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Chapter 14  

 
Commissioning, Maintenance and 

Troubleshooting 

System Commissioning ● Maintenance Plans ● 
Diagnostics 

Presenter
Presentation Notes
Once PV systems are installed, they are commissioned to verify the installation matches the plans and code requirements, and that performance expectation are met. Although PV systems usually require little maintenance, a maintenance plan ensures that essential service is performed on a regular schedule. Maintenance helps identify and avoid potential problems that affect system functions, performance, or safety. When problems do occur, a systematic troubleshooting process is used to diagnose and identify the problems, and take corrective actions.

References: 
Photovoltaic Systems, Chap. 14
Battery Service Manual, 12th Ed., Battery Council International




 2012 Jim Dunlop Solar Commissioning, Maintenance and Troubleshooting: 14 - 2 

Overview 

 
 Describing the purpose for system commissioning and the tasks 

and procedures involved. 
 

 Indentifying required maintenance for PV systems and their 
components, and developing a maintenance plan. 
 

 Understanding the importance of system performance data in 
verifying expectations and in identifying problems. 

 
 Understanding basic troubleshooting principles. 

 

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 369
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The Importance of PV System 
Testing and Commissioning 

 
 Many PV systems are not satisfactorily evaluated prior to being 

placed into service, and few have scheduled maintenance or 
testing over their lifetime.  
 

 This often leads to unsafe and underperforming systems with 
reduced value to their owners.   
 

 Any electrical system can be tested to verify performance and to 
evaluate the condition of the wiring systems and equipment.  
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Commissioning 

 
 Commissioning PV systems verifies that the installation has been 

satisfactorily and safely completed according to plans. 
 

 Key steps of a commissioning procedure include: 
 Completing final installation details 
 Completing a checkout and visual inspections for NEC compliance 
 Conducting electrical verification tests 
 Completing system documentation and labeling requirements 
 Conducting user training 
 Performing initial start-up and operations 
 Verifying expected output and performance 

Presenter
Presentation Notes
Commissioning verifies that a PV installation has been satisfactorily and safely completed according to plans.

Reference: Photovoltaic Systems, p. 370-373
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IEC 62446 

 
 IEC 62446 defines minimum documentation, commissioning tests 

and inspection criteria for grid-connected PV systems. 
 

 This standard is intended to verify the safe and proper operation 
of PV systems, and to serve as a guide for designers, installers 
and service personnel.  
 

 Compliance with the IEC 62446 standard is required for many PV 
projects in Europe, and correlate directly with NEC requirements 
for the verification of safety for all electrical systems.  
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Final Checkout  

 A final checklist should be used to confirm that the installation is 
complete before beginning operations.  
 Verifying that all components are installed in a neat and workmanlike 

manner, including wire management practices. 
 Verifying that all structural and electrical components are properly installed 

and secured. 
 Verifying disconnects are open and lockout/tagout procedures are in 

place. 
 Visually inspecting all components and connections and verifying terminal 

torque specifications. 
 Identifying and completing any unresolved items.  
 Verifying system and equipment labels, marking and placards are correct 

and in the proper locations. 
 Verify that any calibrations or adjustments for inverters, charge controllers 

or other equipment are properly set or programmed.   
 
 

Presenter
Presentation Notes
Prior to operating PV systems, a final checkout is conducted to ensure the installation is complete and all outstanding items have been resolved.

Reference: Photovoltaic Systems, p. 370-373
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PV System Testing 

 Continuity and resistance testing verifies the integrity of grounding and 
bonding systems, conductors, connections and other terminations. 
 

 Polarity testing verifies the correct polarity for PV dc circuits, and proper 
terminations for dc utilization equipment.   
 

 Voltage and current testing verifies that PV array and system operating 
parameters are within specifications.   
 

 Insulation resistance testing verifies the integrity of wiring and 
equipment, and used to detect degradation and faults to wiring 
insulation.  
 

 Performance testing verifies the system power and energy output are 
consistent with expectations.  
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Insulation Resistance Testing 

 
 Insulation resistance testing 

verifies the integrity of wiring 
systems, and can be used to 
detect damaged wiring and 
ground faults in PV system 
circuits.  
 

 Insulation resistance testing 
measures the resistance 
between ungrounded circuits 
and ground under the 
application of high voltage. 
 

 Fluke 1587 Insulation Tester 

Presenter
Presentation Notes
Insulation resistance testing measures the resistance from ungrounded circuits to ground, and is used to verify and demonstrate integrity of wiring systems. These tests can be used to identify damage or insulation faults for PV modules and interconnect wiring, to locate ground faults, or to asses the degradation of array wiring, PV modules and other system circuits. The insulation tester can be a variable DC power supply or megohmmeter that provides a test voltage of 500 V. 

Damage to wiring insulation can be due to improper installation, or from vermin chewing the wires. Older PV arrays may have significantly higher leakage current than when they were new. Proper insulating gloves and other applicable PPE should be used whenever touching a PV array or associated conductive surfaces to protect against electrical shock, especially when ground-fault conditions are indicated. 

References: 
NEC 110.7
www.fluke.com
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Insulation Testing Procedures 

 
 Baseline insulation resistance testing can be compared to 

measurements over time to assess degradation of PV arrays or wiring. 
 

 Procedures include: 
 Circuits must be isolated from one another, and surge protection devices removed. 
 The positive and negative poles of the array are connected together, and the test 

voltage is applied between this circuit and ground. 
 Testing is repeated for individual array source circuits in the array and other system 

circuits. 
 

 Faulted circuits will shows a significant drop in insulation resistance.  
 Wet insulation testing can be used to pinpoint fault locations within the array. 

Presenter
Presentation Notes
Insulation resistance testing measures the resistance between the circuits and ground. Insulation resistance for large PV arrays is generally measured at source circuit combiner boxes, where the individual source circuits can be accessed for disconnection and testing. The tests can be conducted dry, or a wetting agent can be sprayed on portions of an array to pinpoint fault locations. 

All circuits must be isolated from others for testing, and grounding or bonding connections are left connected. Any surge suppression equipment must be removed from the circuits. Connect the positive and negative output leads of the array together, and to the positive terminal of the insulation tester. A short-circuiting device is required suitable for the source circuit or array maximum current. Connect the negative terminal of the insulation tester to the grounding point for the array or source circuit. Apply a DC test voltage of 500 V and wait for capacitive effects to subside and readings to stabilize. Measure and record the insulation resistance in megohms. Observe and listen to the array during the tests for evidence of arcing or flashover. Generally, when a fault exists, resistance measurements will decrease significantly. Tests conducted during system commissioning may be used as a baseline for which later measurements can be compared.

Reference: 
IEC 62446
ASTM E2047, Standard Test Method for Wet Insulation Integrity Testing of Photovoltaic Arrays
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Insulation Resistance Testing 
and Safety 

 
 Always use insulated rubber gloves with leather protectors when conducting 

insulation tests.  
 Never connect insulation testers to energized circuits, batteries or other energy 

sources.  
 Isolate circuits for testing by opening disconnects, and verify that circuits are de-

energized using LOTO procedures prior to connecting insulation tester.  
 Grounded test lead should always be the first to make, and last to break any 

circuit measurement.  
 Never use insulation testers in an explosive environment or around combustible 

materials.   
 Never use insulation testers on circuits with any electronic equipment, including 

inverters, charge controllers, or instrumentation, or surge suppression 
equipment, as the application of high test voltages can damage this equipment. 

 Always ensure that circuits are properly discharged before and after insulation 
tests, either through the test equipment or externally with a load resistor.  
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Seaward Solar PV100 
Installation Test Kit 

 
 Tests to IEC 62446 with a single 

button. 
 Simple, safe, user interface. 
 Rugged, robust and handheld. 
 Earth continuity measurement. 
 PV string open circuit voltage 

measurement and polarity up to 1000V 
DC. 

 PV string short circuit current 
measurement up to 10A DC. 

 PV array insulation test at 
250/500/1000V. 

 Operational AC and DC current using 
supplied current clamp. 

 Store results for up to 9 strings and 
compare for variances. 

http://www.seawardsolar.com 

 



 2012 Jim Dunlop Solar Commissioning, Maintenance and Troubleshooting: 14 - 12 

PV System Documentation 

 All PV installations should have adequate documentation 
providing details of the system design and all components and 
materials used in its construction.  
 

 Proper system documentation helps ensure safe and reliable 
system operations, and is generally required for the following 
purposes: 
 
 Plan review and permitting process with local building officials  
 Interconnection approval from the local utility 
 Installation and maintenance contractors 
 Owners and caretakers 

Presenter
Presentation Notes
A complete documentation package for PV systems is essential for a successful and orderly project.

Reference: Photovoltaic Systems, p. 12-18
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PV System Documentation 

 A complete PV system documentation package should include the following: 
 

 System DC and AC power ratings. 
 

 Manufacturer, model and quantity of PV modules, inverters, batteries, controllers and all other 
major components. 
 

 The names and contacts the customer/owner, system designer, installation contractor and any 
other responsible parties or subcontractors.  
 

 A site layout identifying equipment locations on buildings or relative to property lines or 
easements, including a shading analysis as applicable.  
 

 A single line diagram depicting the overall system design, including the types of modules, total 
number of modules, modules per string and total number of strings; the types and number of 
inverters; and any other major components.  
 

 The types, sizes and ratings for all balance-of-system components, including conductors, 
raceways, junction boxes, source circuit combiner boxes, disconnects,  overcurrent protection 
devices, and grounding equipment, as applicable.   

Presenter
Presentation Notes
A complete documentation package for PV systems is essential for a successful and orderly project.

Reference: Photovoltaic Systems, p. 12-18
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PV System Documentation 

 
 Specifications for PV modules, inverters and other major components, including module 

mounting systems.  
 

 Operation and maintenance information including procedures for verifying proper system 
operation and performance.  
 

 Operating guidelines, safety procedures and maintenance plans.   
 

 Warranty details on major components indicating the terms and conditions. 
 

 Copies of all commissioning test reports and verification data.  
 

 Contracting and financial details, building permits, inspection certificates, interconnection 
agreements, and applications and approvals from incentive programs, such as rebates and tax 
forms as applicable. 

Presenter
Presentation Notes
A complete documentation package for PV systems is essential for a successful and orderly project.

Reference: Photovoltaic Systems, p. 12-18
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Owner/Operator Training 

 Training for system owners and operators helps ensures safe 
and successful system operations, and should cover the 
following items: 

 
 A walk through of the entire installation  
 Identification of major components and their functions 
 Principles of operation and procedures 
 System design drawings and documentation 
 Location of disconnecting means 
 Safety information 
 Use of monitoring systems and expectations for energy production  
 Maintenance requirements 
 Warranties and service agreements 

Presenter
Presentation Notes
Owner and operator training is a critical part of closing out a PV installation project, and helps ensure continued safe and successful operation of the system. The level of training provided will vary depending on project requirements, the complexity of the system involved, and the expectations and abilities of the owner/operator. More advanced training would be required for facility personnel tasked with maintaining and servicing the system. Owners should be provided with system manuals containing all relevant documentation, including as-built drawings, system specifications and operating manuals for all major components. 

Reference: Photovoltaic Systems, p. 370-373



 2012 Jim Dunlop Solar Commissioning, Maintenance and Troubleshooting: 14 - 16 

Start-Up 

 
 The initial start up for a PV system is conducted after all 

inspections and checks have been completed with all 
outstanding items resolved.  
 

 Start up procedures include: 
 Installing overcurrent devices 
 Closing all DC and AC disconnects and turning on inverter 
 Verifying output 

 
 

Presenter
Presentation Notes
Generally, a specific order for closing the disconnect means is not required from simple interactive systems, but can be order-specific for stand-alone systems using energy storage, multiple power sources and different types of charge controls.

Reference: Photovoltaic Systems, p. 370-373
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System Functional Testing 

 
 Verifying the proper operation of disconnecting means and component 

connection and disconnection sequences. 
 

 Verify that interactive inverters and ac modules de-energize their output to utility 
grid upon loss of grid voltage [690.61].  
 

 Verify that interactive inverters automatically reconnect to their output to the grid 
once the voltage has been restored for at least 5 minutes [690.61]. 
 

 Verify that battery-based interactive inverters disconnect ac loads from the utility 
source when operating in stand-alone mode [690.61].  
 

 Verify the proper grid voltage and frequency to operate inverters, including 
evaluating voltage drop between the inverter ac output and point of connection to 
the grid.  
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Performance Measurements 

 
 Operating parameters in PV 

systems are measured to verify 
expected performance.  
 

 Most inverters include integral 
monitoring and displays as 
standard features. 
 

 Measurement on any energized 
equipment should be performed 
by qualified persons using 
appropriate test instruments and 
PPE. 
 

Presenter
Presentation Notes
Measurements of current, voltage and power can be made at the PV source and output circuits, inverter input and output circuits, and load and battery circuits, as applicable for a given system design. Measurements are compared with expectations for performance verification purposes.

Reference: Photovoltaic Systems, p. 383-385
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I-V Measurements 

 
 Determine the true array maximum power point in relation to the 

operating voltage for inverters, battery systems and other dc utilization 
equipment. 

 Determine voltage and power degradation rates from baseline 
measurements and subsequent measurements over time. 

 Determine changes in array series and shunt resistance over time. 
 Identify array wiring problems or module failures. 
 Analyze the effects of shading on electrical output. 
 Evaluate losses due to module mismatch and array wiring methods. 
 Establish module or array ratings for performance guarantees or 

warranty purposes. 
 Locate open bypass diodes; requires I-V curve test or dc power supply 

that reverse biases (applies negative voltage) to the module under test.  
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I-V Measurement Methods 

PV Device 

Variable 
resistor 

Electrolytic 
capacitor 

Variable 
battery 

V 

A 

Presenter
Presentation Notes
The I-V curve for a PV device can be measured by connecting an electrical load to operate the device over its range of operating points. A variable resistor or power supply may be used for PV cells and smaller modules, while capacitors are used in special test equipment to measure the I-V curves for larger arrays. A voltmeter in parallel and an ammeter is series with the PV device are used to measure voltage and current, respectively.

Suggested Exercise: Measure the I-V curves for small PV devices or modules, and examine the effects of changing electrical load.

Reference: Photovoltaic Systems, p. 123-130
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Solmetric PVA-600 PV Analyzer 

Presenter
Presentation Notes
Reference: www.solmetric.com
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Monitoring 

 Performance data can be used to verify output expectations and 
identify problems that require service or maintenance. 
 

 For simple interactive PV systems without energy storage, the 
key indicators for system performance are:  
 AC power output (kW)  
 AC energy production (kWh) 

 
 Performance verification for stand-alone systems with battery 

storage is more complex, and involves measurements of: 
 Battery voltage, amp-hours and state-of-charge 
 PV array, battery and load currents 
 Load availability and other factors  

Presenter
Presentation Notes
Monitoring functions and data output capabilities are an integral part of most PV inverters. Additional monitoring equipment can also be used to measure system performance.

Reference: Photovoltaic Systems, p. 383-385
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Inverter Monitoring 

 Most faults and performance issues with PV systems are 
identified by inverter monitoring systems. 
 
 

Presenter
Presentation Notes
Most PV inverters record and display numerous error codes and fault conditions associated with problems in both the DC and AC circuits, such as DC ground faults in the array, or out or range voltages on the array or utility service. Interpreting these codes and messages are a fundamental first step for any troubleshooting activities, and help define specific problems and appropriate courses of action. Extensive details are provided in inverter manufacturer installation instructions and operating manuals. 

Reference: Photovoltaic Systems, p.383-385, Chap. 8
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Measuring Power 

 
 A standard watt-hour meter can 

be used to measure average 
power over brief intervals. 
 

 The watt-hour constant (Kh) 
indicates the watt-hours 
accumulated per revolution of 
the meter disk. 
 

 Multiply Kh by the disk revolution 
rate to calculate average power 
through the meter.  

3600

 average power (W)
Wh meter constant ( )
rev

rev disk revolution rate ( )
sec

avg h rev

avg

h

rev

P K N
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N

= × ×

=

=

=

Presenter
Presentation Notes
Standard utility watt-hour meters are often used to record the energy produced by PV systems over time, but can also be used to measure average power over brief intervals. The watt-hour constant (Kh) indicates the watt-hours accumulated per revolution of the meter disk. Most residential meters have Kh = 7.2. The smaller the constant, the faster the meter spins for a given amount of power passing through it. 

Multiply Kh by the disk revolution rate to calculate average power through the meter. The disk has markings on the top and sides with a scale of 0 to 100. Electronic meters use progressing LCD hash marks to simulate disk revolutions are rate of energy flow.

For example, the average power through a meter with Kh=7.2 that makes 10 complete revolutions in 40 seconds is:
Pavg = 7.2 Wh/rev x 10 rev/40 sec x 3600 sec/hr = 6480 W.
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AC Power Output 

 
 The AC power output of an 

interactive PV system at any 
moment can be compared with 
expectations using basic 
translations for solar irradiance 
and temperature. 
 
 

Presenter
Presentation Notes
The AC power output of an interactive PV system at any moment can be compared with expectations, using the basic translation formulas for solar irradiance and temperature. AC power output can be read from inverter displays or by additional power meters, and the array temperatures and solar radiation in the plane of the array can be measured with simple handheld meters without working on energized equipment. AC power verification can be done anytime when the system is operating under steady sunlight conditions, preferably at higher irradiance levels. 

Generally, the maximum AC power output for interactive systems can be related to the rated maximum DC power output rating for the array and adjusted by a number of derating factors. The factors include several types of DC and AC system losses and power conversion efficiencies, which in combination result in AC power output varying between 70 to 85 percent of the PV array DC rating at Standard Test Conditions (STC), depending on temperature.

Reference: Photovoltaic Systems, p. 383-385
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Verifying AC Power Output 

INTERACTIVE PV SYSTEM PERFORMANCE WORKSHEET

Estimating and Verifying System AC Power Output

PV Array DC Power Rating at STC - 1000 W/m2, 25 °C (kW) 10

Derating Factors
Nameplate Ratings 0.95
Inverter and Transformer 0.95
Module Mismatch 0.98
DC Wiring 0.98
AC Wiring 0.99
Soiling 1.00
Age 1.00

Combined Derating Factors 0.86

Estimated System AC Power Output at STC - 1000 W/m2, 25 °C (kW) 8.6

Temperature Adjustments
Array Power-Temperature Coefficient (%/°C) -0.5
Measured Array Operating Temperature (°C) 60

Estimated System AC Power Output at 1000 W/m2 and Operating Temperature (kW) 7.1

Solar Radiation Adjustments
Measured Solar Irradiance in Plane of Array (W/m2) 850

Estimated System AC Power Output at Operating Temperature and Solar Irradiance (kW) 6.0

Presenter
Presentation Notes
Estimating the expected AC power output for interactive PV systems begins with the DC rating for the PV array and applying applicable derating factors. The product of the derating factors and DC rating give the estimated system AC power output at a reference solar irradiance and temperature condition. Further translations for temperature and solar radiation provide an estimate for actual operating conditions.

This procedure is only valid for interactive systems with flat-plate crystalline silicon PV arrays (no special bifacial modules or concentrating modules). The PV array must be oriented in the same direction and unshaded. The inverter must be operating the array at its maximum power point, and within prescribed voltage limits. Measurements of solar radiation, temperature and power output must be done simultaneously for best results, within ±2 hours of solar noon with incident solar radiation levels 800 W/m2 or higher and under clear sky conditions. 
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AC Energy Production 

 The AC energy production (kWh) for grid-connected PV systems 
is measured over periods of months and years to compare with 
sizing and long-term performance expectations. 
 

 Online software tools such as PVWATTS are used to estimate AC 
energy production based on historical solar radiation and 
temperature data. 
 Actual solar irradiation (insolation) and array temperatures can be used to 

more precisely compare with the AC energy produced. 
 

 The average daily AC energy production divided by the product 
of the PV array DC peak power rating at STC and peak sun hours 
is a key indicator of system performance: 
 AC kWh / (DC kW x PSH) = 0.7 to 0.85 

 

Presenter
Presentation Notes
The expected AC energy production for grid-connected PV systems with no energy storage can be estimated using popular tools such as PVWATTS. PVWATTS first estimates the system AC power output rating at STC based on user-supplied inputs and derating factors. AC power is then estimated on an average hourly basis energy production is the based on the user selected array tilt and azimuth angles are selected. PVWATTS then performs an hour-by-hour simulation for a typical year to estimate average power output at for each hour and totals energy production for the entire year. PVWATTS uses an overall DC to AC derate factor to determined the rated AC power at STC. Power corrections for PV array operating temperature are performed for each hour of the year as PVWATTS reads the meteorological data for the location and computes the performance. A power correction of -0.5%/°C for crystalline silicon PV modules is used.
 
Reference: http://rredc.nrel.gov/solar/calculators/PVWATTS/version1/
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Verifying Performance 

 AC output will be less, but should follow the expected array DC output 
for interactive PV systems. 

Note: Green and yellow 
lines are based on 
measured irradiance. 

Presenter
Presentation Notes
This chart shows the rated, predicted and measured DC power and measured AC power versus time of day for a small interactive PV system, based on daily averages for a month. As expected, the actual AC power output is less, but follows the expected DC power output throughout the day. The rated DC output at STC based on manufacturer’s nameplate ratings is used as the reference (100%). The predicted PV array DC power is based on the manufacturer’s STC rating, but is translated for the measured solar irradiance and array temperature. The measured DC power reflects the differences between manufacturer’s nameplate rating and actual output. The actual measured DC output may be lower due to a number of factors, including differences between the array nameplate rating and actual output; soiling, mismatch, wiring and other losses within the array; and the MPPT function of the inverter. The overall result for this system is the AC energy output is about 73% of the output expected if the array were to operate at its STC nameplate rating. 

Reference: Photovoltaic Systems, p. 383-385
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Verifying Performance 

 The DC and AC power output for interactive PV systems is a direct 
function of solar irradiance.  

Presenter
Presentation Notes
The DC and AC power output for interactive PV systems is a direct linear function of solar irradiance. This chart shows the measured DC and AC power versus solar irradiance for a small interactive PV system, based on daily averages for a month. Dividing the average daily energy production by the solar irradiation and the array DC power rating normalizes the results to compare with similar systems of different size and receiving a different amount of solar irradiation. 
 
Reference: Photovoltaic Systems, p. 383-385
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Load Power and Energy 

 Separate watt-hour meters may be used to measure PV system AC 
output, net utility power, building loads or branch circuits. 
 

Note: House AC power 
demand is shown as a 
negative value; net utility 
power is shown as positive. 

Presenter
Presentation Notes
Small, low-cost watt-hour meters may be used to externally measure PV system AC output, net utility power, building loads and branch circuits. This chart shows the measured PV system AC power, building loads and net utility versus time of day for a small residential interactive PV system, based on daily averages for a month. The PV systems produces an average of 16 kWh per day, meeting about 21% of the total building load. The family’s morning and evening energy use patterns are clearly indicated.

Reference: Photovoltaic Systems, p. 383-385 
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Efficiency Measurements 

 Array, inverter and system efficiencies can be calculated from 
measurements of DC power, AC power and solar irradiance. 

Presenter
Presentation Notes
Measurements of DC and AC power and solar irradiance can be used to calculate the array, inverter and system efficiencies as a function of power level.

Reference: Photovoltaic Systems, p. 383-385 
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Temperature Measurements 

 Array and ambient temperature 
measurements are used to 
characterize the thermal 
performance of PV arrays, and 
used to translate measured 
output to a reference condition. 

Presenter
Presentation Notes
Non-contact thermometers can be used to measure temperatures of PV modules, electrical terminals and equipment, battery electrolyte and other surfaces or fluids. Array operating temperatures can also be measured with permanently installed thermocouples of other temperature sensors, and used to translate system output to a reference condition for performance validation purposes. Due to night sky radiation, PV module temperatures are often lower than ambient temperatures overnight and first thing in the morning. Conversely, PV array temperatures are much higher than ambient during the middle of the days when they also experience solar heating. 

Reference: Photovoltaic Systems, p. 383-385 
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Maintenance Plan 

 
 A maintenance plan includes a list and schedule for all required 

system maintenance and service. 
 
 Inspections of components and wiring systems 
 Evaluation of structural attachments and weathersealing 
 Cleaning and removing debris around arrays 
 Performing battery maintenance 
 Conducting electrical tests and verifying performance 

Presenter
Presentation Notes
A maintenance plan includes a list and schedule for all required system maintenance and service. Component manufacturer’s instructions often include recommended maintenance needs and intervals. A maintenance inspections involve identifying degradation or problems with the system or components that affect performance, safety or functionality. 
 
Reference: Photovoltaic Systems, p. 373-383
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Physical Damage 

 Inspect PV arrays for any signs of physical damage, such as impacts or 
fractures.  

Obvious impact damage Less obvious fractured glass 

Presenter
Presentation Notes
PV modules should be visually inspected for signs of any physical damage, including bent frames or broken glass. Modules with fractured or damaged laminates will eventually admit moisture and develop high leakage currents, and should be removed from the array and replaced. Most PV modules use tempered glass, which shatters in small pieces when stressed or impacted. Physical damage may be quite obvious in the case of impacts, but fractured glass in a PV module may not be clearly evident from a distance.

Reference: Photovoltaic Systems, p. 373-376
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PV Module Degradation 

Back Surface 

Front Surface 

Burned Busbars 

Delamination and Corrosion 

Presenter
Presentation Notes
Modules should be routinely inspected for signs of physical damage or degradation. Look for delamination, moisture or corrosion within modules, particularly near cell busbar connections and edges of laminates. Discolorations inside module laminates may be an indicator of a failing edge seal, or damage to the back of the module laminate. Degradation of solder bonds at internal cell connections can lead to hot spots and ultimately burn through the back of the module, resulting in module failure, reduced system performance and creating a fire hazard. Burned busbars, delaminated modules and damaged wiring systems are likely to show faults during insulation resistance testing.

Reference: Photovoltaic Systems, p. 373-376
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Shading Control 

 Trees and vegetation present ongoing shading concerns, and 
may require trimming during maintenance to prevent excessive 
array shading. 
 

Presenter
Presentation Notes
Because a relatively small amount of shading can significantly reduce array output, any conditions that contribute to increased shading of PV arrays should be evaluated during routine maintenance. Trees and vegetation present ongoing shading concerns, and may require trimming and maintenance to prevent excessive array shading. Ground-mounted PV arrays may also be susceptible to shading from shrubs or long grass near the array. Where visual observations can not determine the extent of shading problems, a solar shading device can be used.

Reference: Photovoltaic Systems, p. 373-376, Chap. 3
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Array Soiling 

 Cleaning soiled PV arrays is a common maintenance need. 

Jim Tetro 

Sharp Solar 

Presenter
Presentation Notes
PV arrays become soiled over time, particularly is arid and dusty regions with infrequent rainfall. Soiling may result from bird droppings, emissions, dust or dirt that settles and accumulates on the array surface. Extensive soiling can reduce array output by 10 to 20% or more. Generally, cleaning PV array on buildings involves climbing ladders and working at heights where fall protection is required. 

Reference: Photovoltaic Systems, p. 373-376
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Degraded Weathersealing 

Presenter
Presentation Notes
The weathersealing of all attachment points and building penetrations should be routinely inspected for signs of water leakage.

Reference: Photovoltaic Systems, p. 373-375
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Battery Maintenance 

 Battery maintenance involves various tasks depending on the 
type of battery and manufacturer requirements, including: 
 
 Inspecting and cleaning battery racks, cases trays and terminations 
 Inspecting battery disconnects, overcurrent devices and wiring systems 
 Checking termination torques 
 Measuring voltage and specific gravity 
 Adding water 
 Inspecting auxiliary systems 
 Load and capacity testing 

 
 Observe all safety precautions and wear appropriate PPE when 

conducting any battery maintenance. 

Presenter
Presentation Notes
Batteries can be one of the more maintenance-intensive components in a PV system. Regular care and service is important to maximizing battery life, and to mitigate any hazardous conditions. All battery maintenance should be conducted using proper procedures and safety precautions. Battery maintenance includes checking and replenishing electrolyte, cleaning, re-tightening terminals, measuring cell voltages, specific gravity and any other periodic maintenance or testing recommended by the manufacturer.

References: 
Photovoltaic Systems, p. 376-381
Battery Service Manual, 12th Ed., Battery Council International
Trojan Battery Company: www.trojanbattery.com/Tech-Support/BatteryMaintenance.aspx
IEEE 450 Recommended Practice for Maintenance, Testing, and Replacement of Vented Lead-Acid Batteries for Stationary Applications
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Battery Maintenance Safety 

 Personal safety precautions for 
battery maintenance include: 
 
 Face shields, aprons and rubber 

gloves 
 
 Eye wash facilities, water and 

baking soda for flushing and 
neutralizing spilled electrolyte. 

 
 Disconnecting means to isolate 

battery system 
 

 Fire protection equipment 

Presenter
Presentation Notes
References: 
OSHA 1926.441
NEC 480, 690
Photovoltaic Systems, p. 166, 376-380
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Battery Test Equipment  

 
 DC voltmeters are used to measure battery and cell voltages. 

 
 DC ammeters (clamp-on type) are used to measure battery 

currents. 
 

 Hydrometers are used to measure electrolyte specific gravity. 
 

 Load testers discharge the battery at high rates for short periods 
while the voltage drop is recorded. 
 

 Impedance and conductance testers may be used on some VRLA 
batteries. 

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 376-381
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Battery Terminations 

 
 Periodic battery maintenance should include checks of all 

terminals for corrosion and proper torque. 
 

Presenter
Presentation Notes
Battery terminals are made of soft lead alloys, and connections may become loose over time. This can lead to increased resistance and voltage drop within the battery bank, resulting in unequal charge and discharge currents among individual cells. In severe cases, loose terminals can cause accelerated corrosion, and overheat to a point where the battery post or cable connection deforms or even melts, creating a fire hazard.

Regular battery maintenance should include checks of all terminals for corrosion and proper torque. Terminals may be coated with petroleum jelly, grease, or special battery terminal corrosion inhibitors to retard corrosion.

Reference: Photovoltaic Systems, p. 376-381




 2012 Jim Dunlop Solar Commissioning, Maintenance and Troubleshooting: 14 - 43 

Battery State-of-Charge 

 
 Battery specific gravity and 

open-circuit voltage are 
measured during maintenance to 
evaluate battery health and 
estimate state-of-charge. 

State-of-
Charge 

Specific 
Gravity 

Open-
Circuit 

Voltage (V) 

100% 1.265 12.6 

75% 1.225 12.4 

50% 1.190 12.2 

25% 1.155 12.0 

0 1.120 11.8 

For typical lead-acid battery at 25°C 

Presenter
Presentation Notes
Specific gravity should be checked for open-vent flooded lead-acid batteries as part of annual maintenance, and may be used to estimate battery state-of-charge. Abnormally low readings may indicate failing or shorted cells. 

A fully charged lead-acid cell has a typical specific gravity between 1.26 and 1.28 at room temperature. Specific gravity decreases with increasing electrolyte temperature, and measurements must be corrected to a reference temperature for comparison. Four “points” of specific gravity (0.004) are added for every 5.5°C (10°F) increment above a reference temperature and four points are subtracted for every 5.5°C (10°F) decrease in temperature. For example, at 90°F (32°C) a hydrometer reading of 1.250 would be corrected to 1.254 at 80°F. 

Open-circuit voltage may also be measured and used independently or in conjunction with specific gravity to estimate battery state-of-charge. The voltage readings must be taken when the battery has not been charged or discharged for at least 5 to 10 minutes. 

Reference: Photovoltaic Systems, p. 376-381
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Hydrometers 

 Hydrometers measure electrolyte 
specific gravity (SG). 
 

 Archimedes hydrometers use a 
float and buoyancy principles to 
measure SG.  
 
 
 

 Refractive index hydrometers 
use a prism and optics to 
measure SG by the angle that 
light refracts through a droplet of 
electrolyte. 

Archimedes Hydrometer 

Refractive Index Hydrometer 

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 376-381
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Water Additions 

 
 Open-vent flooded batteries 

loose water due to electrolysis 
and gassing during charging. 
 

 Water loss increases with 
temperature, charge rates and 
age of battery. 
 

 Use distilled water to prevent 
from poisoning battery and do 
not overfill. 

Trojan Battery Co. 

Presenter
Presentation Notes
Flooded, open-vent batteries require frequent water additions to replenish water lost through electrolyte gassing. Distilled water is recommended. Electrolyte levels must not be allowed to decrease below the tops of the battery plates, which can oxidize and reduce capacity. Because electrolyte expands with increasing concentration, batteries should only be completely filled or “topped off” when they are fully charged. Otherwise, the battery may overflow electrolyte from the cell vents.
 
The frequency and amount of watering required depends on charge rates, temperature, regulation voltage and age of the battery among other factors. Watering intervals may be extended where batteries have reserve electrolyte capacity. Advanced multi-stage charge control methods and temperature compensation also reduce water loss. Higher water loss should be expected in hot, arid climates. Excessive electrolyte loss may be due to a faulty charge controller, failed temperature compensation or improper regulation set point. Comparatively low water consumption in individual cells may indicate a weak or failing cell, or need for equalization charge. Specific gravity is also likely to be lower in cells with lower water loss.

Reference: Photovoltaic Systems, p. 376-381
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Battery Load Testing 

 
 Battery load testing applies very 

high discharge rates for a few 
seconds, while measuring the 
decrease in battery voltage. 
 Weak or failed cells are indicated 

by significantly greater voltage 
drop. 

 
 Battery capacity testing involves 

discharging the battery at 
nominal discharge rates to a 
prescribed depth-of-discharge. 
 Evaluates available energy storage 

capacity for the system. 

Battery Load Tester 

Presenter
Presentation Notes
Battery load testing can be used to detect weak or failed cells or batteries. Capacity testing measures the amount of available energy storage in the system.

Reference: Photovoltaic Systems, p. 376-381
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Troubleshooting 

 
 Troubleshooting progresses from the system, subsystem to 

component levels, and involves: 
 

 Recognizing a problem 
 Observing the symptoms 
 Diagnosing the cause 
 Taking corrective actions 

Solution 
(Corrective Action) 

Cause 
(Component,  

Subsystem Level) 

Symptom 
(System Level) 

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 386-390
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Troubleshooting Subsystems 

load 

energy 
source 

power 
conditioning 

energy 
conversion 

Inverter 
PV Array 

power 
distribution 

Load 
Center 

Battery 
energy 

storage 

electric 
utility  

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 386-390
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Summary 

 
 Commissioning PV systems involves the final steps, inspections 

and verifications prior to operating the system. 
 

 A maintenance plan ensure required service is performed on a 
regular schedule. 
 

 Troubleshooting PV systems involves observations, diagnosis 
and taking corrective actions.   

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 391-392
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Questions and Discussion 

Presenter
Presentation Notes
Reference: Photovoltaic Systems, p. 391-392
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