tape saly and stretch under hot conditions, allowing an
air gap to form betweee sensor anthebacksheet, which in turn causes a large temperature
error.

Temperature is not uniform across an array. The edges run cooler, and the top edge may be warmer

thanthe bottom edge and sides, where cooler air is drawn in by convection. Attach the temperature
sensor at a location that represents the average temperature for the strings under test.

Avoid attaching surface temperature sensors to the face of the mobate, they will shadow the
cells and affect the measured performance.

If an infrared thermometer is being used, avoid thermal reflections by placing the sensor in direct
contact with the surface of the glass. Module glass is not transparent in the wiivelagg of IR
thermometers, so the measured value represents the temperature of the outer surface of the glass,
not the temperature of the cells. Adjust the
of glass.

Physical contact and IR measoments both have the limitation that they measure surface
temperatures. The temperature of interest for analyzing string performance data is the average PV
cell temperature, which is typically a few degrees Celsius warmer than the backside or frontside
surface temperatures. Data analysis should take these temperature offsets into account.

3.6 Planning Your Tests

An effective test plan should take these factors into account.

Coverage

Contracts usually call for testing each strimbis is a best practice for commissioning, although
sampling strategies are sometimes employeary large utilityarrays.

Granularity

If every string terminates at the combiner box, the usual commissioning test practicee&stoe

the strings individually. SomeV curve tracers have sufficient current range to measure multiple
strings in parallel, but this reduces the visibility of problems in any one string. Measuring strings in
parallel does reduce the test time, butitfeeease in strings tested per day is less than one would

expect because relocating from combiner to combiner typically consumes more time than the testing

itself.
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Harnessed strings

Harnessing is the practice of connecting strings in parallel out erthg and running a single pair

of conductors (the harness conductors) back to the combiner box.

As a rough rule of thumb, harnessing can save BOS costs in arrays that are larger than 1MW and in
which the string layout is straightforward and also consistem combiner to combiner. In

crystalline arraysharnessing is usually limited to two and sometimes three strings. In thin film

arrays module Isc is much smaller and it is not unusual to harf&sgifgs.

The easiest way to test harnessed arisays measure at the harness leatehe combiner box. The
drawback is that the visibility of issues in a single string is reduced, as discussed above. The
alternatives are 1) move out into the array with thedqaipment, disconnect strings from the
harnesses, and test them individually, or 2) measure at the combiner box but connect only one string
at a time to the harness, or 3) measure string performance during array assembly, before the strings
are connectetb the harness.

Estimating the time required for testing the array
The amount of time required to measure array performance depends on these factors:

CoverageWill I -V measurements be performed at each combiner box, or at just a percentage of the
combiners?

Granularity: Will strings be measured singly or in parallel? In the case of harnessed arrays, will the
harnesses be measured intact from the combiner box, or will the strings be disconnected and
measureceparately

Test method |-V curve tracing is a single measurement. The method of separately measuring Isc,
Voc and lop requires the extra step of measuring the string operating currents under inverter
operation.

Setup timat the combiner boxThis includes electrically isating and opening the combiner box,
lifting fuses, and making electrical connections.

Moving between combiner boxeghis tends to be the biggest time factor, especially if the boxes
are far apart. In parking canopy arrays, the use of lifts may also be a factor.

Sensor redeploymernthe time required for redeploying the sensors is greater in the case of wired
or handheld sensorswhich typically must be redeployed at each combinenliorless sensors,
depending on their wireless range, may allow you to test multiple combiner boxes per sensor
deployment.

Instrumenthermallimitations: As discussed earlieall I-V curve tracers and multesters absorb
energy with each measurement. Depending on the design of the instrument, on hot days you may
need to allow periods of time for the instrument to dissipate this heat.

3.7 Safety

Measuring PV source circuits exposes tiperator to lethal shoekd arc flasihazardsSelection

of the proper degree of aflash protection is discussed $hapirqg Radibratovi¢ 2014 Personnel

must be properly traine@quippedand supervised. Safe work practices, including theotise

personal protective equipment (PPE), must be followed. Specific requirements for worker safety are

Commissioning for PV Performance
Best Practice Guide 40 WWW.SUNspec.org



outside the scope of this documant are theesponsibility of the individualand organizatios
involved in the project.

3.8 Analyzing and Reporting Your Array Performance Data

The requirements for analyzing and reporting your data should be spelled out in the project contract.
Here we discuss the typical steps for analyziwgcurve and discrete current and voltage
measurements.

Reported performance parameters
The following parameters are commondportedfor the case of-V curve measurements:

Performance Factor
Fill Factor

Isc, Voc

Imp, Vmp

Pmax

1 1-V curve graphs

= =4 =4 -4

In the case of separate voltage and current measurements, the required paraiueters

q Isc, Voc
1 lop

lop is the operating current under inverter control. Because lop is affected indirectly by the
inverteros operati ng p ocloumdtcqver,whade@nd sailimgnditens n i s a
elsewhere in the array, lop is not identical to Imp but rather an approximation.

Comparing measured and predicted performance

Measurement results must be compared with the predictions of a performance model. The most
critical metric is the pdormance factor, defined earlier in this chapter as the ratio of measured to
predicted maximum power. The performance factor can be defined at operating conditions or
standard test conditions.

Sandard Test ConditionsEach measurement result is irradiaand temperaturganslated to
STC conditions for comparison with a performance prediction. Both the translation and the
prediction are based on module nameplate values. Equations for performing the translation are
listed below:

— * -

=V as/ 1+ VOSIIDO) (T -T 2)

octrans ocme meas tran
— * il * -
sctrans_ Iscmeas (Etrans/ Emeas) / (1 * |gC/uDO) (TmeasTtrang)
=1 *E

mptrans mpmeas trans meas

Vmptrans: Vmpmeas/ 1+ mpﬁlmo)* (T _-T 2)

meas tran

- *
I:)mptrans— Imptrans Vmptrans
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The subscript Omeasdé denotes the irradiance
and the subscript O60transd denotes the irradi
translated. The variable E represents irradiance. Ah@temperature coefficients are relative
(percent per degree Celsius).

Actual geratingconditions Each measurement result is compared with a performance prediction
based on actual irradiance and temperature.

Both methods involve translation in oneatition or the other, and translation is more accurate if
the raw data was collected at or near STC conditions.

Certain irradiance and temperature effects cannot be removed analytically. For example, if the
measurements were performed under varying aram conditions and the sensor readings were not
simultaneous with the electrical measurement, the time delay may be translated into irradiance and
temperature measurement errors. Since these errors are random in maguuitdidection it is
impossibleto remove the errors during data analysis.

Deviations from normal |-V curve shape(this is a newsulsectionof section 3.8

Underperforming PV source circuits will exhibit one or more deviations/imctlirve shape, relative
to expectations based on newduntes.The following figureshows six classes oMM curve
deviation that are commonly observed in the fi&lde deviations are descriptive, aaithough

each deviation has multiple possible causategorizing deviations in this way makes
troubleshooting easi¢Hernday, 2014; Solmetric, 2014).

Isc

Current

Voltage Voc

Figure 11: When the measured 1V curve deviates from normal curve shape, the type of deviation
provides insight into possible causes
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3.9 Test Equipment Considerations

In this sectionwe review the equipment characteristics that are particularly relevambio
performance testing in the commissioning application.

[-V curve tracer
The following characteristics ofV curve tracers are important to accuracy and productivity:

1 Throughput

1 Accuracy

1 Resolution

1 Ability to measure high efficiencgnd thin filmmodules

Throughput

Throughput means the number of PV strings that can be perforttemted per hour, and it is an

important consideration when testing large projects. Throughput depends on several factors. One of
the most basic is the ability of the equipment to dissipate electrical powetV Allitve tracers

temporarily load the stringr module under test. Regardless of the kypéi resistive, capacitive,

or electronid electrical energy is transferred to the curve tracer with every trace, and this energy is
dissipated as heat. If the number of strings measured per hour eixceegls c ur ve tr acer 0s
shed this heat, its internal temperature may reach a preset limit, causing the unit to shut down. This

is more likely to occur on hot days with the curve tracer exposed to direct sunlight.

Throughput is also affected by teetup time of the equipmerihe FV trace acquisition time, and

the time required to save each trace and to offload data if storage capacity is limited. Setup of the
sensors also factors into througipwireless sensors may allow testing at multiple combiners with

a single deployment of the sensors.

Accuracy

I-V curve tracers have separate accuracy specifications for current and voltage. These
measurement uncertainties should be small relatitteetoariations of PV string current and
voltage allowed by the commissioning contract.

Resolution

Resolution is the number oM measurement pairs or points that make upeurve. More

resolution means a more detailed picture of any deviationstiarmal curve shape, and more
information for troubleshooting purposes. For example, it is useful to detect steps in the curve
caused by conduction in a single bypass diode. One hundred points is sufficient for commissioning
and most troubleshooting worddthough higher resolutions are useful in special troubleshooting
situations.

Ability to measure higlefficiency modules

High efficiency modules have relatively higher electrical capacitance, which means at any given
operating voltage, they store mnecglectrical charge in the cells themselves, compared to ordinary
modules. This charge takes time to redistribute and settle as the cell voltage changes. To measure
the FV curves of strings of high efficiency modules (or individual modules) accuratelgputive

tracer must allow time for this redistribution. For capacitive load curve tracers, this means using a
relatively large value load capacitor so the voltage rises slowly enough for this redistribution to take
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place without distorting theV curve. 6 r ot her types of | oad, it mea
long enough for the current to stabilize before measuring the current. Curve tracers designed to test
high efficiency modules tend to be slightly larger because of increased load size and/sedhcrea

heat dissipation requirements.

The large amount of stored charge in hedficiency modules also means that these modules can
deliver a short but very higburrent pulse of current at the instant the curve tracer takes its first
point. Curve tracers that are not capable of handlingdbktscurrent spike will detect it as an
overcurrent situation and shut down without measuring-theurve.

Irradiance sensor
Selection of a suitable irradiance sensor should take these factors into account:

9 Accuracy

1 Spectral response

1 Angle of incicence response
1 Response time

Accuracy

The published accuracy should be compatible with the overall uncertainty required of the
performance measurement. Irradiance measurement error is typically the largest of the uncertainties
associated with array perfaance measurement.

Spectral response

The spectral response of the sensor should match as closely as possible the response of the PV
modules under test. The best way to assure this is to use the same technology as the PV modules or

to use a very similaethnology with appropriate spectral corrections. For conventional flat plate

silicon modulesthis means a silicon reference cell or a properly corrected silicon photodiode
irradiance sensor (sometimes called a O6photodi
are widely used in measurement of PV plant energy production but are notesiatadrray

performance measuremeAtreference cell or corrected silicon photodiode are far superior

(Meydbray, et. al., March & October 2012).

Angle of incidence response

Direct sunlight arrives at the PV module at some angle away from the pergandialled the

angle of incidence. As the angle of incidence increases, especially past 50 degrees, more light is lost
to reflection from the front surface of the glass. Modules may employ textured glass or

antireflective (AR) coatings to minimize redkgons. Although this improves production earlier and

later in the day, it also poses a challenge for irradiance measurement. If the sensor does not have
matching antreflective characteristics, at large angles of incidence it will updedict PV

performance. If the irradiance sensor does not have a matching angle of incidence response, the next
best approach is to correct the sensor data accordingly, to match the modules. Good angle of
incidence match between sensor and modules is also important wasarimg under diffuse light

(hazy or high cloud) conditions, in which light arrives from all angles of the sky.

Response time

Under partially cloudy conditionshe irradiance may be ramping up or down while the array
performance measurements are ggierformed. If there is a time delay between the current or
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voltage measurements and the irradiance measurement, the irradiance ramp translates this time
delay into an irradiance measurement error, as shown in the following figure.

980

TA A

NNV

900

Irradiance (W/m32)

10s 10s 10s 10s 10s
10-second intervals

Figure 12: Equivalent irradiance measurement error caused by a time delay between measurements of
the irradiance and the IV curve, under irradiance ramping conditions

The size of the error depends on the amount of tireegdlel and t he steepness of

of the error depends on whether irradiance is ramping up or down. Since the steepness and direction

of the ramp are random across a population of PV string measurements, the resulting irradiance
errorwillalsobe random i n magnitude and sign. This int
in the comparison of measured and predicted (based on irradiance) performance. To avoid time
delayinduced irradiance errors, irradiance should be measured at the sameam#t@ncurrents

and voltages.

Temperature sensor
Selection of a temperature sensor should take these factors into account:
wAccuracy

wResponse time
wThermal losses

Accuracy

Specified temperature sensor accuracy should be compatible with the overall uncertainty required of
the performance measurements.

Response time

Under partially cloudy conditions or gusty wind conditions there may be rapid transitions between
high and lowirradiance, resulting in timearying cell temperature. For best performance evaluation
accuracy, the temperature sensor should track this temperature variation; a time delay produces an
equivalent temperature error. In order to track rapid changesntipetature sensor should have

low mass and be mounted in intimate contact with the surface (séeth®l lossesliscussion).

Fine gauge thermocouple wire responds more rapidly than a sensors mounted in a metal block.

Thermal losses
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This characteristiapplies to surface temperature sensors of the type typically mounted on the
backside of PV module$he materials in which the PV cell is embed@deshcapsulant, backsheet,

and glas$ have mor thermal conductivityhigh thermal resistancedoas heatrom the cells flows

outward through these materiagdstemperature offset is created. If there is an air gap between the
surface temperature sensor and the module backsheet, an additional temperature drop occurs across
the air gap. For this reasahis important to keep the surface temperature sensor in intimate contact
with the backsheet. If tape is used to mount the sensor, onhtdnigerature rated tape such as

Kapton tape should be used, to avoid the sagging that occurs with electrical tape aoa doetm

tape.

Another thermal loss is caused by heat transfer from the sensor itself to the surrounding air. Bulky
sensors expose more heat transfer area, and this pulls down their temperature. It is also more
difficult to keep a bulky sensor in intimatentact with the backsheet.

3.10 References

Crystalline Silicon PhotovoltaidV) Array : Onsite Measurement of\f CharacteristicslEC
Standard 1829Geneva, Switzerland: International Electrotechnical Commission, 1995.

Grid connected photovoltaic systemBlinimum requirements for system documentation,
commissioning tests and inspectitfiC Standard 6244&eneva, Switzerland:
InternationaElectrotechnical Commission, 20Q%his standard tests functionality;
performance measurements are out of its scope]

Hernday, PaultV. Crulrrnvtee rDfolagRegtissup ns(2014).

Meydbray, J., K. Emery, amd Reflkuretnzc.e 2012 .s,i PA
Di fference?: Preprinto, Mar c h. http:// www. 0

APV Array Perfor mance 3JometuclOttaber h4@0d4 i ng FIl owc hart
http://www.freesolarposters.com/tools/poster

Shapiro, Finle\R. , Radi br LalauhatingcDC AlBRlashaHazardsfin PV Systetns
SolarPrq Issue 7.22014).

fiSolarNoonCalculatoo . Ear t h Sy st e m GhbatMoaitormdDivisianb or at or y:
Accessed October 14, 20http://www.esrl.noaa.gov/gmd/grad/solcalc/

3.11 Acknowledgments
We thank the following organizations for contributing to deeelopment of this chapter:
Solmetric

4. INSULATION RESISTANCE

4.1 Introduction

In the PV system application, insulation resistance is defined as the measured electrical resistance
between the conductor under test and equipment grédumichsulaton failure in a PV system

circuit presents dual hazards of fire and lethal electric shosllation failures can also impact the
energy production of the system by tripping the GFDI (ground fault detection and interruption)
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device and taking the inverter offlingsulation integrity is degraded pinching of array

conductors between modsland racking, slicing of insulation by sharp metal edges in racking and
conduit, ultraviolet exposure, temperature extremes and temperature cycling, moisture ingress,
abrasiori often aggravated by wind or vibratiorand rodent chewing. Individual condarcs and
components may also have insulation flaws right from the factory.

Insulation integrity must be evaluated looth the ac and the dc sides of new PV systems. Section
110.7 of the 2011 NEGtates;'é completed wiring installations shall be freerfrshort circuits,
ground faults, or any connections to ground other than as required or permitted elsewhere in the
Code."

The phenomenon of ground fault o6éblind spotsd (|
importance of insulation resistancetesthgp | ar ge systems, a ground f a
groundedconductors is not detected by the inverter GFP (ground fault protection) circuit. When

another ground fault eventually occurs inumngroundectonductor, the earlier fault provides a

return path, allowing high current to flow though the loop defined by the two faults. Although the

second fault may trip the GFP circuit, removing the ground path at the inverter, Bill Brooks points
outthatthisisiexactly what should not happen i f there
of having a large equipmegtounding conductor to carry the fault current, a 10 or 12 AWG

sourceci rcuit conductor has to cauwlthfindspbtevas¢het i r e r e
cause of the Bakersfield fire in 2009 (Brooks, 2011).

Insulation resistance testing is a leegtablished practice in power distribution, electric motors,

control systems, communications, and other fields. Insulation resistates t@re called IR testers,

or variously megohmmeters, meg testers, or just meggers, because they measure very high values of
resistance (1 megohm = 1,000,000 ohms). In thi:
for insulation resistance tesg.

Adoption of meg testing within the PV industry has been strongest in the commercial and utility

sectors, drivenbytheneedo reduce the investment risk and f:
familiarity with meg testing equipment and methdgssidential systems are still lagging in

adopting these methods, but there is every reason to meg test residential PV system.

At this time in the evolution of the PV industry there is still a great deal of variation in which parts
of the PV system aregted, how the tests are performed, how the data is interpreted, and how the
pass/fail determination is made. Guidance from P\dutemanufacturers also varies widely.

Inverters are required to provide ground fault detection and interruption (GFDI).undga

systems, a GFDI circuit removes the load andjrounds the system if the fault detection current

exceeds a preset value, typically 1A in small inverters and 5A in central invertersgiownded

systems, additional ground fault detection schemepassible. Differential current measurements

replace the traditional GFDI fuse and provide more sensitive (lower current) detection levels.

Anot her feature tests the ar rhkefprédmodictossiaitat i on r ¢
Both methods fting enhanced levels of safety to the PV array. Howeliese methods are not a

substitute for insulation resistance testing at the time of array commissioning

Solar Energy International and some other training organizations offer instruction instiveg o
PV systems. Some standards documents, includingsE2@6, offer measurement procedures and
test limits. However, it is likely that techniques for interpreting PV array meg test data and
identifying outlier circuits will continue to evolve.
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4.2 About Insulation Resistance Measurement

How a meg tester works

Meg testers apply a test voltage between a conductor and system ground. The resulting current is
measured and the equivalent resistance is calculated by dividing the test voltage by the resulting
current (Ohmdés Law). Although insulation resi st
ohmmeters, they apply mutigher voltage in order to extend the resistance measurement range

into the 1006s of Gigohms (1 Gimg)oSome instruheht8,0 Me g «
including PV string checkers, combine the insulation resistance test with other voltage, current, and
ground continuity measurements.

HiPot testers, like meg testers, apply a high test voltage and measure the resulting current. However,
their purpose is generally to assure that at a specified test voltage the current does not exceed a
specified level. HiPot testers are widely used irdpot safety testing.

Another test method that measures a current in response to a high dc test voltage is the Potential
Induced Degradation susceptibility test. PID is a PV module degradation phenomenon in which
ionic migration is driven by leakage curteifirom the cells to the module frame. The PID
susceptibility test is typically performed in a laboratory during qualification of new modules or
failure analysis of older modules. The glass face of the module is immersed in a conductive water
solution, a igh test voltage is applied to the cells, and the leakage current is monitored. Although
similar in circuit configuration to the meg test, the focus of the PID test, like the HiPot test, is the
level of leakage current that flows in response to the téisige

Which current is which?

When a meg test voltage is applied to the circuit under test, the initial current flowing from the
meter has three components: capacitance charging current, absorption current, and conduction
(leakage) current.

The capacitare charging current starts at a high level and drops rapidly as the capacitance between
the conductor under test and the reference conductor charges to the level of the applied voltage.
The absorption current represents the migration of electrons initwstiiator material, where it is

loosely bound. This current should also drop shortly after the voltage is applied, when the insulation
has absorbed all the charge it can hold given its formulation and condition. Conduction (leakage)
current represents tlmovement of charge through or across the surfaces of the insulation under
test. If the insulation has good integrity, the capacitance charging and absorption currents decay
shortly after application of the test voltage, leaving a steady conduction ¢cwhéett is of primary
interest in most meg testing applications.

The initial current surge that results from the capacitive and absorptive effects causes an initial dip
or undershoot in the displayed value of insulation resistance. After these traeffemts pass, the

meg test meter settles to a stable and higher value of insulation resistance. This dynamic is typically
not seen in ohmmeter tests because these meters lack the sensitivity of a meg tester.

Meg testers can also measure the insulagsistance at prehosen time intervals after the test
voltage is applied. These timed methods are beyond the scope of this guide but are well described in
the literature provided with commercial meg testers.
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Effects of environmental conditions

Insulationresistance usually decreases with rising temperature and/or rising humidity. These effects
can be substantial and can make it difficult to objectively compare insulation resistances of a
population of circuits. To minimize this variation, similar circit®uld be tested over a relatively

short time period or at least under similar environmental conditions.

If the insulation in a particular PV array circuit is intermittently low and there is reason to believe
the problem is moisture related, moist cowis can be artificially. This is done using a fine spray
and may involve blending the water with a surfactant. This technique is outside the scope of the
Guide, but wet meg testing is describedBTM E2047Standard Test Method for Wet Insulation
Integrity Testing of PV Arrays

To reduce the risk of lethal electrical shock, insulation resistance must not be tested under rainy or
wet weather conditions.

Test configurations for PV strings

The test voltage may be applied to a single end of the PV ciocud,both ends simultaneously. In
singleended testing, each PV cell and module adds its open circuit voltage to the applied test
voltage, as shown in Figur&.1By convention, in negative grounded arrays, a positive test voltage

is applied at the negaé end of the string. In a string of N modules, the maximum voltage is the
applied test voltage plus N times the module Voc. Each module sees a different test voltage, and the
two home run conductors see test voltages that differ by N times¥eoroltage that drives the
insulation current is different at each point along the cirbuitthe singleendedmeasuremeris
nonethelesa good tool for finding circuits with insulation issues.

Some meg testers shaitcuit the PV source and apply the meg test voltage to that common node.
In this caseall of the modules operate at short circuit conditions and the modules and conductors
al see the same tegoltage, as shown in Figur&1

Voltage

vt est

I I I I I
r( H H H H <K
vt est <I_|

vt est

Westﬁd—ld—ld—ld—ld—ld—l

Figure 13: Voltage profile along the string of PV modules for singlended and doubleended
application of the test voltage.
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Test voltage level

The test voltage is the potential that the meg
button is pushed. Several factors should be considered when selecting a test voltage.

1 Are surge arresteinstalled in the circuits under test?

1 What isthe rated voltage of the components (for example the PV modules)?

T What are the module manufactureros | imitati o«
1 Inthe case of PV stringsiill the test voltage be applied to one or both ends of the circuit?

Surge arestes

Surge arresters are used to protect the PV system circuits and components from damage due to
electrical transients from lightning or other causes. A meg tester is not capable of supplying

sufficient power to damage a surge arrester, but a stnggtex can easily interfere with a meg test.

As the sum of the applied test voltage and the
rated voltage the surge arrester begins to conduct. The meg tester registers this increase in current as
a reduwtion in insulation resistance. To avoid this limitatitive options are to temporarily

disconnect the arresters or to choose a low enough test voltage that the arrester does not conduct.

Rated voltage of PV modules

PV modules are specified with a maximum system voltage. Back when the module was qual tested,

its insulation resistance was measured with a substantially higher voltage, but some module
manufacturers and operators prefer to limit the meg test voltage tatdd system voltage. For
exampleconsiderasingleended test of a PV string with Voc 475V anda PV modulenaximum

system voltage spec of 1000V. Settingpintsihe meg t
the circuit below 1000V

Module manufacturers are not consistent in their guidance for choosing the test voltage, and in fact
some manufacturers recommend against meg testing their modules in the field, even if module
voltages are kept below the specified maximum system voltage. Inasggyou may even find

that your warranty disallows insulation testing. If you experience what you believe to be overly
restrictive guidance from your PV module manufacturer, it may be that your particular contact is
not actually familiar with the test @ not aware of the meg test voltages that their modules can
withstand.

Granularity

Meg testing should be performed dhA&C andDC powerconductors awell as thé®V sources
(strings of PV modul es) . The gysemihaté gr anul ar i t
measurements are performed. In the case of meg testing, it refers to the degree to which circuits are
broken down into subircuits for testing. More granular measurements provide deeper detail, but

require more labor. For example, measuringsBurce circuits individually provides maximum

detail, but takes more time than measuring them as a pamafieected group.

The choice of granularity should be driven primarily by the goal of revealing insulation resistance
issues, and secondarily apor considerations. The drawback to measuring multiple circuits in
parallel is that we do not see the variation from circuit to circuit and may not detect one low
resistance string. Taking the concept of parallel testing to an extreme, meg tesgegRMarray
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from the feeder at the inverter would tell us nothing about the distribution of insulation resistance
values across the array and may o6hided individil

Complicating the granularity decision is the fact that measuringithdil’conductors may require

lifting them from terminal blocks in order to electrically isolate them from neighboring circuits.
Disassembly and reassembly increases shock hazard, opens the door to workmanship problems, and
causes wear and tear on condustor

4.3 Safety

Measuring PV source circuits exposes the operator to lethal ahdckrc flasihazard{Shapirq
Radibratovi¢ 2014) Personnel must be properly traineduippedand supervised. Safe work

practices, including the use of personal protective equipment (PPE), must be foliawed

detailed discussion of safety practices and equipment and the roles of all participants in the testing.

Specific requirements for woek safety are outside the scope of this docuraedtare the
responsibility of the individualand organizatiosinvolved in the project.

4.4 Making Insulation Resistance Measurements

This section outlines the steps for meg testing the ac and dc circuitgpadal commercial PV
system. The discussion covers:
1 PV source conductors
PV source circuit in a groundeday
PV source circuit in an ungroundeutay
Subarray (combiner box) in a grounded PVray
Subarray (combiner box) inraungrounded PVraay
PV output circuit (from combiner to inverter)
AC output circuit (from inverter to service)

= =4 4 4 4 1

For each case a typical procedure is presented.

Preparing to test insulation resistance

These are points to consides you plan your insulation resistanesting for any of the circuits
listed above.

Granularity Identify the granularity of your testing. What conductors can remain connected and be
measured as an extended electrical circuit? Keep in mind that any circuits that measure significantly
lower resistance than the rest of the population can later be broken down to individual conductor

runs and raested. Will the PV source circuit conductors be measured separately, or in series with

the PV modules? The choice is an important one, because tregiosuésistance of the PV

modules is usually much lower than the resistance of the home run conductors and therefor tends to
6hi ded variations in the insulation resistance

Test voltageSelect your test voltage for each type of cirtoiibe tested. Consider any limitations
imposed by component maximum voltage specs and manufacturer recommendations, especially for
PV modules.

Commissioning for PV Performance
Best Practice Guide 51 WWW.SUNspec.org



Environmental conditionglan to test a given type of circuit under relatively uniform temperature
and humidity. This will provide the best basis for identifying unusually low resistance circuits.

Testing during array constructiotf the testing is integrated with final assdgnbf the array,

consider measuring individual source circuits before landing their grounded conductors. This can
save time and avoid introducing workmanship issues relatedltmding and rdéanding

conductors.

Equipment grounding conductoilgspect the system to verify that the equipment grounding
conductor is properly installed.

Required equipment and materials
The following items are required:

1 Personal Protective Equipment (PPE) and lockout/tagout gear
1 Meg tester

1 Means of recording ressit

1 Documentation of the PV system electrical circuits

Basic test procedure
Regardless of the type of circuit being tested, the following steps genedity ap

1 Isolate the circuit from other sources of electrical power and from circuits that are not part of
the defined test circuit.

1 Disconnect surge arresters or select a test voltage that is low enough to keep the maximum
circuit voltage well below the level at which the arrester begins conducting. If you are
testing PV strings singlendedly, remembertheath e stri ngdés open circul
applied test voltage.

1 Check the integrity of the test leads by inspection and by performing an insulation resistance
test with no test circuit connected to the leads.

1 Connect the test leads to the cirautler test.

1 If the meg tester indicates stored charge, wait until the instrument discharges the circuit
before performing the test.

1 Apply the test voltage.

1 Wait till the resistance measurement value settles

1 Read and record the insulation resistance.

Overview of procedures for meg testing the PV array
Procedures for meg testing the PV array must take into account these factors:

1 Will the PV strings be tested singéeded or shoitircuited?

1 If testing is singleended, will the PV strings be tested indivadly or connected in parallel?

1 Isthe PV system grounded or ungrounded? hgnaunded systems, both ends of the PV
source circuit are fused, making it easy to electrically isolate source circuits from one
another.
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In the following sections we presenseries of test procedures that address these factors. For
convenience, therpcedures are indexed in Table 2 below

For the sake of brevity, grounded systems are assumed to be negative grounded, and steps for re
terminating conductors, inserting fusel®sing combiner box covers, and switching on the dc
disconnect switches and inverters are omitted.

. PV source circuit :
Granularity configuration System grounding
Procedure
Individual | Multiple Single- Short- Un-
) ) o Grounded
strings strings ended circuited grounded

1 \% \ \%
2 \% \ \%
3 \% \ \
4 \% \ \%
5 \ \ \%
6 \ \ \%

Table 4: Key to the PV array measurement procedures discussed below.

Procedure #1 - Individual strings, single-ended configuration, grounded system

In thisprocedureindividual strings of a grounded system are tested in the semgled (non
shorted) configuration. A negative grounded array is assumed.

1) Shut down the inverter.
2) Locate the combiner box at which the test will be performed.
t h e dc disndnneat switdh.s

3) Open

4) Open the combiner box.
5) Lift all of the string fuses.
6) Connect
7) Select a string to test, and lift its conductor from the negative bus. (This test can also be

t he

meg testeros

negati ve

performed duringonstruction, before the conductors are landed.)

8) Connect

t he

meg testerods

9) Apply the test voltage and wait for the meter to settle.
10)Record the results.
11)Repeat the test steps for the remaining PV satirceits

positive

test

t est

Procedure #2 7 Individual strings, short-circuit configuration, grounded system

In this procedurgndividual strings of a grounded system are measured in the short circuit

configuration. This requires an instrument of the rdultiction string teter type that is designed to

ead

ead

safely make and break the short circuit. String fuses may not be used for this purpose because the
fuses and their holders are not rated for load break applications. For this exanggative
grounded system is assumed.
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1) Shut down the inverter.

2) Locate the combiner box at which the test will be performed.

3) Open the combinerds dc disconnect switch.

4) Open the combiner box.

5) Lift the fuses for all strings.

6) Lift and cap off the positive feeder (combiner output) conductor.

7) Connetthe test lead of the muliunction string tester to the positive bus, observing correct
polarities.

8) Insert the first string fuse.

9 Lift that stringds negative conductor from i

10)Connect the other test lead of the miuction string tester tthe lifted conductor.

11)Apply the test voltage to the string negative and wait for the result.

12)Record the results.

3)Li ft the tested stringbds fuse.

14)Ret er mi nate the stringds negative conductor

15)Repeat the test steps for the remaining negativelRput conductors.

Procedure #3 - Individual strings, single-ended configuration, ungrounded system

In this procedurgndividual strings of an ungrounded system are tested in the windkd (non
shorted) configuration. Both ends of the PV source tg@ie fused, allowing them to be
electrically isolated from one another at both ends.

1) Shut down the inverter.

2) Locate the combiner box at which the test will be performed.

3)y Open the combinerdéds dc disconnect switch.

4) Open the combiner box.

5) Lift both fuses for all strings.

6) Connect the meg testerds negative test | ead

7) Select a string to test, and touch the meg t
conductor, using the fuse terminal as your test point.

8) Apply the test voltage and wait for the meter to settle.

9) Record the results.

10)Repeat the test steps for the remaining PV source circuits

Procedure #4 7 Individual strings, short-circuit configuration, ungrounded system

In this procedurgndividual strings of anngrounded system are measured in the short circuit
configuration. This requires an instrument of the rdfultiction string tester type that is designed to

safely make and break the short circuit. In an ungrounded systémends of the string are fused,

and the fuses can be used to electrically isolate the strings from one another and the feeder circuit
for the purposes of meg testing. However, the string fuses may not be used for this purpose because
the fuses and their holders are not rated for loadkbapplications.

1) Shut down the inverter.
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2) Locate the combiner box at which the test will be performed.

3) Open the combinerds dc disconnect switch.

4) Open the combiner box.

5) Lift the fuses for all strings.

6) Touch the test probes of the milinction string éster to the supplgide fuse terminals at
which the first string is terminated, observing correct polarity.

7) Trigger the measurement.

8) Record the result.

9) Repeat the process for the remaining strings.

Procedure #5717 Multiple strings, single-ended configuration, grounded system

In this procedurgall of the strings in the combiner box of a grounded system are tested ahonce
the singleended configuration. For this discussiamegative grounded system is assumed.

1) Shut down the inverter.

2) Locate the combiner box at which the test will be performed.

3) Open the combinerds dc disconnect switch.

4) Open the combiner box.

5) Lift all of the string fuses.

6) Lift the feeder (combiner output) conductor from the negative bus and cap it off. This leaves
thestring negatives interconnected at their bus but electrically isolated from the rest of the

PV system.
7)) Connect the meg testerds negative test | ead
8 Connect the meg testerod6s positive test | ead

9) Apply the test viiage and wait for the meter to settle.
10)Record the results.

Procedure #6 1 Multiple strings, single-ended configuration, ungrounded system

In this procedurgall of the strings in the combiner box of an ungrounded system are meg tested in
parallel, in tle singleended configuration. Note that this procedure involves lifting the negative
feeder. This is tim&onsuming, causes wear and tear, and can introduce workmanship problems.
Consider measuring the strings individually (procedure #3 or #4).

1) Shut down the inverter.

2) Locate the combiner box at which the test will be performed.

3) Open the combinerds dc disconnect switch.

4) Open the combiner box.

5) Lift all of the positive conductor fuses. Leave the negative conductor fuses installed.

6) Lift the negative feger (combiner output) conductor and cap it off. This leaves the string
negatives interconnected at their bus but electrically isolated from the rest of the system.

7)) Connect the meg testerds negative |l ead to

8 Connect the meg testerb6s positive test | e

9) Apply the test voltage and wait for the meter to settle.

t |
ad
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10)Record the results.

Procedures for meg testing PV source circuit conductors (without PV modules)

PV modules typically leak much mocerrent than the home run conductor insulation, unless the
conductors are damaged. This can hide the variation of insulation resistance of the conductors. To
avoid this limitation, it is common to test the home run conductors separately.

It is most conveient to test the home run conductors late in the array construction process. Be sure
the testing is done after clamping the modules in place, because pinched wiring is a leading cause of
damaged conductor insulation.

Alternatively, the conductors can tested after final assembly. In ungrounded systémssis
convenient because both conductors of each string are fused; just lift all of the fuses to isolate the
conductors from one another for testing. In grounded sysi@uadave the choice of Handing

the individual conductors, or measuring the conductors as a group by applying the test voltage to
their respective bus, after lifting the feeder (combiner output) conductors.

In this example we test multiple strings connected in parallel, in ainegabunded array.

1) Shut down the inverter.

2) Locate the combiner box at which the test will be performed.

3) Open the combinerds dc disconnect switch.
4) Open the combiner box.

5) Lift all of the positive conductor fuses.

6) Unplug the home run conductors from #¥ modules.

7) Lift the negative feeder (combiner output) conductor and cap it off.

8) Lift the positive feeder (combiner output) conductor and cap it off.

9) Reinsert all of the fuses.

10)Connect the meg testerds negat comgnertbhexst | ead
11)Connect the meg testerds positive test | ead

12)Apply the test voltage and wait for the meter to settle.
13)Record the results.

14)Connect the meg testerds positive test | ead

15)Apply the test voltage and wait for the meter to settle.
16)Record the results.

17)Lift all of the fuses

18)Reland the feeder conductors.

19)Re-connect the home run conductors to the PV modules.

Lifting the positive feeder conductor can be avoided if the posibweluctors are tested

individuallyby | i fting their fuses and applying the
terminals. To test the negative home run conductors individually requires lifting them from their
bus.

In this example we testdividual home run conductors in an ungrounded system.
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1) Shut down the inverter.

2) Locate the combiner box at which the test will be performed.

3) Open the combinerds dc disconnect switch.

4) Open the combiner box.

5) Lift all of the positive and negative conductasés.

6) Unplug the home run conductors from the PV modules.

7) Connect the meg testerds negative test | ead
8) Touch the meg testerdés positive test probe t
9) Apply the test voltage and wait fdreé meter to settle.

10)Record the results.

11)Repeat the process for the remaining positive and negative home run conductors.

Procedure for meg testing dc feeder (combiner output) conductors

It is more convenient to meg test the feeder conductors before thynded otherwise
disassembly and reassembly is required. In this exampleneg test before either end of the feeder
conductor is landed.

1) Cap off the feeder conductors at the combiner boxes.

2) At the inverter (or recombiner), connect t he
ground.
3)y Connect the meg testerod6s positive test | ead

4) Apply the test voltage and wait for the meter to settle.
5) Record the results.
6) Repeatlie process for the remaining feeder conductors.

If the design of the system allows lifting the conductors between the recombiner and inverter, you
can also test the feedersparallelconnected groups by applying the test voltage to the respectiv
bus.

Meg testing inverter output conductors

The process for meg testing the inve A€ output conductors is similar to the processDar
feeder conductors, described above. Disconnect both ends of each conductor and apply the test
voltage betwen equipment ground and the conductor under test.

4.5 Analyzing and Reporting Meg Test Data

Absolute test limits

The poorly understood dependence of insulation resistance on temperature and humidity makes it
difficult to set absolute pass/fail limits with &gh degree of confidence. If the limit is set too high,

all the circuits will passbut important variations in the data may go unexamined. For this reason,
even if an absolute limit is used, it is also important to examine the variation itself. Salaiecgui

on absolute test limits is given in IEC62446.
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Relative test limits

Another way to evaluate test results is to look for outliers in a population of measurements taken on
a single type of circuit, under similar conditions of temperature and humlistylation resistance
values should fall in a roughly bedhaped distributiarOutliers can be flagged for troubleshooting.

Still looking for blocks of meg test data for this figure.

Figure 14: Distributions of insulation resistance measurement data for populations of PV source
circuits.

Reporting your results
The commissioning report should include the following data for e@chit tested:

Identity of the circuit

Measured resistance value

Test voltage

Ambient temperature (approximate)
Humidity (approximate)

Date

Time of day

= =4 =4 8 48 8 -9

The commissioning report should also include the following background information:

1 Brand and model dhe meg tester
91 Description of the temperature measurement method or source
1 Description of the humidity measurement method or source

It is a best practice to segregate the analysis and reporting based on type of circuit tested, and to
include a statisticadummary of the insulation resistance values for each population. These metrics
are helpful:
1 Histogram (frequency distribution) of data values
Maximum value
Minimum value
Mean value
Standard deviation (a measure of spread in the data)

= =4 4 A
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4.6 Test Equipment Considerations

The meg tester should offer a range of test voltages for flexibility in testing different module
technol ogies and accommodating modul e manufact
test voltage. The maximum test voltage should be at least 500V efedatly 1000V. The

minimum test voltage should be 100V or preferably 50V. Meg testers are usually capable of

sourcing only a few thousandths of an amp to the circuit under test. The option of applying low test
voltages allows you to troubleshoot degraded s ul at i on wi t hout exceeding

The meg tester should include a test probe wit|
probe, for situations that require probing rather than alligator clips. An example is meg t¥sting P

source circuits at fuse terminals in ungrounded systems. Mo$e&tllred meg testers have this

feature.

The meg tester must be capable of sipglant resistance measurements, but mostféatured meg
testers will also be capable of timed measurémdrhese may be especially useful as systems age
and insulation deteriorates.

Some multifunction testers or string checkers include the meg testing capability. The guidance
above regarding maximum measurable resistance and range of test voltagessp@itto these
instruments. It is also important to understand how and when the various test functions will be
applied, particularly in the case of instruments in which the various functions are automatically
sequenced.
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5. INFRARED IMAGING

5.1 Introduction

Infrared (IR) imagingaka thermal imagingkeveals the thermal processes at work in PV modules
and other system components, locating regions of abnormally high temperature caused by poor
electrical connections or defective PV cells. IR imaging also finds cell groups, strings, and sub
arrays that & not producing power and theredoun slightly warmer than their neighbors.
Performing infrared imaging at the time of commissioriirand resolving the issues it uncovers
increases the likelihood that the system will perform as intended right feostétt, allowing more
meaningful analysis of plant production and reducing the early O&M burden.

IR imaging is included as an optional measurement in IEC62M48imum requirements for

system documentation, commissioning tests and inspection of gridated photovoltaic systems

The authors in this Guide consider it an essential step for commissioning inverters, combiners, and
other devices where circuits are terminated. IR imaging is also an essential tooMowQ&, and

is included as a diagnostic technique for low performance in the SolarABCsP&pSxtstem

Operations and Maintenance Fundamentals

The IR camera is also an important companion to-¥eurve tracer. A module or string that has
thermal anoralies can be-V curve traced to quantify the performance impact. Conversely, when |
V curve tracing has identified an underperforming PV circuit, IR imaging can be helpful in locating
the problem module or interconnection.

5.2 How Infrared Imaging Works

Infrared radiation is generated by the motion or vibration of charged particles in matter. Higher
temperatures generate more particle motion and thus more radiation. IR cameras are typically
sensitive to radiation in the B4 micron wavelength range of theeiromagnetic spectrum. IR
images are typically color coded to represent temperature. The tempspacan be adjusted.

Infrared imaging detecturfacetemperature. Since different types of surfaces have different
abilities to emit infrared radtioni a property called emissivitya calibratedtemperature
measurement is possible only if the emissivity control of the IR camera is adjusted to match the
emissivity of the surface. Values of emissivity range from 1.0 for a flat black surfess tihar0.1

for polished aluminum or steel. Most IR cameras are shipped with a default emissivity setting of
0.95 and many instruments provide a means to adjust the emissttityg according to the surface
being measured.

Infrared imagng differs from electroluminescence imaging, which is used in laboratories and
occasionally in the field to identify defects in PV cells. Electroluminescence is radiginerated

by the recombination (mutual annihilation) of positive and negativegebalt is the principle

behind the light emitting diode, and the leading loss mechanism in PV cells. In the PV application
of EL i maging, current is forced through the

to normal cell operation,whic i s t he &6éf orwardd direction when

light-emitting diodes. This requires a highltage, highcurrentDC power supply. Field
measurements are typically done at night or at twilight, to achieve best sensitivityantioes
EL imaging is a very sensitive method for finding dellel defects, but is not performed during
commissioning.
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5.3 Measurement Conditions

Thermal issues are most visible when the PV system is operating at peak output. The irradiance in
the plane of the array should be at least 600W/fo allow meaningful comparison of images of
different devices, the irradiance and inverter operating point should be stable. A clear sky also
eliminates thermal reflections from clouds, which can be a problem infaging the front surfaces

of PV modules, discussed below.

Low ambient temperature in combination with high irradiance provides the best temperature
sensitivity. Since wind cools surfaces, infrared measurements are best performed under zero or low
wind conditions. This is especially true for surfaces such as PV module glass arghbatkthat

are readily cooled by wind.

5.4 Measurement Technique

To obtain useful infrared images, the operator must manage factors such as surface emissivity,
thermal reféctions, and thermal diffusion. These and other challenges are discussed below.

Emissivity
Challenge Not all surfaces are equal in the efficiency with which they can emit infrared radiation.

As a result, a black device such as the body of a circuit breaker may appear to be warmer than a
nearby shiny metal terminal block that is actually at the same tatmpe

Best practice:The simplest solution is to compare only identical surfaces of similar components. If
the emissivity is known and accounted for, the IR camera will yield measurement accuracy in the
range of £25°C. Even if the emissivity is known only approximately, comparing like objects will
identify devices whose temperature is substantially higher or lower than their neighbors.

When imaging terminal blocks or other switchgbgre hardware, emissiviselated errors can be

reduced by coating the surface of interest with flat black paint or firmly adhering a single layer of

bl ack tape, and setting the IR camerabds emi ssi\
from the rear of the module, accuracy banimproved by applying a short strip of black tape at the

hottest location on the cell. Applying tape to the front of the module is not recommended because
absorption of solar energy by the tape produces an artificial hot spot in the image, and shadowing

by the tape has a slight effect on the thermal balance within the module.

Thermal reflections

Challenge Surfaces such as glass or wahllished metal that are smooth at the atomic level can

reflect thermal images, cluttering the IR image and makingpie difficult to identify real thermal

issues. Common sources of these unwanted thermal reflections are the sun, clouds, nearby objects,
and the operatorés body.

Best practiceTo avoid thermal reflections of clouds, measure under a clear sky. To &ewid d

solar reflections, face the surface of interest from the same direction as the sun, so that energy
reflected from the surface of interest is directed away from the camera rather than toward it. If you
are not sure a hot spot in the image is realreflaction, change your camera angle and notice
whether the hot spot moves relative to the known thermal features of the scene (eg the PV module
frames); if it moves, it is a reflection.

To avoid thermal reflections of your body, shift the camera aagée from perpendicular and your
body image will move toward the edge of the image. Change the camera angle as much as
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necessary but no further. As shown in Figlddelow, the emissivity of glass decreases rapidly at

high angles from perpendicula.camera angle di 60° from perpendicular typically maintains
reasonable accuracy. If it is feasible to image the modules from the backside, many of these issues
can be mitigated.

EMISSIVITY
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06 \ -/
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ANGLE OF INCIDENCE (DEG]

Figure 15: Variation of the emissivity and reflectance of glass as a function of angle of incidence. Zero
degrees corresponds to a perpendicular camera angle (Courtesy FLIR)

Thermal diffusion

Challenge Heat may spread, or diffuse, from one component or region themnmaking a
temperature anomaly appear more widespread. For example, heat from one poorly connected circuit
breaker can spread via a cotype bus bar to neighboring breakers, raising their temperatures.

Best practicePay special attention to slighiffdrences in temperature to locate the source.

Another strategy is to image the components shortly after the system is powered up, before heat has
had a chance to diffuse. Another way to reduce the diffusion confusion is to repair the most obvious
issuesand then reest to see if other issues remain.

Setting the temperature span

ChallengeThe | R c a-spanniagéaureahamnges the temperatspandepending on
where the camera is pointed, making it difficult to consistenglyalize temperatures.

Best practiceThe more capable IR cameras allow manual adjustment of the temperature range,
assuring a consistent color scale across diffet
the IR images of a population of comér boxes if the temperature scale is consistent across all of

the measurements.

Measuring PV module temperature

Challenge PV module glass is not transparent in 84 micron wavelength barat which IR

cameras typically operate, so imaggeen fromthe front of the modulespresenthe temperature

of the surface of the glass, not teenperature of the cells below. The poor thermal conductivity of
glass results in a significant temperature drop from the cell to the face of the glass and reduces the
sensitivity of the camera to differences in cell temperature. Measurement sensitivity is further
reduced by wind, whichan significantlyi and quickly- change the surface temperatafeéhe
glassbecause of its poor thermal conductivity.

Best practiceTake the infrared images under high irradiance so there is maximum thermal contrast.
Avoid thermal reflections as described above, to keep the images free of false hot spots. If it is
feasible to image the PV modules from the backside, check whetherdeairkages provide more
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useful images. If absolute temperature values are required, firmly apply black tape to the backside
location being imaged.

ChallengeThe temperature pattern changes when the ¢
module(s) undr test.

Best practiceShading of a module changes its electrical operating point and upsets the normal
temperature pattern. It is a good example of a measurement changing the property being measured.
To avoid this, position the operator and camerditoigate shadowing of any of the modules being
imaged.

Challenge: Soiling and debr@sewarmed by the sun, creating hot spots in the thermal image.

Best practice: Before starting the serious imaging, explore the causes of apparent hot spots.
Correlate them with blotches of dirt, bird droppings, or tree litter. Take sample images of these
known effects for reference later when evaluating other images.

Setting limits for acceptable temperature
Challenge What surface temperatures are acceptable?

Best practiceThe answer has two parts. Assuming that the IR camera is adjusted for the emissivity

of the surface and the other best practices are followetherature can be measured with accuracy

in the neighborhood of-8 °C. To determine whether that temperature is acceptable for a given
component, refer to the componentds specified ¢
breakers and fuse la#rs have specifications for the maximum temperatures of conductors at their
terminals.

The second part of the answer deals with the variation of temperature across the population of
similar devices. A device with abnormally higlativetemperature shadi be investigated even if

its absolutetemperature is within the component specifications, because the elevated temperature
may represent the early stages of an emerging thermal problem.

5.5 Procedure

Safety

MeasuringAC andDC powercircuits exposes the operator to lethal shax#t arc flasihazards
(Shapirg Radibratovi¢ 2014) Personnel must be properly trainedquippedand supervised. Safe
work practices, including the use of personal protective equipment (PPE), must be followed.
Specific requirements for worker safety are outside the scope of this doamdeare the
responsibility of the individualand organizatiosinvolved in the project.

Operating conditions
Perform measurements with the system operating as close as possible to full power. Record the
inverter AC output power at the beginning and end of each measurement session.

Infrared camera settings

Set thecamera in the autscale mode, set the emissivity to 0.95, and set the temperature units to
Celsius. Select the Rainbow or Iron color palette.
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Positioning and focusing the camera

Position the camera to capture the enclosure, interconnection, or PV (spdtiiaterest. If the
camera features manual focus, adjust the focus for best detail.

When imaging PV modules, select the distance and camera angle to avoid thermal reflections of the
operator, sun, or other objects. Also avoid shadowing the moduéig) imaged.

Imaging the array

Using the camera in an autoscale mode, survey the array and note the location of hot spots. Also
note the location of strings/modules/cell groups that are slightly warmer than their neighbors, which
indicates that they maye open circuited or bypassed. Measurements can be taken from the front or
back of the array, or both; the decision is based on physical access and which view affords the best
combination of thermal sensitivity and freedom from confusing artifaath agshermal reflections

and artificial hot spots caused by soiling.

After the survey of the array, return to the noted hot spots for more detailed measurements. Select a
fixed temperaturgpanthat is wide enough to cover the types of issues observewydhe survey,

so that it will be easier to compare your images later. Take images at each location. For each

infrared image, record likely causes and recommended falfpactions (e.g. clean modules and

re-test, measure performance usifg turve traing, reimage a year later, replace module, etc).

Al so record the imageb6s physical |l ocation in ¢t
system.

Imaging other system components

Image all other terminating hardware including junction boxasgactors, combiners, inverter

inputs, service panels, circuit breakers,-pahels, and so on. Look for hot spots that may indicate

poor connections or failing components. It may be helpful to perform an initial survey with the IR
camera in autgpanningmode, and then select a narrower fispdnappropriate to the

temperatures you observed in the survey. Use this figadfor the detailed measurements you

save. Given the wide range of emissivity of system components, care shtakkeéméo optimize

absolute temperature accuracy. See the methods descridedsarement Technique / Emissivity

For each infrared image, record likely causes and recommended-fgllastions. Also record the

i mageobs physical |[coicalddcationmthe meratchyof the system. and el e

5.6 Reporting Infrared Imaging Results
The infrared imaging report should contain the following:

91 Short introduction identifying the types of components that were imaged and the coverage
factorthat is, the prcentage of the population that was IR imd@®% is recommended.

1 Infrared images of all devices measured, labeled with their time and date, physical location
in the site, and electrical location in the hierarchy of the system. Include visible light
photographs where necessary to establish context or identify the hardware being tested.

1 Discussion of any abnormally hot or cool areas, clearly referenced to the images and
location in the system. In the case of problem PV modules, also record the pogsittah
in the array.

1 Operating condition under which the images were collected, including the irradiance and the
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inverterds approxi mate AC output power.

5.7 Infrared Imaging Examples
The following images are examples of the issues that can be revealaadfraitbd imaging.

39.9°C $FLIR

Image 1: Poor connection between module
cable and ribbon conductor. Courtesy
Harmony Farm Supply.

Image 2: Resistive interconnection in early
generation dc combiner PC boardCourtesy
Solmetric.

Image 3: Hot spot and conducting bypass
diode.
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Image 4: Bypassed cell group (middle) showing
warmer cells and heatedjbox. Courtesy
Solmetric.

Image 5: Bypassed cells (outer two groups)
imaged from backside. Courtesy FLIR.

455°C

30.5°C

15.3°C

-15.0°C

Image 6: Hot spot on PV module. Courtesy
J.V. Mufioz et al, Universidad de Jaén
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Image 7: Hot spots at cell ribbon bonds. :
Courtesy Arizona State University Image 8: Open circuited strings and modules in

860kW rooftop array. Courtesy Oregon
Infrared.

Image 9: IR and visual images of esistive electrical connectors between two PV modulgSourtesy
J.V. Mufoz et al Universidad de Jaén

Image 10: IR and visual images of lot spot on a cell resulting from shading. Courtesy J.V. Mufioz et
al, Universidad de Jaén

Commissioning for PV Performance
Best Practice Guide 66 Www.sunspec.org



