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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 EXECUTIVE SUMMARY

This report will provide the performance of residential solar PV inverters during various voltage
and frequency transient events typically found in the grid. The following steady-state, transient,
and harmonics test data will be used to support SCE Field Engineering’s assessment of
residential inverter behavior as well as influence the proper revision of standards, including
UL1742 and IEEE 1547, in order to ensure that these are grid friendly devices. Additionally,
the test results may be utilized to develop and validate solar PV models for distribution system

impact studies.

Grid Advancement has tested fourteen residential inverters from various manufacturers listed
in Table 1.0.1. These inverters were tested at the SCE Pomona EVTC lab. Below is a list of

the inverters tested and their specifications.

All residential inverters were fully tested on the AC side with the exceptions of Inverter 9
(micro-inverter) and Inverter 15 (rated at 120VAC) due to rating differences between the
inverters and the test setup. Based on previous tests involving commercial rated inverters and
the initial results from the residential inverters, the grid disconnection and short circuit tests

were identified as having the most potential impact to the grid.

Key findings for load rejection: The inverters were islanded with NO Load to assess the

worst condition when the inverters are disconnected from the grid.
e Inverters generate a high voltage (up to 300%) right after they are isolated from the grid

e Depending on the manufacturer, the voltage behavior varies among the different inverters
after the initial over-voltage due to islanding.

e Inverters 4 & 5 (manufacturer #3) do NOT meet IEEE1547 islanding --- 2 seconds

e Inverters 4, 5, 8, 13, & 14 have their voltage above 100% for the longest times after grid

disconnection
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Ratings
Inverter Peen
# Manuf. Vac ()] (KW) Vpe Comments
1 4.0 235-550 Fully Tested
2 ! 5.0 235 -550 Fully Tested
3 2 5.1 150 - 400 Fully Tested
4 3.9 200 - 550 Fully Tested
S ° 5.3 200 - 550 Fully Tested
6 5.0 250 - 600 Fully Tested
7 4 7.0 250 - 600 Fully Tested
8 2 240 3.8 230 - 500 Fully Tested
9 5 ! 0.2 22-40 Not Tested
10 6 1.5 125 - 400 Fully Tested
11 2 3.0 150 - 400 Fully Tested
12 4 4.0 250 - 600 Fully Tested
13 3.5 200 - 510 Fully Tested
14 6 5.0 200 - 510 Fully Tested
15 120 1.1 115 -450 Not Tested
16 ! 240 5.2 240 - 450 Fully Tested

Table 1.0.1 Residential Solar PV Inverters Tested in Southern California Edison

Key findings for fault current contribution: The inverters were physically shorted (both lines

to ground) to assess the typical fault current contribution to the grid.

e The maximum instantaneous fault current ranges from 310% to 688% of nominal for the

first millisecond of being shorted

e The maximum amount of time fault current is being contributed ranges from 0.18 to 13.68

cycles
Key findings for harmonics generation:

e Allinverters generate lower harmonics than the IEEE 1547 recommendations for

harmonics below the 35" harmonic

e A maijority of the inverters tested (Inverters 1, 2, 7, 10, 12, 13, 14, and 16) have higher
harmonics than the IEEE 1547 recommendations for harmonics above the 35" harmonic
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2.0 GRID DISCONNECTION TEST

The inverters performance was assessed when disconnecting from the grid and islanded with
no load and with different amounts of load. The following sections will cover both islanding

conditions.
2.1 DISCONNECTED WITH NO LOAD

The inverters were islanded with NO Load to assess the worst condition, and over-
voltage conditions were uncovered. The Table 2.1.1 below shows the different

inverters behavior during islanding conditions.
Key findings:
e Inverters create a high voltage right after they are isolated from the grid, islanded

e All inverters create high temporary over-voltages for more than one cycle -----

outside the CBEMA curve as shown in Figure 2.1.1
e The inverter temporary over-voltage can be suppressed with load

e Depending on the manufacturer, the voltage behavior varies among the different

inverters after the initial over-voltage due to islanding

e Inverters 4 and 5 do not comply with IEEE1547 recommendations to shut down

the inverter within 2 seconds of the islanding

e The behaviors are repeatable on all the inverters
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Inverter Vmaxivmum t(cycles) t(cycles)
# Manuf. (%) for V> 100% until V= 0%
1 304 2 22
2 ! 305 2 17
3 156 2 9
8 2 231 16 88
11 159 3 8
4 140 18 155*

5 3 141 18 158*
6 250 3 11
7 4 271 4 28
12 213 4 29
10 159 4 60
13 6 177 38 61
14 150 37 54
16 7 229 4 59

Table 2.1.1  TOV During Islanding Condition with NO Load

ITIC (CBEMA) Curve aMani-u “Man1 2

(Revised 2000) 4 Man 2A-L1 * Man 2A-L2

0 ‘ For All Manufacturers 4 Man 28 -L1 * Man 2812
Man 3-L11 Man 3 -L2
4 Man4g-L11 * Man4-L2
Man6-L1 Man 6 -L2
&« Man7-11 ® Man7-L2

400

Prohibited region

140
120

100 " . I
g0 | Nointerruption in function region 50

Percent of Nomical Voltage (RMS or Peak Equivalent)

40 No-damage regior

us 167us 1ms 3ms 20ms 055 105 steady state

Durationin Seconds

Figure 2.1.1 TOV Superimposed on CBEMA Curve (All Manufacturers)
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2.1.1 Inverter Manufacturer #1

Figure 2.1.1.1 indicates the behavior for Inverters 1 and 2 during different

anti-islanding tests.

e The highest temporary overvoltage is 513 Volts (205% above steady

state)
e The longest time with the voltage above 100% is less than 2 cycles
e Behavior occurs on all phases no matter the opening time/angle
¢ Did not damage metering instrumentation
e Behavior is repetitive
e Trips off within IEEE 1547 standard anti-islanding protection ---- 2 seconds

e Manufacturer #1 produced the highest overvoltage, but has one of the

fastest overvoltage protection trip times.

Inverter #1 Behavior During Islanding (resus) Inverter #2 Behavior During Islanding resus
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Figure 2.1.1.1 TOV During Islanding Condition (Manufacturer #1)
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2.1.2 Inverter Manufacturer #2

Inverters 3 and 11

Figure 2.1.2.1 indicates the behavior for Inverters 3 and 11 during different

anti-islanding tests.

e The highest temporary overvoltage is 267 Volts (59% above steady state)

e The longest time with the voltage above 100% is less than 2~3 cycles

e Behavior occurs on all phases no matter the opening time/angle

¢ Did not damage our metering instrumentation

e Behavior is repetitive

o Trips off within IEEE 1547 standard anti-islanding protection of 2 seconds

e Manufacturer #2 produced some of the lower overvoltages while also

maintaining significantly fast overvoltage protection
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Figure 2.1.2.1

TOV During Islanding Condition (Manufacturer #2)
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Inverter 8

Figure 2.1.2.2 indicates the behavior for Inverter 8, from Manufacturer #2,
during different anti-islanding tests. This inverter is different model series than

inverters 3 and 11.

e The highest temporary overvoltage is 387 Volts (131% above steady
state)

e The longest time with the voltage above 100% is less than 16 cycles
e Behavior occurs JUST on Line 1 regardless of the opening time/angle
¢ Did not damage our metering instrumentation

e Behavior is repetitive JUST in Line 1

e Trips off within IEEE 1547 standard anti-islanding protection of 2 seconds
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2.1.3 Inverter Manufacturer #3

Figure 2.1.3.1 below indicates the behavior for Inverters 4 and 5 during

different anti-islanding tests.

e The highest temporary overvoltage is 238 Volts (41% above steady state)
e The longest time with the voltage above 100% is less than 18 cycles

e Behavior occurs on both lines no matter the opening time/angle

¢ Did not damage our metering instrumentation

e Behavior is repetitive

e Does not comply with IEEE 1547 islanding shutdown recommendations (>

2 sec to reach zero voltage)

e Manufacturer #3 produced the lowest overvoltages, but took the longest

for voltage to reach 0

Inverter #4 Behavior During Islanding qesas Inverter #5 Behavior During Islanding resun)
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Figure 2.1.3.1 Temporary Over-voltages During Islanding Condition (Manufacturer #3)

© Southern California Edison 2013
Advanced Technology ¢ 14799 Chestnut Street, Westminster, California 92683 USA Phone: (714) 934-0818
SCE DER Laboratory Research
Page 14 of 78



2.1.4 Inverter Manufacturer #4

Figure 2.1.4.1 and Figure 2.1.4.2 indicate the behavior for Inverters 6, 7, and
12 during different anti-islanding tests.

e The highest temporary overvoltage is 255%

e The longest time with the voltage above 100% is 3~4 cycles

e Behavior occurs on all lines no matter the opening time/angle

¢ Did not damage metering instrumentation

e Behavior is repetitive

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

e Inverters 6 & 7 have a high frequency switching transient as seen in
Figure 2.1.4.1

e Highest overvoltages are produced when inverters appear to reclose as in

Figure 2.1.4.2
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Figure 2.1.4.1 Temporary Over-voltages During Islanding Condition (Manufacturer #4)
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Figure 2.1.4.2 Temporary Over-voltages During Islanding Condition (Manufacturer #4)
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2.1.5 Inverter Manufacturer #6

Figure 2.1.5.1 and Figure 2.1.5.2 below indicate the behavior for Inverters 10,

13, and 14 during different anti-islanding tests.
e The highest temporary overvoltage is 297 Volts (77% above steady state)

e The longest time with the voltage above 100% is 1~38 cycles and above
0% is 61 cycles

e Tests indicate this behavior occurs on both Lines no matter the opening

time/angle
¢ Did not damage metering instrumentation
e This temporary over-voltage behavior is repetitive

e Trips off (in 61 cycles) within IEEE 1547 standard anti-islanding protection

--- 2 seconds

e Manufacturer #6 behaves similar to those from Manufacturer #3, voltage

slowly decays but on both lines

e Some cases the voltage took up to 38 cycles to drop below 100% as seen

in the graphs below
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Figure 2.1.5.1 Temporary Over-voltages During Islanding Condition (Manufacturer #6)
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Inverter #10 Behavior During Islanding (restss) Inverter #14 Behavior During Islanding (rest)
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Figure 2.1.5.2 Temporary Over-voltages During Islanding Condition (Manufacturer #6)
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2.1.6 Inverter Manufacturer #7

Figure 2.1.6.1 below indicates the behavior for Inverter 16 during different

anti-islanding tests.

e The highest temporary overvoltage is 385 Volts (129% above steady

state)

e The longest time with the voltage above 100% is 4 cycles and above 0%

is 59 cycles

e Behavior occurs on both Lines no matter the opening time/angle

¢ Did not damage metering instrumentation

e Behavior is repetitive

e Trips off within (59 cycles) IEEE 1547 standard anti-islanding protection ---

- 2 seconds
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Figure 2.1.6.1

Temporary Over-voltages During Islanding Condition (Manufacturer #7)
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2.2 DISCONNECTED WITH DIFFERENT LOAD

The inverters were islanded with different amounts of load to better understand the
transient over-voltages during various load conditions. Table 2.2.1 summarizes the
different inverters behavior during islanding conditions with different amounts of

load.

Key findings:

e The inverter temporary over-voltages can be reduced by increasing the load
e Allinverters produced shorter over-voltages at 25% load than at 0% load

e At 100% load, 5 of 7 inverters produce minimal over-voltages (< 6% over-
voltage) when islanded. The other 2 inverters produce over-voltages as high as
50%
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Inverter Manuf. Rating Load % Load VMAXIMUM-INSTANTANEOUS t(cycles) t(cycles)
# # (kW) (kW) (%) forV>100% | forV>10%
1.16 23% 131 0.3 0.6
2.67 53% 119 0.3 0.6
2 ! 500 3.81 76% 116 1.7 3.2
4.96 99% 106 1.9 4.7
1.27 25% 129 0.9 1.3
2.55 50% 123 2.8 3.1
3 2@ 810 T | rew 118 2.7 34
5.14 101% 106 4.5 5.8
0.63 17% 190 0.4 1.1
1.91 50% 173 23 2.8
8 2 () 380 3.24 85% 164 10.2 10.6
3.86 102% 149 3.3 4.1
1.27 24% 129 1.1 1.1
2.55 48% 128 2.2 2.2
> 3 530 3.86 73% 118 10.3 10.7
5.14 97% 104 281 47.0
1.90 27% 193 0.7 1.7
; 4 2 00 3.85 55% 133 0.7 1.2
5.14 73% 127 5.9 6.8
7.22 103% 103 11.7 6.3
1.28 26% 129 1.0 1.2
2.56 51% 123 4.5 4.7
14 6 >0 3.86 7% 112 8.3 8.7
5.14 103% 103 1.0 21.4
1.28 26% 147 0.3 1.5
2.56 49% 142 0.3 1.6
16 4 520 3.86 74% 132 10.0 11.5
5.14 99% 104 11.7 14.6
Table 2.2.1 Temporary Over-voltages During Islanding Condition with Varying Loads
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2.2.1 Inverter Manufacturer #1

Figure 2.2.1.1 show the behavior of inverters 1 and 2 during islanding with

different load conditions.
e The highest temporary overvoltage is 131% (with 25% load)

e The longest time with the voltage above 100% is 1.9 cycles (with 100%
load)

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

e The islanding load is directly proportional to the trip off time (except 0%
load)

e Transient overvoltage is inversely proportional to the load
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Residential Solar PV Inverters Test Report
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Figure 2.2.1.1 Temporary Over-voltages with Load (Manufacturer #1)
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2.2.2 Inverter Manufacturer #2

Figure 2.2.2.1 shows the behavior for inverters 3 and 11 when disconnected

from the grid with different amounts of load.
e The highest temporary overvoltage is 129% (with 25% load)

e The longest time with the voltage above 100% is 4.5 cycles (with 100%
load)

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

e The islanding load is directly proportional to the trip off time (not including

0% load test results)
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Figure 2.2.2.1 Temporary Over-voltages with Load (Manufacturer #2, inverters 3 & 11)
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Figure 2.2.2.2 indicates the behavior for Inverter 8 when disconnected from
the grid with different amounts of load. This inverter is from a different model

series than Inverters 3 and 11.
e The highest temporary overvoltage is 190% (with 17% load)

e The longest time with the voltage above 100% is 10.2 cycles (with 85%
load)

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

¢ Inverter shut down quicker when islanded with 100% load than 85% load,

not expected

e Transient overvoltage is consistent with other inverters (except voltage

discharge behavior)
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Inverter #8 Islanding with 17% Load Inverter #8 Islanding with 50% Load
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Figure 2.2.2.2 Temporary Over-voltages with Load (Manufacturer #2, inverter 8)
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2.2.3 Inverter Manufacturer #3

Figure 2.2.3.1 indicates the Inverters 4 and 5 behavior when disconnected

from the grid with different amounts of load.
e The highest temporary overvoltage is 129% (with 25% load)

e The longest time with the voltage above 100% is 28.1 cycles (with 100%
load)

e Trips off within IEEE 1547 standard anti-islanding protection ---- 2 seconds
e Inverter runs at about nominal voltage when islanded with 100% load

e Transient overvoltage behavior is much more consistent with other

inverters (except voltage discharge behavior)
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Figure 2.2.3.1 Temporary Over-voltages with Load (Manufacturer #3)
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2.2.4 |Inverter Manufacturer #4

Figure 2.2.4.1 indicates the Inverters 6, 7, and 12 behaviors when

disconnected from the grid with different amounts of load.

e The highest temporary overvoltage is 193% (with 25% load)

e The longest time with the voltage above 100% is 5.9 cycles (with 75%

load)

e Trips off within IEEE1547 standard anti-islanding protection ---- 2 seconds

e Temporary overvoltage behavior is much more consistent with other

inverters (except voltage discharge behavior)
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Figure 2.2.4.1 Temporary Over-voltages with Load (Manufacturer #4)
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2.2.5 Inverter Manufacturer #6

Figure 2.2.5.1 indicates the inverters 10, 13, and 14 behavior when

disconnected from the grid with different amounts of load.
e The highest temporary overvoltage is 129% (with 25% load)

e The longest time with the voltage above 100% is 8.3 cycles (with 75%
load)

e As the load is increased, it takes more time for the inverter to completely

shut down after islanding (not including 0% load test results)

e At 100% load, the inverter continues to operate at nearly nominal voltage

(within 3%) for 21 cycles after being islanded

e Temporary overvoltage behavior is much more consistent with other
inverters (unlike islanding behavior with no load where voltage decreased

similar to a capacitor discharge)
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Inverter #14 Islanding with 25% Load Inverter #14 Islanding with 50% Load
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Figure 2.2.5.1 Temporary Over-voltages with Load (Manufacturer #6)
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2.2.6 Inverter Manufacturer #7

Figure 2.2.6.1 shows inverter 16 behaviors when disconnected from the grid

with different amounts of load.
e The highest temporary overvoltage is 147% (with 25% load)

e The longest time with the voltage above 100% is 10 cycles (with 75%
load)

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

e The islanded load is directly proportional to the shut down time, the more

load the longer takes to trip off (except at 0% load)

e Transient overvoltage behavior is much more consistent with other

inverters (except voltage discharge behavior)
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Inverter #16 Islanding with 256% Load Inverter #16 Islanding with 50% Load
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Figure 2.2.6.1 Temporary Over-voltages with Load (Manufacturer #7)
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3.0 FAULT CURRENT CONTRIBUTION

In order to assess their fault current contribution during system faults, the residential inverters
were physically shorted to ground when performing the following tests and the results are
shown in Table 3.0.1.

Key findings:

e Depending on the inverter manufacturer, the maximum fault current contribution ranges

from 310% to 688% nominal current within the first cycle of being shorted

e Depending on the inverter manufacturer, maximum amount of time fault current is

contributed ranges from 0.18 to 13.68 cycles

ISC-MAXIMUM tSC-MAXIMUM ISC-MINIMUM tSC-MINIMUM
Inverter # Manuf. (%) (cyc) (%) (cyc)
1 1 525 1.02 436 0.78
2 423 1.02 290 0.36
3 423 1.50 163 0.54
8 2 555 7.80 161 0.12
11 688 3.78 156 1.20
4 3 525 0.36 174 0.06
5 406 2.04 123 0.12
6 4 423 0.18 373 0.12
7 310 0.84 200 0.18
12 529 1.08 217 0.12
10 5 600 2.46 290 1.92
13 324 0.84 80 0.06
14 355 0.84 159 0.06
16 7 326 13.68 110 0.06

Table 3.0.1  Fault Current Contribution During Short Circuit
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3.1 Inverter Manufacturer #1

Figure 3.1.1 indicates the behavior for Inverters 1 and 2 during various short circuit

tests where both lines were shorted with ground.

e Maximum short circuit current contribution is 5.25 p.u. for 1 ms

e Time to shutdown is 1 cycle

e Behavior repetitive and occurs on both Lines no matter the fault time/angle

e Trips off (in 1 cycle) within IEEE 1547 standard under-voltage protection --- 10

cycles
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Figure 3.1.1 Fault current contribution (Manufacturer #1)
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3.2 Inverter Manufacturer #2

Figure 3.2.1 indicates the behavior for Inverters 3, 8, and 11 during various short

circuit tests where both lines were shorted with ground.

e Maximum short circuit current contribution is 6.88 p.u. for 1 ms

e Longest short circuit current contribution is 1.5 p.u. for 8 cycles

e Time to shutdown is 8 cycles

e Behavior repetitive and occurs on both Lines no matter the fault time/angle

e Trips off (in 8 cycles) within IEEE 1547 standard under-voltage protection --- 10

cycles
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Figure 3.2.1 Fault current contribution (Manufacturer #2)
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3

.3 Inverter Manufacturer #3

Figure 3.3.1 shows the behavior for Inverters 4 and 5 during various short circuit

tests where both lines were shorted with ground.

e Maximum short circuit current contribution is 5.25 p.u. for 1 ms

e Longest short circuit current contribution is less than 1.0 p.u. for 2 cycles

e Time to shutdown is 2 cycles

e Behavior repetitive and occurs on both Lines no matter the fault time/angle

e Trips off (in 2 cycles) within IEEE 1547 standard under-voltage protection --- 10

cycles

e A fast overvoltage transient (1ms) appears to have occurred at the time of the

fault
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3.4 Inverter Manufacturer #4

Figure 3.4.1 and Figure 3.4.2 indicate the behavior for Inverters 6, 7, and 12 during

various short circuit tests where both lines were shorted with ground.

e Maximum short circuit current contribution is 5.3 p.u. for 1 ms

e Longest short circuit current contribution is less than 1.0 p.u. for 1 cycle

e Time to shutdown is 1 cycles

e Behavior repetitive and occurs on both Lines no matter the fault time/angle

e Trips off (in 1 cycle) within IEEE 1547 standard uv protection --- 10 cycles

e Fast overvoltage transient (1ms) appears to have occurred at the time of the fault

e Inverter #7 seems to shut down and reclosed at least two times in one cycle
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3.5 Inverter Manufacturer #6

Figure 3.5.1 indicates the behavior for Inverters 10, 13, and 14 during various short

circuit tests where both lines were shorted with ground.

e Maximum short circuit current contribution is 6.0 p.u. for 1 ms

e Longest short circuit current contribution is less than 1.8 p.u. for 2 cycles

e Time to shutdown is 2.5 cycles

e Behavior repetitive and occurs on both Lines no matter the fault time/angle

e Trips off (in < 3 cycles) within IEEE 1547 standard under-voltage protection --- 10
cycles

¢ A fast overvoltage transient (1ms) appears to have occurred at the time of the

fault
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Figure 3.5.1 Fault current contribution (Manufacturer #6)
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3.6 Inverter Manufacturer #7

Figure 3.6.1 shows the behavior for Inverter 16 during various short circuit tests

where both lines were shorted with ground.

e Maximum short circuit current contribution is 3.26 p.u. for 1ms

e Longest short circuit current contribution is less than 1.2 p.u. for 13 cycles
e Time to shutdown is 3 cycles

e Behavior repetitive and occurs on both Lines no matter the fault time/angle

e Trips off (in > 13 cycles) outside IEEE 1547 standard under-voltage protection ---
10 cycles

e A fast overvoltage transient (140% for 1ms) appears to have occurred at the time

of the fault
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Figure 3.6.1 Fault current contribution (Manufacturer #7)
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4.0 HARMONICS GENERATION

High sampling sinusoidal waveform data (1 million samples per second) was captured at the
output of the inverters to assess their harmonics contribution. Table 4.0.1, Figure 4.0.1, and

Figure 4.0.2 summarize the harmonics contribution for all inverters that were tested.

e All inverters have lower harmonics than IEEE 1547 recommendations for harmonics lower
than the 35"

e Inverters 1,2,7,10, 12, 13, 14, and 16 have higher harmonics than the IEEE 1547

recommendations for harmonics above the 35" (greater than 0.30% of the fundamental)

e Inverter #10 has a THD above IEEE 1547 recommendations; when calculated using up to
the 700™ harmonic
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Inverter | Inverter Voltage Harmonics Current Harmonics % THD % THD
2 Manuf. (% of Fundamental) (% of Fundamental) (up to 100th) (up to 700th)
3rd | 5th | 7th | 9th | 11th | 13th | 3rd | 5th | 7th | 9th | 11th | 13th | Voltage | Current | Voltage | Current
1 ] 0.05 | 0.17 | 0.11 | 0.03 | 0.07 | 0.04 | 0.37 | 0.23 | 0.06 | 0.10 | 0.16 | 0.16 0.36 0.80 1.07 2.36
2 0.11 | 0.17 | 0.06 | 0.03 | 0.06 | 0.10 | 0.29 | 0.14 | 0.16 | 0.17 | 0.19 | 0.20 0.44 0.92 0.95 1.91
3 033 1019 | 0.02 | 0.02 | 0.06 | 0.06 | 293 | 0.53 | 0.19 | 0.08 | 0.04 | 0.02 0.44 3.97 0.48 3.98
8 2 0.13 | 0.12 | 0.12 | 0.10 | 0.06 | 0.06 | 1.55 | 0.60 | 0.35 | 0.33 | 0.35 | 0.32 0.41 2.9 0.51 3.02
11 011 1 010 | 011 [ 0.11 | 0.09 | 0.05 | 2.35 | 047 | 0.37 | 0.27 | 0.16 | 0.06 0.32 3.34 0.36 3.37
4 0.04 | 0.13 | 0.08 | 0.08 | 0.12 | 0.09 | 1.03 | 0.74 | 0.67 | 0.50 | 0.34 | 0.27 0.33 1.89 0.45 2.01
5 ° 017 [ 012 1 019 [ 012 | 010 | 010 | 1.24 | 094 | 0.71 | 0.54 | 0.42 | 0.31 0.43 2.15 0.50 2.19
6 017 | 0.12 | 0.09 | 0.08 | 0.09 | 0.07 | 124 | 066 | 043 | 0.31 | 0.31 | 0.25 0.36 1.70 0.39 1.75
7 4 018 | 0.11 | 010 | 0.15 | 017 | 0.16 | 1.16 | 048 | 0.43 | 0.51 | 0.48 | 0.42 0.55 1.79 0.62 1.86
12 0.02 | 0.15 | 0.09 | 0.03 | 0.08 | 0.06 | 0.72 | 0.32 | 0.26 | 0.29 | 0.20 | 0.14 0.37 1.22 0.43 1.33
10 029 | 0.11 | 0.05 | 0.02 | 0.09 | 0.06 | 1.50 | 0.25 [ 1.43 | 1.09 | 0.59 | 0.56 0.39 413 0.61 5.12
13 6 013 | 0.10 | 0.14 | 0.02 | 0.06 | 0.12 | 1.35 ] 0.30 | 0.39 | 0.39 | 0.21 | 0.34 0.38 2.05 0.58 2.67
14 0.07 | 0.13 | 0.06 | 0.11 | 0.06 | 0.04 | 143 | 0.32 | 0.27 | 0.38 | 0.17 | 0.19 0.34 2.04 0.56 2.41
16 7 004 | 0.25 | 028 | 0.27 | 0.24 | 0.22 | 1.03 | 165 | 1.22 | 1.06 | 0.82 | 0.65 0.64 2.90 0.83 3.05
P 4.00 | 4.00 | 4.00 | 4.00 | 2.00 | 2.00 5.00 5.00
Table 4.0.1  Harmonic Contribution from Residential Inverters
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4.1 Grid Simulator

Figure 4.1.1 shows the harmonics captured from the grid simulator output measured
as a percentage of the fundamental. It will serve to compare it with the harmonics

generated by the inverters.

¢ Individual voltage harmonics are less than 0.4% of the fundamental
¢ Hsis the highest harmonic (0.35%)

¢ Harmonics vary between the two lines

¢ Individual current harmonics are less than 0.6% of the fundamental
¢ Has, is the highest harmonic (0.51%)
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4.2 Inverter Manufacturer #1

Figure 4.2.1 and Figure 4.2.2 shows the harmonics contribution from Inverters 1 and
2, calculated as a percentage of the fundamental. Each of these residential inverters

was operating at full power output.

¢ Individual lower order voltage harmonics are less than 0.2% of the fundamental
¢ Hsis the highest of the lower order harmonics (0.17%)

e Hsypis the highest of the high order harmonics (0.85%)

¢ Individual lower current harmonics are less than 0.5% of the fundamental

¢ Hs is the highest of the lower order harmonics (0.37%)

e Hayg is the highest of the high order harmonics (1.85%); that is above IEEE 1547
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Figure 4.2.1 Harmonics Contribution (Manufacturer #1, up to 100" Harmonic)
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4.3 Inverter Manufacturer #2

Figure 4.3.1 shows the harmonics contribution from Inverters 3, 8, and 11,
calculated as a percentage of the fundamental. Each of these residential inverters

was operating at full power output.

Individual voltage harmonics are less than 0.35% of the fundamental
e Hsfrom Inverter 3 is the highest of the harmonics (0.33%)

¢ Harmonics vary between the two lines

¢ Individual current harmonics are less than 3% of the fundamental

e Hs, from Inverter 3 is the highest of the harmonics (2.93%)
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Figure 4.3.1 Harmonics Contribution (Manufacturer #2, up to 100" Harmonic)
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4.4 Inverter Manufacturer #3

Figure 4.4.1 shows the harmonics contribution from Inverters 4 and 5, calculated as
a percentage of the fundamental. Each of these residential inverters was operating

at full power output.

Individual voltage harmonics are less 0.20%

e Hsfrom Inverter 5 is the highest of the harmonics (0.19%)

¢ Harmonics vary between the two lines

¢ Individual current harmonics are less than 1.3% of the fundamental

e Hjs, for Inverter 5 is the highest of the harmonics (1.24%)
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4.5 Inverter Manufacturer #4

Figure 4.5.1 shows the harmonics contribution from Inverters 6, 7, and 12,
calculated as a percentage of the fundamental. Each of these residential inverters

was operating at full power output.

Individual voltage harmonics are less than 0.20% of the fundamental
e Hsfrom Inverter 7 is the highest of the harmonics (0.18%)

¢ Harmonics vary between the two lines

¢ Individual current harmonics are less than 1.3% of the fundamental

e Hjs, for Inverter 6 is the highest of the harmonics (1.24%)
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4.6 Inverter Manufacturer #6

Figure 4.6.1and Figure 4.6.2 show the harmonics contribution from Inverters 10, 13,
and 14, calculated as a percentage of the fundamental. Each of these residential

inverters was operating at full power output.

¢ Individual lower order voltage harmonics are less than 0.30% of the fundamental
e Hsfrom Inverter 10 is the highest of the lower order harmonics (0.29%)

¢ Harmonics vary between the two lines

e Hjgois the highest of the high order harmonics (0.3%)

¢ Individual lower order current harmonics are within 1.5% of the fundamental

e Has, for Inverter 10 is the highest of the lower order harmonics (1.5%)

e Hsgp is the highest of the high order harmonics (1.9%); that is above IEEE 1547
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Figure 4.6.1 Harmonics Contribution (Manufacturer #6, up to 100" Harmonic)
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Inverter #10 Current Harmonics
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Figure 4.6.2 Harmonics Contribution (Manufacturer #6, up to 700" Harmonic)
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4.7 Inverter Manufacturer #7

Figure 4.7.1 and Figure 4.7.2 shows the harmonics contribution from Inverter 16,
calculated as a percentage of the fundamental. The residential inverter was

operating at full power output.

¢ Individual lower order voltage harmonics are less than 0.30% of the fundamental
e Hpyis the highest of the lower order harmonics (0.28%)

¢ Harmonics vary between the two lines

e Hasssis the highest of the high order harmonics (0.32%)

e Individual lower order current harmonics are within 1.7% of the fundamental

e Hps, is the highest of the lower order harmonics (1.65%)

e Hsgp is the highest of the high order harmonics (0.6%); that is above IEEE 1547

recommendations
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Figure 4.7.1 Harmonics Contribution (Manufacturer #7, up to 100" Harmonic)
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- Inverter #16 Voltage Harmonics " Inverter 16 Current Harmonics
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Figure 4.7.2 Harmonics Contribution (Manufacturer #7)

© Southern California Edison 2013
Advanced Technology ¢ 14799 Chestnut Street, Westminster, California 92683 USA Phone: (714) 934-0818
SCE DER Laboratory Research
Page 54 of 78



5.0 VOLTAGE RAMP

The grid voltages were ramped down to 90% and back up while maintaining constant load in
order to assess the inverters behavior at various voltage levels, specifically current and active
power response. Table 5.0.1and Table 5.0.2 summarizes the deviation in current and active

power in response to the voltage ramping.
Key findings:

e Inverters 1, 2, 3,6, 7,8, 10, 11, 13, and 14 respond by attempting to maintain constant

power
e Inverters 4, 5, 12, and 16 respond by attempting to maintain constant current

e All inverters operate at a unity power factor and therefore contribute little reactive power
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Inverter | Manuf. | trawe VbeviaTion IpeviaTion Ppeviation QpEviaTion

# #_ | (sec) | (+%) (+%) (+%) (+%) Comments

1 1 -10% +8% | -10% , +2% -18% ey, ower (dctayed

2 -10% +8% 8% , +2% -16% oy e (ctayed

3 -10% +11% 1% , +3% NA Constant Power

8 2 -10% +13% 2% , +3% ~-30% Constant Power

11 -10% +12% 2% , +2% NA Constant Power

4 ; -10% +3% , 7% -9% NA gﬁﬂsetﬁtnégr‘iﬁnééwf "
Constant Current , then

5 -10% +3% , 1% 8% NA Current Ramps Down

6 4 -10% +10% 1% , +1% ~+30% Constant Power

7 4 -10% 0% | 2% , +2% ~+20% | Constant Power

12 -10% +1% , -1% 9% ~+20% Constant Current

10 -10% +8% 6% , +2% NA Constant Power
Constant Power (irregular

13 6 -10% +10% 4% , +3% NA current response at tip of the
voltage ramp)
Constant Power , then

14 -10% +10% 8% , +3% NA current overshoots (-9%)
when ramping down

16 7 -10% +1% , -0% -8% ~-30% Constant Current

Table 5.0.1 Voltage Ramp Response (4 sec.)
Inverter | Manuf. | t Vv | P Q

p h (:gl\::l; ?ingzrl?N IZE;II:;}")I(;N ?I;";;:"))N (IZ)EIVI;x/oTI;)N Comments

1 -10% +10% 3% , +1% -18% Constant Power

2 1 -10% +10% 3% , +1% -16% Constant Power

3 -10% +13% +1% , -0% NA Constant Power

8 2 -10% +14% 2% , +3% ~-30% Constant Power

11 -10% +12% 4% , +3% NA Constant Power
Constant Current , Current

4 3 -10% +2% , 6% -9% NA Ramps Down

5 -10% +2% , -5% -8% NA g:nms;z;n[t)ocvtljrl;rent , Current

6 8 -10% 1% 1% , +1% ~+30% Constant Power

7 4 -10% +11% 1% , +1% ~+20% Constant Power

12 -10% +1% , -0% -10% ~+20% Constant Current

10 -10% +12% -4% , +1% NA Constant Power
Constant Power (irregular

13 6 -10% +12% 4% , +3% NA cu:'trent respo)nse at tip of the
voltage ramp

14 -10% +13% +3% , 2% NA Constant Power

16 7 -10% +1% , -0% -9% ~-30% Constant Current

Table 5.0.2 Voltage Ramp Response (8 sec.)
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5.1 Inverter Manufacturer #1

Figure 5.1.1 and Figure 5.1.2 below indicate the behavior for Inverter 1 and 2 during

voltage ramping tests.
e Current ramps up 8 to 10% to maintain constant power
= Delayed current response during 4 second ramp test

e Without delayed current response, active power only deviates 3% from steady-
state

e During the delayed current response, active power deviates 10% of nominal

power
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Figure 5.1.1 Voltage Ramp for 4 seconds (Manufacturer #1)
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Inverter #1 Ramp Down&Up Test (V & 1) (Vss=119V, Iss=17A) resis0 Inverter #1 Ramp Down&Up Test (V, P, & Q) restsz0
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Figure 5.1.2 Voltage Ramp for 8 seconds (Manufacturer #1)
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5.2 Inverter Manufacturer #2

Figure 5.2.1 and Figure 5.2.2 show the behavior for Inverter 3, 8, and 11 during

voltage ramping tests.
e Current ramps up 11 to 14% to maintain constant power
= Fast current response
e Active power deviates approximately + 3% from steady-state during ramp

e Reactive power is minimal, but does ramp with the voltage
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Figure 5.2.2 Voltage Ramp for 8 seconds (Manufacturer #2)
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5.3 Inverter Manufacturer #3

Figure 5.3.1 and Figure 5.3.2 indicate the behavior for Inverter 4 and 5 during
voltage ramping tests.

¢ Inverter behaves with both constant current and constant power characteristics

= As voltage ramps down, current is initially held constant (within 3% of

nominal)
= As voltage ramps up, current ramps down 5 to 7% of nominal

e Active power deviates -9% from steady-state, then slowly recovers
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Figure 5.3.2 Voltage Ramp for 8 seconds (Manufacturer #3)
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5.4 Inverter Manufacturer #4

Figure 5.4.1 and Figure 5.4.2 indicate the behavior for Inverter 6 and 7 during

voltage ramping tests.

e Current ramps up 10 to 11% to maintain constant power
= Fast current response

e Active power deviates within + 2% of its nominal value

e Reactive power is minimal, but does ramp opposite of voltage
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Figure 5.4.2 Voltage Ramp for 8 seconds (Manufacturer #4)
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Figure 5.4.3 and Figure 5.4.4 show the behavior for Inverter 12 (from Manufacturer

#4), which responds differently than Inverters 6 and 7.
e Current is held constant within + 1% of steady-state
e Active power deviates -10% during voltage ramp

e Reactive power is minimal, but does ramp opposite of voltage
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Figure 5.4.3 Voltage Ramp for 4 seconds, Inverter 12 (Manufacturer #4)
Inverter #12 Ramp Down&Up Test (V & 1) (Vss=119V, Iss=17A) reazs Inverter #12 Ramp Down&Up Test (V, P, & Q) restszs
1.04 1.04 1.10 2500
102 1 102 1.05
ferTer|
Lt PN AV WA Pt A, P
1.00 L - el 1 oo 1.00 — INVERTER - 2000
N i Vinerre ] BB B o vl
e fo~T
098 7 0.98 095 e L1
3 Viwerreg | ‘ s . L+ —
£ 09 N ,/ 0% || E 0% ] 00 %
2 N L+ 2l @ >
< A R 3
S 0% [ L] 09 =|| @ 085
] . r‘,-r =|| @ =
k1 HIRA 2
< |~ =g o
%o " L 092 5| = 080 1000 2
E1 by LA ol 5
3 / g o
o s
- N 0 = — N RSV -
@ 090 ~ 090 S 07
— P
g g
= o8 088 = o —a e [T 500
> >
J—— ,va.u‘ 05
0.86 0.86
— e INVERTER
0.84 I 084 060 +—— — T T 0
$ oD © o & ® D o P & O P > D > S D O D LSPRPELPEL A LRI LRI LRSS DS S %“@"q"%“@%"
o SRS % o5’ L P o & ) SO N $° o & % '5 'e % "'J @ % "3 b ) "3 b % '5 b % ’5 b % '5 E: P, % % P
RN @ @\% K \@‘,‘/'{75,1/@ @ DP DS oS 6036'5 b@@@,\% AEAS o & TP o$ 0?* A2 62 0 0P WA\ P T P 62 o PR PEEIANN
Time (sec, 20 cycles/div.) Time (sec, 20 cycles/div.)

Figure 5.4.4 Voltage Ramp for 8 seconds, Inverter 12 (Manufacturer #4)
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5.5 Inverter Manufacturer #6

Figure 5.5.1 and Figure 5.5.2 show the behavior for Inverter 10, 13, and 14 during

voltage ramping tests.
e Current ramps up 8 to 13% to maintain constant power

= Irregular current response occurs at the tip of the voltage ramp
e Active power typically deviates + 4% from steady-state

= Power can deviate by -8% during irregular current responses
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Figure 5.5.1 Voltage Ramp for 4 seconds (Manufacturer #6)
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Figure 5.5.2 Voltage Ramp for 8 seconds (Manufacturer #6)
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5.6 Inverter Manufacturer #7

Figure 5.6.1 and Figure 5.6.2 indicate the behavior for Inverter 16 during voltage

ramping tests.
e Currentis held constant within + 1% of its nominal value
e Active power deviates -9% from steady-state

e Reactive power output is minimal, but it does ramp with the voltage
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Figure 5.6.2 Voltage Ramp for 8 seconds (Manufacturer #7)
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6.0 VOLTAGE OSCILLATION

The grid voltage was shifted between 100% and 90% to induce voltage oscillations in order to
assess the behavior of the inverters during this type of event. Voltage oscillations were
performed at different rates, with a swing frequency of 0.25 Hz and 1 Hz. Table 6.0.1 and

Table 6.0.2 show the performance of the inverters during voltage oscillations.
Key findings:

e Most inverters oscillate current in an attempt to dampen power oscillations (current output

increases with reducing grid voltage)
e Some inverters respond with minor current deviation, resulting in power oscillations

e Greatest power deviation from steady-state is -16%

Inverter | Manuf. IbeviaTION Ppeviation Comments
# # fswinq (+%) (+%)
Current oscillates opp. of volt. / Real & React.
0, 0, 0, 0,
1 y 8% 1% 3% 9% Power oscillate with volt. (shifted/delayed)
Current oscillates opp. of volt. / Real & React.
[5) _10, [5) _Qo,
2 9% 1% 2% 8% Power oscillate with volt. (shifted/delayed)
Current oscillates opp. of volt. / Real & React.
(") _10, [5) _19
3 5 1% 1% 1% 1% Power do NOT oscillate
o o o o Current oscillates opp. of volt. / Real & React.
8 1% -1% 2% -2% Power do NOT oscillate (minimal)
11 1% | -3% 2% -3% | Current oscillates opp. of volt.
Current oscillates opp. of volt. & slowly recovers /
0, 0, 0,
4 3 3% -8% NA 9% Real power sags & slowly recovers
Current oscillates opp. of volt. & slowly recovers /
0, _70, -0,
S 0.25 Hz 3% 7% NA 8% Real power sags & slowly recovers
6 ’ 10% 0% 1% 1% Current oscillates opp. of volt. / Real & React.
0 0 0 "7 | power do NOT oscillate (minimal)
4 o o o o Current oscillates opp. of volt. / Real & React.
7 10% 0% 1% -1% Power do NOT oscillate (minimal)
o o o o Current does NOT oscillate (minimal) /
12 1% 1% 0% 9% Real & React. Power oscillate with volt.
10 10% | -1% 1% -5% | Current oscillates opp. of volt.
6 o o o o Current oscillates opp. of volt. /
13 10% 0% 0% 2% Real & React. Power do NOT oscillate (minimal)
o o o o Current oscillates opp. of volt. /
14 10% 0% 0% -4% Real & React. Power do NOT oscillate (minimal)
o o o o Current does NOT oscillate (minimal) /
16 / 2% 0% 1% -8% Real & React. Power oscillate with volt.
Table 6.0.1 Inverter Response to Voltage Oscillations with fswing = 0.25 Hz
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Inverter | Manuf. IpEviaTION Poeviation
# # fswin + % + % Comments
q
Current, Real Power, and React.
[5) _70, [5) _1R0, ) )
1 1 5% 7% 5% 16% Power oscillates with voltage
o o o o Current, Real Power, and React.
2 4% -6% 5% -15% Power oscillates with voltage
3 6% 0% 4% -6% | Current oscillates opp. of volt.
2 o o o o Current oscillates opp. of volt. /
8 1% 1% 5% -5% Real & React. Power oscillate with volt.
Current oscillates opp. of volt. /
0, 0, 0, 0,
11 8% 0% 5% -5% Real & React. Power oscillate with volt.
Current oscillates opp. of volt. & slowly recovers /
0, _Q0o, -0,
4 3 6% 9% NA 9% Real power sags & slowly recovers
o Qo Qo Current oscillates opp. of volt. & slowly recovers /
o 1.0 Hz 6% 9% NA 8% Real power sags & slowly recovers
o o o o Current oscillates opp. of volt. /
6 6% 3% 5% 6% Real & React. Power oscillate with volt.
4 o o o o Current oscillates opp. of volt. /
/ 6% 4% 6% 6% Real & React. Power oscillate with volt.
Current oscillates opp. of volt. (minimal) /
0, 0, 0, 0,
12 3% 2% 0% 9% Real & React. Power oscillate with volt.
10 11% -4% 2% -4% | Current oscillates opp. of volt.
6 o o o o Current oscillates opp. of volt. /
13 1% -2% 2% -3% Real & React. Power do NOT oscillate (minimal)
o o o o Current oscillates opp. of volt. /
14 1% 1% 4% 1% Real & React. Power do NOT oscillate (minimal)
Current does NOT oscillate (minimal) /
0, 0, 0, 0,
16 7 2% 0% 1% -8% Real & React. Power oscillate with volt.
Table 6.0.2 Inverter Response to Voltage Oscillations with fgying = 1.0 Hz
9
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6.1 Inverter Manufacturer #1

Figure 6.1.1 and Figure 6.1.2 indicate the behavior for Inverters 1 and 2 during
voltage oscillation tests.

e Current oscillates opposite of the voltage between -1% and +8% of the nominal

current
= Delayed current response

e Active power oscillates with the voltage between -9% and +3% of the nominal

power

e During the delayed current response, active power can deviate -10% of nominal

power
FOI" fswing = 1.0HZ
e Current oscillates with the voltage between -7% and +5% of the nominal current

e Active power oscillates with the voltage between -16% and +5% of the nominal

power

Inverter # 1 Voltage Oscillation Test @ f = 0.25Hz (V & I)(Vss=119V, Iss=17A)res X Inverter # 1 Voltage Oscillation Test @ f = 0.25Hz (V, P, & Q) reststs
Vs

1.10 110 110 2500

1.08 1.08 1.05

Pinveres
106 106

linvERTER| 1.00 . ‘1\ 7 :::\f\ e rﬁ - Vv/ :;\ 2000
1.04 o INVERTER \77 y LLL\I‘I ‘-\_\_L\11
102 M } } " _ " HLU,H'H r’IH L\frer

3 3 =
= £ 0% 1500 %
El El <
2 100 2
@ rJ & 085 *
@ 1 » B3
S os 1 98 s =
e L '1 JJ ﬂ a 080 1000 :
3 09 6 s g
s s
= 2 7 VAN e |||
o 094 f 0.94 &
] S
S = o070 o % |+t 500
I Viwernim |l N - 092 g
N eeeBN
065
Quvertkr ]
060 +——
2822338833383 8R 0335333223333 355583822333ag
Time (sec, 30 cycles/div.) Time (sec, 30 cycles/div.)

Figure 6.1.1 Voltage Oscillation with fswing = 0.25Hz (Manufacturer #1)
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\us._Inverter #1 Voltage Oscillation Test @ = 1Hz (V &1) (Vss=119V, IsS=17A) s 110 Inverter # 1 Voltage Oscillation Test @ f = 1Hz (V. P, & Q) reste -
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Figure 6.1.2 Voltage Oscillation with fswing = 1.0Hz (Manufacturer #1)
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6.2 Inverter Manufacturer #2

Figure 6.2.1 and Figure 6.2.2 show the behavior for Inverter 3, 8, and 11 during

voltage oscillation tests.

For fswing = 0.25Hz

e Current oscillates opposite of the voltage between -1% and +11% of the nominal
e Active power oscillations are dampened ( + 2%)

For fswing = 1.0Hz

e Current oscillates opposite of the voltage between -1% and +11% of the nominal

e Active power oscillations are dampened ( + 5%)
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Figure 6.2.1 Voltage Oscillation with fswing = 0.25Hz (Manufacturer #2)
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Figure 6.2.2 Voltage Oscillation with fswing = 1.0Hz (Manufacturer #2)
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6.3 Inverter Manufacturer #3

Figure 6.3.1 and Figure 6.3.2 indicate the behavior for Inverter 4 and 5 during

voltage oscillation tests.

e Current oscillates opposite of the voltage between -9% and +6% of the nominal

= Current slowly recovers at the end of the event

e Active power sag to approximately -9% of steady-state until event passes
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Figure 6.3.1 Voltage Oscillation with fswing = 0.25Hz (Manufacturer #3)
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Figure 6.3.2 Voltage Oscillation with fswing = 1.0Hz (Manufacturer #3)
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6.4 Inverter Manufacturer #4

Figure 6.4.1 and Figure 6.4.2 indicate the behavior for Inverter 6 and 7 during

voltage oscillation tests.

e Current oscillates opposite of the voltage between the nominal current and
+10%

e Active power oscillations are dampened ( + 1%)
e Current oscillates opposite of the voltage between +3% and +6% of the nominal

e Active power still oscillates with voltage between + 6% of the nominal power
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Figure 6.4.1 Voltage Oscillation with fswing = 0.25Hz (Manufacturer #4)
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Figure 6.4.2 Voltage Oscillation with fswing = 1.0Hz (Manufacturer #4)

Figure 6.4.3 and Figure 6.4.4 show the behavior for Inverter 12 (from Manufacturer
#4), which responds differently than Inverters 6 and 7.

e Current has minimal oscillations, opposite of the voltage, within + 2% of the

nominal
= Current oscillations appear more defined for fswing = 1.0Hz

e Active power oscillates with the voltage between 0% and -9% of the nominal

power
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Figure 6.4.3 Voltage Oscillation with fswing = 0.25Hz (Manufacturer #4)
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Figure 6.4.4 Voltage Oscillation with fswing = 1.0Hz (Manufacturer #4)
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6.5 Inverter Manufacturer #6

Figure 6.5.1 and Figure 6.5.2 indicate the behavior for Inverter 10, 13, and 14 during

voltage oscillation tests.

e Current oscillates opposite of the voltage between -4% and +11% nominal

current

e Active power oscillations are dampened (approx. + 4%)
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Figure 6.5.1 Voltage Oscillation with fswing = 0.25Hz (Manufacturer #6)
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Figure 6.5.2 Voltage Oscillation with fswing = 1.0Hz (Manufacturer #6)
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6.6 Inverter Manufacturer #7

Figure 6.6.1 and Figure 6.6.2 show the behavior for Inverter 16 during voltage

oscillation tests.
e Current is held nearly constant within 2% of the nominal current
= Current oscillations appear more defined for fsuing = 1.0Hz

e Active power oscillates with the voltage between 1% and -8% of the nominal

power
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Figure 6.6.1 Voltage Oscillation with fswing = 0.25Hz (Manufacturer #7)
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Figure 6.6.2 Voltage Oscillation with fswing = 1.0Hz (Manufacturer #7)
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7.0 FREQUENCY OSCILLATION

The grid frequency was shifted between 59.4 Hz and 60.4 Hz to induce frequency oscillations
in order to assess the behavior of the inverters during this type of event. Frequency oscillations
were performed at different rates, with a swing frequency of 0.25 Hz and 1 Hz. Table 7.0.1 and

Table 7.0.2 shows the performance of the inverters during frequency oscillations.

Key findings:

e Most inverters respond with little deviation in current and active power (generally + 1%)
e Inverters 13 and 14 produce unstable fluctuating current and active power

e Inverters from Manufacturer #1 and #4 produce a small amount of reactive power (120 —
250 VARSs) that oscillate with the frequency

e Some inverters tripped during frequency oscillation

Inverter | Manuf. IpeviaTiON Ppeviation
# # fswing (+%) (+%) Comments
1 NA NA NA NA | Inverter Tripped
2 1 NA NA NA NA | Inverter Tripped
3 1% -1% 1% -1% | Current and Real Power do NOT oscillate (minimal)
8 2 2% -2% 2% -2% | Current and Real Power do NOT oscillate (minimal)
11 1% -1% 1% -1% | Current and Real Power do NOT oscillate (minimal)
4 1% -1% 1% -1% | Current and Real Power do NOT oscillate (minimal)
5 3 1% -1% 2% -1% | Current and Real Power do NOT oscillate (minimal)
: 025z | 1oy | 1% | 20 | 1% | Goner e oo T ot i,
s 19| e | 1o | 1% | e e o e RO et
E 9 | | 1 | 1% | Gormtand el Poner O G
10 NA NA NA NA | Inverter Tripped
13 6 10% | -10% | 10% | -12% | Current and Real Power appear unstable
14 7% | -13% | 7% | -15% | Current and Real Power appear unstable
16 7 1% -2% 1% -2% | Current and Real Power do NOT oscillate (minimal)

Table 7.0.1 Inverter Response to Frequency Oscillations with fswing = 0.25 Hz
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Inverter | Manuf. fswing IpeviaTion Poeviation Comments
# # (+%) (+%)
Current and Real Power do NOT oscillate /
o, 0, o, o
1 1 0% 0% 1% -1% React. Power oscillates with volt.
Current and Real Power do NOT oscillate /
o, o, o, o,
2 0% 0% 0% 0% React. Power oscillates with volt.
3 1% -1% 1% -1% | Current and Real Power do NOT oscillate (minimal)
8 2 1% -1% 1% -1% | Current and Real Power do NOT oscillate (minimal)
11 1% -2% 1% -2% | Current and Real Power do NOT oscillate (minimal)
4 3 1% -1% 1% -1% | Current and Real Power do NOT oscillate (minimal)
5 1% -1% 1% -1% | Current and Real Power do NOT oscillate (minimal)
1.0 Hz o) . —
o o o o urrent and Real Power do NOT oscillate (minimal) /
6 1% 1% 1% -1% React. Power oscillates with volt.
4 o o o o Current and Real Power do NOT oscillate (minimal) /
’ 1% 1% 1% -1% React. Power oscillates with volt.
Current and Real Power do NOT oscillate (minimal) /
o, (o) o, (o)
12 1% 1% 1% 2% React. Power oscillates with volt.
10 NA NA NA NA | Inverter Tripped
13 6 13% | -16% | 14% | -19% | Current and Real Power appear unstable
14 10% | -16% | 10% | -18% | Current and Real Power appear unstable
16 7 10% | -16% | 10% | -18% | Current and Real Power appear unstable

Table 7.0.2 Inverter Response to Frequency Oscillations with fsying = 1.0 Hz
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