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Introduction

■ Inverter-based distributed energy resources (DER) are widely used throughout the utility (and on
islanded system) and are becoming more prevalent throughout power systems
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■ Low fault current capability of inverters do not allow for traditional over protection devices to work in
a system that is predominantly power electronics based

■ Inverter fault response is determined by the devices internal control scheme
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Motivation

• When unbalanced conditions are present (practically all the time) then
negative-sequence (and more than likely zero-sequence) current exists
within the system.

• These currents could be used to determine if an unbalanced fault is present on
the system

• Low fault current capability of inverters do not allow for traditional
over protection devices to work in a system that is predominantly
power electronics based

• Inverter fault response to unbalanced conditions and faults are
determined by the devices internal control scheme, and thus inverters
that are designed to operate in unbalanced conditions should
contribute to negative- and zero-sequence current production
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Experimental Configuration

• For the grid-forming inverter (GFMI) testing, load banks were utilized to create

high impedance line-to-ground (LG), line-to-line (LL), and double line-to-

ground (LLG) faults

• Phases A was used for LG fault, and phases A and B were used for LL and LLG faults

• Inverters operated in a grid-forming mode, and in standalone (isochronous) mode

• All untested phases left open

• For the grid-following inverter (GFLI) testing, a power amplifier/grid simulator

was utilized to simulate line-to-ground (LG), line-to-line (LL), and double line-

to-ground (LLG) to create high impedance faults

• Phases A was used for LG fault, and phases A and B were used for LL and LLG faults

• Real-Time (RT) simulation was used to control the power amplifier for LL tests, while the
amplifiers internal controls were utilized for LG and LLG tests

• All untested phases remained grid tied

• No advanced functionality enabled
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Experimental Results

• Equipment Under Test (EUT) #1 (Transformerless GFMI)
• When an unbalanced fault is subjected to the inverter, the inverter does

apply the expected symmetrical components expected

• Inverter found to have a current output limit of about 2.50 p.u.
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Experimental Results

■ EUT #2 (Transformer-based GFMI)
■ On the Wye (Load) side of the transformer the observed symmetrical currents were as expected (seen on

next slide top), however, when on the Delta (Inverter) side there was a lack of zero-sequence current
(seen on next slide bottom.)

■ With the inverter not required to output zero-sequence current (and thus the transformer acting as the
zero-sequence source) simpler controls schemes can be utilized for these devices

Sandia
National
Laboratories

8



Sandia
National
Laboratories

2
1

4 0
-1
-2

▪ 2
(4 1 -

-5 4 0 -
• 1:1-1 -1 -

5 -2 - 

CD 
2

61 1
.0 0
g1-1 -1

a) -2

0
0.75 --Positive  
0.5 - • Negative 

cn 
0.25 - • Zero  
0-4 • 1 • • • I •

-Voltage
--Current
.....RMS Voltage
O RMS Current

Ob. rt•tr
• 

\ / 

• • V 0
• •"*" /

90.

• • • • • • • • • • • • • •

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0 1 0.11 0.12

Time, (s)
3
2

•t -1
-2

• -3
3

o

0.75
0.5

0.25
0

• ."
Q Q o 0 0

•

0 0 0 0 400- 0 0 0

•

0 0,

-Voltage
--Current
••••.RMS Voltage
O RMS Current

0 0 0

♦

• 0 tk 0 0 0 0 0 

\
0 0 0 0 

\\e" o  

Positive
• Negative
• Zero

10-- •

• • • • • • • • • • • • • •

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0 1 0.11 0.12

Time, (s)

-2
gc.:IN 0.5

0.375 --Positive
0.25 • Negative

0.125 - • Zero
0

0.03 0.04

to 0 0

-Voltage
--Current
••••.RMS Voltage
O RMS Current

• o

.1. Qr...

3 
2 

II) 1 -
0 -0-0

•t 1
-2 
-3 
3 
2
1

4 - 1
• -2

-3  

0 2
1

2

0
• -1
• - 

.3
0 50c.;

0.375
0.25

0.125
cn 0

0.03

o o 0„.0 0

•••
O 0 o o 

- •

• 0 0

• I • I a • • -I $ • $ • • • • •

0.05 0.06 0.07 0.08 0.09 0 1 0.11 0.12
Time, (s)

• 0.1.0m.

-Voltage
--Current
--RMS Voltage
O RMS Current

O 0

-Positive
• Negative
• Zero

•- lr .'V • I • •

• • • • 7  erre • • • • • • • • • •

0.04 0.05 0.06 0.07 0.08 0.09
Time, (s)

0 1

• •

0.11

• •

0.12

3 -
2
1

4 0

• -2
-3
3
2 -

_p" PI
• .0 0 -
a -2 -
5 -3  

0 
3  
2
1

(j) 4 

-2

0

-3
1c.`,

0.75
E 0.5

0.25
0
0.03

,.,

-Voltage
--Current
••••.RMS Voltage
O RMS Current

Sr, 

o 0 0

9 6

-Positive
• Negative
• Zero 
•-• •-•-••• •

• ° *
0 + •• •• •• • • • •co ••• •

0.04 0.05 0.06 0.07 0.08 0.09

Time, (s)

0 1

• • • •••# • •

0.11 0.12

LL Fault LG Fault LLG Fault

9



Experimental Results

• EUT #3 (Transformerless GFLI)
• No prolonged negative- and zero-sequence currents, with very little of either components observed

• Inverter acts as an ideal current source and tries to keep 120° angle shift between phases as close as
possible

• With the inverter operating at rated power, there is no headroom for the inverter to output unbalanced
current
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Conclusion
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• First impressions:
• GFMIs can operated under unbalanced conditions, and provide negative- and zero sequence currents

• With the use of a delta/wye transformer an inverter can use a control scheme that utilizes the transformer as

a zero-sequence source (as suggested by N. A. Ninad and L. A. C. Lopes, "Control of A-Y transformer based

grid forming inverter for unbalanced stand-alone hybrid systems")

• Current GFLI control schemes do not allow for unbalanced operating conditions

• Future work:
• Testing GFMIs in a similar manner to the GFLI tested while in a synchronized grid-forming mode

• Utilizing a test circuit similar to that described in IEEE Std 1547.1-2020 Annex H to see if and how a GFLI and

GFMI can support a high impedance fault on a real load
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THANK YOU!

Q & A

Please feel free to email me at isgurul@sandia.gov with any questions or comments
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