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Southern California Edison (SCE), an Edison International company, is one of the nation’s
largest investor-owned utilities, serving nearly 14 million people in a 50,000-square-mile
service area within Central, Coastal and Southern California. The utility has been providing
electric service in the region for more than 120 years.

SCE'’s service territory includes about 430 cities and communities with a total customer base of
4.9 million residential and business accounts. SCE is regulated by the California Public Utilities

Commission and the Federal Energy Regulatory Commission.

In 2012, SCE generated about 25 percent of the electricity it provided to customers, with the
remaining 75 percent purchased from independent power producers. One of the nation’s
leading purchasers of renewable energy, SCE delivered nearly 15 billion kilowatt-hours of

renewable energy to its customers in 2012, enough to power 2.3 million homes.

Advanced Technology is the organization in SCE’s Transmission and Distribution business unit
and Engineering & Technical Services (E&TS) division that investigates advanced
technologies and methodologies to support the utility’s goals to provide safe, reliable and
affordable energy while overcoming the challenges associated with the generation,
transmission and distribution of electricity such as: the integration of variable energy

resources, cascading outages and the effects of customer loads.
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SCE DISCLAIMER OF WARRANTIES AND LIMITATION OF LIABILITIES

This report was created as a result of work sponsored by the U.S. Department of Energy
through the Lawrence Berkeley National Laboratory and SCE's Research Development and
Demonstration Balancing Account, which was initially established in 1988 as part of customer
rates and performed by its Advanced Technology organization. This report has not been
approved or disapproved by SCE nor has SCE verified the accuracy, adequacy, and safety of

the information in this report.

Neither Advanced Technology, SCE, Edison International, nor any person working for or on
behalf of any of these entities, makes any warranty or representation, express or implied,
related to this report. Without limiting the foregoing, SCE expressly disclaims any liability
associated with the following: (i) information, products, processes or procedures discussed in
this report, including the merchantability and fitness for a particular purpose of these, (ii) use of
the test procedure or that this use does not infringe upon or interfere with rights of others,
including another’s intellectual property, and (iii) that this report is suitable to any particular

user’s circumstance.

SCE follows OSHA and internal safety procedures to protect its personnel and encourages its

partners and contractors to these safety practices as well.

The authors acknowledge the additional support of LBNL independent consultant, John Kueck,
and SCE intern Shruthi Sama who provided valuable contribution in the development of this

procedure.
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LBNL DISCLAIMER OF WARRANTIES AND LIMITATION OF LIABILITIES

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the United
States Government nor any agency thereof, nor The Regents of the University of California,
nor any of their employees, makes any warranty, express or implied, or assumes any legal
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by its trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof, or The Regents of the University of California. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or

any agency thereof, or The Regents of the University of California.

Ernest Orlando Lawrence Berkeley National Laboratory is an equal opportunity employer.
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1.0 INTRODUCTION

This report will provide the performance of seven paralleled residential solar PV inverters from
six different manufacturers during various voltage and frequency transient events typically
found in the grid. SCE engineers previously tested these residential inverters individually —
they used the same test methodology to evaluate the inverters in a paralleled configuration to
evaluate how they operate together. They conducted the two most important tests, Grid

Disconnection and Short Circuit Tests, on each set of inverters and determined that:
Grid Disconnection Test

e Inverters (Temporary Over Voltage) TOV is inversely proportional to the amount of load
that they islanded with

e Low percentage of islanded load, 25%, had much better impact than high percentage of

islanded loads because

= Low islanded load will reduce the TOV low enough and inverter will disconnect faster

and will not drift

= Higher islanded loads will further lower the TOV but the inverter will take longer to

disconnect

e The paralleled inverters shut down within 30 cycles (0.5 seconds) of disconnection for all

tests

e The higher the load the longer they run islanded
Short Circuit Test

¢ Maximum instantaneous combined fault current ranges from 110% to 168% of nominal

current

e Maximum average (cycle-by-cycle) combined fault current ranges from 120% to 25% of

nominal current

e Maximum time to stop producing current (shutdown) ranges from 6.2 to 14.6 cycles
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e Paralleled inverters only produce current above steady state within the first cycle of the
fault

© Copyright 2013, Southern California Edison
All Rights Reserved
DER Laboratory Research Page 7 of 22



20 TEST SETUP

Seven residential inverters were installed in parallel on the grid side as illustrated in Figure
2.0.1. Each inverter is supplied by a unique I-V curve from the independent photovoltaic (PV)
simulator output channels. The AC outputs are tied together to feed the load bank and the grid.

PV Inv #10
Sim. > Manf#6

PV Inv #11

" —_— -
Sim. Manf #2

PV Inv #12 GRID DISCONNECTION
Sim. Manf #4 _-..E"‘i;?’f__

AR Grid
[ Simulator

PV

5 Inv #13 P :
Sim. Manf #6 N B :
PV Inv #16 ,£ !

Sim. "> Manf #7

SHORT CIRCUIT
SWITCH

PV Inv #101
sim. — 7 -
m Manti2 GROUND Load Bank
PV Inv #103
Sim. > Manf#9
Elesison

Figure 2.0.1 Paralleled Residential Inverters Test Setup
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3.0 EQUIPMENT UNDER TEST

The seven residential solar PV inverters tested are from six different manufacturers. They were
set up in parallel on the grid side. Engineers at Southern California Edison’s (SCE) DER
Laboratory had previously tested these residential inverters individually, and they used the
same test methodology to evaluate how they operate together. Table 3.0.1 lists the

specifications for all the tested residential inverters with those used for parallel testing in blue.

Inverter Ratings
# Manuf. | Vac | @ | Pgen (KW) Vbe Comments
1 1 240 | 1 4.0 235 - 550 | Transformer-based
2 1 240 | 1 5.0 235 - 550 [ Transformer-based
3 2 240 | 1 5.1 150 - 400 | Transformer-based
4 3 240 | 1 3.9 200 - 550 [ Transformer-based
5 3 240 | 1 5.3 200 - 550 | Transformer-based
6 4 240 | 1 5.0 250 - 600 [ Transformer-based
7 4 240 | 1 7.0 250 - 600 | Transformer-based
8 2 240 | 1 3.8 230 - 500 | Transformer-based
10 6 240 | 1 15 125 - 400 | Transformer-based
11 2 240 | 1 3.0 150 - 400 | Transformer-based
12 4 240 | 1 4.0 250 - 600 | Transformer-based
13 6 240 | 1 3.5 200 - 510 | Transformer-based
14 6 240 | 1 5.0 200 - 510 | Transformer-based
16 7 240 | 1 5.2 240 - 450 | Transformer-based
101 8 240 | 1 3.3 325-500 [ Transformerless
102 8 240 | 1 5.0 325-500 [ Transformerless
103 9 240 | 1 3.0 200 - 530 | Transformerless
104 9 240 | 1 6.0 200 - 530 [ Transformerless

Table 3.0.1 Residential Solar PV Inverters Tested by Southern California Edison
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4.0 GRID DISCONNECTION TEST — ISLANDED WITH VARYING LOAD

The paralleled inverters were islanded with varying amounts of load to better understand how

their anti-islanding protection settings would interact with each other. The goal was to see if the

paralleled inverters could operate together to form an island. Additionally, in the cases where

the inverters tripped off, we could assess the temporary over-voltages produced by multiple

inverters when disconnected from the grid. The table below summarizes the inverters’ behavior

when islanded with different levels of load.

Key findings:

still connected

e Shut down within 30 cycles (0.5 seconds) of disconnection for all tests

Voltages magnitude after grid disconnection is inversely proportional to the amount of load

e Several inverters attempt to maintain constant power by increasing their current output as

voltage drops during highly loaded tests

e Individual inverter output currents sometimes oscillate during steady state conditions.

Therefore, output power is not perfectly constant

e Dynamic behavior is repeatable on all inverters

Table 4.0.1 summarizes the inverters behavior when islanded with different levels of load.

This information is useful to assess what will be the TOV when circuits are islanded.

Islanded Load | TOVuax tv > 100% tv=o0%
(%) (%) (cycles) | (cycles)
0% 187% 6.9 12.2
100% 102% 0.1 26.4
150% 73% NA 8.8
200% 54% NA 9.1

Table 4.0.1 Temporary Over-Voltages During Islanding Condition with Varying Loads
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4.1

Islanding with 0% Load

The Islanding with 0% Load Test was performed by disconnecting the inverters from the
grid simulator with no load to assess the transient over-voltage characteristics. The test

was performed several times and resulted in these observations:

e The highest temporary overvoltage is 187% of nominal voltage

e The longest time with the voltage above 100% is less than 6.9 cycles
e The longest time with the voltage above 10% is less than 12.2 cycles

e Allinverters trip off within IEEE 1547 standard anti-islanding protection ---- 2

seconds
e Inverter voltage falls outside the tolerance envelope of the CBEMA curve

Figure 4.1.1 shows the temporary over-voltages with 0% load and Figure 4.1.2 plots the

CBEMA for the temporary over-voltages with 0% load.

- Islanding Paralleled Inverters with 0% Load
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Figure 4.1.1 Temporary Over-Voltages with 0% Load
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ITIC (CBEMA) Curve (Revised 2000)
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Figure 4.1.2 CBEMA Plot of Temporary Over-Voltages with 0% Load

© Copyright 2013, Southern California Edison
All Rights Reserved
DER Laboratory Research Page 12 of 22



4.2

Islanding with 100% Load

The Islanding with 100% Load Test was performed by disconnecting the inverters from
the grid simulator with 100% load to assess how long they would continue operating
and measure the voltage magnitude after disconnection. The test was performed

several times and resulted in these observations:
e The highest temporary overvoltage is 102% of nominal voltage
e The longest time with the voltage above 10% is less than 26.4 cycles

e Allinverters trip off within IEEE 1547 standard anti-islanding protection ---- 2

seconds
e Inverter 12 operates longer than any other inverter at 100% load

Figure 4.2.1 graphs the Test 3 voltage readings for the islanded inverters with 100%
load and Figure 4.2.2 graphs the Test 8 voltage readings for the islanded inverters with
100% load.
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Figure 4.2.1 Inverters Islanded with 100% Load (Test #3)
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Figure 4.2.2 Inverters Islanded with 100% Load (Test #8)

Table 4.2.1 provides the individual inverter shutdown times after islanding with 100%

load.
Inverter Time (cycles) until | <10% for:
# Test Test Test Test Test Test Test Test Test Test
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 Average
10 9.6 10.2 8.4 141 10.9 9.0 10.6 8.8 10.9 10.3 10.3
11 13.6 12.1 12,5 12.0 14.0 7.9 13.5 14.9 14.9 15.4 13.1
12 22.9 21.4 235 16.4 20.4 11.0 19.8 26.4 20.5 18.9 20.1
13 21.6 20.1 19.5 15.4 20.4 11.0 19.7 21.9 17.0 18.0 185
16 21.6 20.1 23.4 15.0 19.2 9.9 18.7 25.8 19.1 17.5 19.0
101 13.6 12.1 115 18.9 14.0 14.8 12.5 11.9 13.9 124 13.6
103 21.6 20.1 24.1 135 25.4 9.5 24.9 26.2 15.8 17.1 19.8
Comb.. 22.9 21.4 24.1 18.9 25.4 14.8 24.9 26.4 20.5 18.9 21.8
Table 4.2.1 Inverter Shutdown Times After Islanding with 100% Load
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Paralleled Residential Solar PV Inverter Test Report

Figure 4.2.3 graphs the shutdown times for the paralleled residential inverters.

Paralleled Residential Inverters (isiznded with 100% Load)

wlny &1
Longest tripping time (cycles) vE01 mlnv#3

Tripping Time (cycles)
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Figure 4.2.3 Inverter Shutdown Times After Islanding with 100% Load
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4.3

Islanding with 150% Load

The Islanding with 150% Load Test was performed by disconnecting the inverters from
the grid simulator with 150% load to assess how long they would continue operating
and measure the voltage magnitude after disconnection. The test was performed

several times and resulted in these observations:

The highest temporary overvoltage is 73% of nominal voltage
e The longest time with the voltage above 10% is less than 8.8 cycles

e Allinverters trip off within IEEE 1547 standard anti-islanding protection ---- 2
seconds

e Inverter 12 operates longer than any other inverter at 150% load

Figure 4.3.1 graphs the voltage readings for the islanded inverters with 150% load.
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Figure 4.3.1 Inverters Islanded with 150% Load
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Table 4.3.1 provides the individual inverter shutdown times after islanding with 150%

load.

Inverters Time (cycles) until 1 <10% for:
# Test #1 | Test #2 | Test #3 | Test #4 | Test #5 | Average
10 5.8 25 6.6 3.2 6.0 4.8
11 4.7 4.7 4.6 2.8 25 3.9
12 7.1 8.8 8.0 7.7 7.4 7.8
13 6.2 5.7 6.5 4.9 5.0 5.7
16 6.8 7.7 7.6 6.4 7.0 7.1
101 5.7 5.7 5.6 6.3 6.0 5.8
103 6.2 6.1 7.0 6.8 6.4 6.5

Combined 7.7 8.8 8.0 7.7 7.4 7.9

Table 4.3.1 Inverter Shutdown Times After Islanding with 150% Load
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4.4

Islanding with 200% Load

The Islanding with 200% Load Test was performed by disconnecting the inverters from
the grid simulator with 200% load to assess how long they would continue operating
and measure the voltage magnitude after disconnection. The test was performed

several times and resulted in these observations:

The highest temporary overvoltage is 54% of nominal voltage
e The longest time with the voltage above 10% is less than 9.1 cycles

e Allinverters trip off within IEEE 1547 standard anti-islanding protection ---- 2

seconds
e Inverter 16 operates longer than any other inverter at 200% load

Figure 4.4.1 graphs the voltage readings for the islanded inverters with 200% load.
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Figure 4.4.1 Inverters Islanded with 200% Load
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Table 4.4.1 provides the individual inverter shutdown times after islanding with 200%

load.

Inverters Time (cycles) until 1 <10% for:
# Test #1 | Test #2 | Test #3 | Test #4 | Test #5 | Average
10 2.1 1.8 2.1 1.8 1.7 1.9
11 2.2 3.1 2.4 2.5 2.9 2.6
12 2.1 1.8 2.1 1.8 1.7 1.9
13 2.0 1.6 1.9 1.7 1.8 1.8
16 8.8 8.7 9.0 9.1 8.5 8.8
101 5.7 5.6 5.9 6.0 6.5 5.9
103 7.1 7.4 7.3 7.3 7.6 7.3

Combined 8.8 8.7 9.0 9.1 8.5 8.8

Table 4.4.1 Inverter Shutdown Times After Islanding with 200% Load
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5.0 FAULT CURRENT CONTRIBUTION TEST

The paralleled inverters were physically shorted to assess their fault current contribution during
system faults. Instead of analyzing each individual inverters output as performed previously,
for these fault current contribution tests, lab engineers analyzed the combined current output of

the inverters.
Key findings:
e Maximum fault current contribution ranges from 110% to 168% of nominal current

e Maximum amount of time to stop producing current (shutdown) ranges from 6.2 to 14.6
cycles

e Paralleled inverters only produce over-current within the first cycle of being shorted

Table 5.0.1 provides the various fault current contribution readings during short circuit for the

tested inverters.

tMAX-INSTANTANEOUS ti>100% trrip-oFF

Fault Test # (%) (cycles) (cycles)
Test #1 110% 0.56 14.6
Test #2 168% 0.01 7.0
2Ph to Ground Test #3 153% 0.01 6.3
Test #4 151% 0.01 14.4
Test #5 166% 0.01 6.2

Table 5.0.1 Fault Current Contribution During Short Circuit
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5.1

2-Phase to Ground Fault

The graphs in Figure 5.1.1 and Figure 5.1.2 indicate the behaviors for paralleled
inverters during various 2 phase-to-ground faults. The test was performed several times

and resulted in these observations:
e Max. Instantaneous Isc = 168% (for < 1ms)

e Maximum Time that current exceeds 100% = 0.56 cycles (occurs at 108% ~110%

of the nominal current)
e Maximum time for current to completely stop. = 14.6 cycles
e Fault current quickly decreases after inverter is shorted

e Fault current eventually shifts out of phase for 2 phase-to-ground faults

Paralleled Inverters Short Circuited: 2Ph-to-Gnd
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Figure 5.1.1 Temporary Over-Voltages with 0% Load
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Paralleled Residential Solar PV Inverter Test Report
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Figure 5.1.2 Paralleled Inverters (Individual) Fault Current Contribution
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