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Abstract—The transmission system has been grounded since its 

interconnection began in the 1900s. For over a century, generation 

was overwhelmingly provided by rotating machinery, and industry 

standards were implemented to keep the grounding effective. With 

the growing interconnection of large quantities of electronic power 

sources (inverter-based resources, for example) on the transmission 

system, some underlying assumptions related to the sources being 

rotating machinery are no longer valid. Consequently, traditional 

system grounding practices must be reexamined to ensure proper 

grounding as the transmission system evolves. This paper reviews 

why transmission systems are designed to be grounded, then 

discusses ways to keep the system grounded when most of its 

generation sources are inverters. 

Index Terms- Transmission grounding, grounding, inverter-

based resources (IBRs), ungrounded 

 

I. WHAT IS THE DIFFERENCE BETWEEN A GROUNDED AND 

UNGROUNDED SYSTEM? 

 he system is solidly or effectively grounded if X0/X1≤ 3 
and R0/X1≤ 1, where X0 and R0 are the zero-sequence 

reactance and resistance X1 the positive sequence reactance of 
the system. In effect, this means zero-sequence currents are 
produced when ground faults occur. These currents benefit the 
system by limiting the voltage rise on the un-faulted phases, 
impacting voltage insulation coordination. The over-voltages 
can be challenging as fault clearing durations are two orders 
magnitude greater than typical transient overvoltage not caused 
by faults. Application of surge arresters for ground-neutral 
service requires the system to be effectively grounded [8] 

Traditionally, every part of the grid connects to a zero-
sequence path to ground in the zero-sequence network. We 
achieve this connectivity by: 

• connecting a generator neutral to the ground on rotating 
machinery,  

• connecting the neutral on the Y configured side a Y-Δ 
transformer 

• connecting both neutrals on a Y-Y transformer to the 
ground, 

• placing grounding transformers on parts of the system 
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that are otherwise isolated from the zero-sequence 
current. 

A system is ungrounded, conversely, if zero-sequence 
currents do not develop for ground faults. In ungrounded 
systems, a two-line-to-ground fault's characteristics are 
identical to a line-to-line fault. A single line to ground fault does 
not produce fault current. 

This paper proposes that effectively grounded systems must 
retain multiple negative-sequence paths to neutral and a zero-
sequence path to ground in the system.  

II. WHAT IS THE PURPOSE OF DESIGNING GROUNDED 

SYSTEMS? 

For system protection, the primary motivation in designing 
grounded systems is to detect ground faults. There are other 
reasons for implementing grounding in electrical systems, but 
they are not the focus of this paper and are not discussed. 

Single line-to-ground faults in grounded systems produce 
zero-sequence current in each phase whose magnitude is equal 
to a third of the fault current on the faulted phase. Protective 
relays can be programmed to detect and trip for this current, 
limiting the amount of damage to the system's equipment. 
Because the grid should typically experience low ground 
current levels in un-faulted conditions, this protection can also 
provide high sensitivity. 

In an ungrounded or ineffectively grounded system, when a 
line-to-ground fault occurs, the system does not experience 
significant fault current magnitudes. The faulted phase holds at 
or close to ground voltage while the neutral and other phases 
maintain their rated voltage differences to the faulted phase. As 
such, the line to ground voltage magnitudes on the non-faulted 
phases rises 173%. This increase in line to ground voltage 
stresses insulators and arrestors. Failure to specify adequate 
withstand capability is a cause for equipment failure. 
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Figure 2.1 Ungrounded system during a line-to-ground 

fault. 

III. SEQUENCE NETWORKS 

The following section provides a brief review of sequence 
networks. It is not intended to be comprehensive but rather 
highlights how ineffective grounding can have negative 
impacts. 

We use sequence networks as a tool to analyze unbalanced 
systems. Any set of phasors in a three-phase power system, 
balanced or not, can be decomposed into three sets of balanced 
phasors known as positive, negative, and zero sequence 
phasors.  

120 degrees separates positive sequence phasors. The 
phasors have a rotation sequence consistent with the expected 
power delivery phasors (for example, A-B-C); for an ideally 
balanced non-faulted system, this would be the only set of 
phasors with non-zero magnitude. 

120 degrees also separates the negative-sequence phasors, 
but the phasors have the opposite rotation sequence (i.e., in our 
example, A-C-B). 

Lastly, zero sequence phasors have the same phase angle and 
have no rotation sequence instead of rotating together [2]. We 
show an example below. 

 

 
Figure 3.1 Example of sequence components. 

 
Because these phasors are balanced, analysis can be done in 

sequence networks per phase. Once the sequence values are 
known, phase values can be calculated using the following 

equation. Voltage is specified, but phase current values could 
be calculated using the same equation with sequence currents. 

 

���,���,���,�
� 	 13 �1 1 11  �1 �  � �������

� , �ℎ���  	 �����  

Equation 3.1. Sequence transform 
 

�������
� 	 �1 1 11 � 1  �� ���,���,���,�

� 

Equation 3.2. Reverse sequence transform 
 
Likewise, we decompose a system model into three balanced 

systems: the positive, negative, and zero sequence networks. 
These networks can be analyzed to determine the sequence 
phasors previously mentioned.  

We model generators and motors, which we behave as 
generators during fault conditions. The generator positive 
sequence equivalent is a voltage source behind an impedance. 
The negative sequence equivalent is a short circuit behind an 
impedance, and the zero sequence equivalent is a neutral to 
ground impedance behind a generator impedance.  

We model transmission lines as an impedance between 
terminals for positive, negative, and zero sequence networks. 

 Transformer models consist of an impedance between 
terminals in the positive and negative sequences. We determine 
the zero-sequence network based on the winding connections; 
this is discussed further in section IV. It is important to note that 
a phase shift occurs in some transformers; ignoring this does 
not yield correct phase values. We ignore load in classical fault 
analysis [6]. An example system is shown below in its sequence 
equivalents. 

 
Figure 3.2 Sample sequence networks. 
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One can connect sequence networks to determine sequence 
phasors during fault conditions. Substituting in equation 3.1, 
sequence currents are equal in magnitude and phase during a 
single line to ground fault.  

 

����,����,����,�
� 	 13 �1 1 11  �1 �  � ���00� 

 
Using equation (3.2), we know that sequence voltages must 

sum to ����  in the A-phase and some non-zero value in the B 
& C phases.  

 

�������,���,�
� 	 �1 1 11 � 1  �� ���,���,���,�

� 

 
Thus, the connection of the sequence networks for a single 

line to ground fault is a series connection, shown below. [6] 
 

 
Figure 3.3 L-g sequence network arrangement. 

 
Note that for a non-zero fault current to develop, a network 

must have an unbroken path in all three networks. The voltage 
on the un-faulted phases is also of interest. In a system with low 
penetration of IBRs (one where positive sequence impedance is 
approximately equal to that of negative sequence), fault voltage 
depends on zero-sequence impedance to the positive-sequence 
impedance ratio. A ratio of 0 results in un-faulted phase 
voltages of 0.866 p.u., while a ratio of ∞ results in voltages of 
1.732 p.u. [3]  

 

A similar analysis yields the appropriate combination of 
sequence networks for other faults. Below we show the 
connections for a line-to-line fault and a double line to ground 
fault. 

 
Figure 3.4 L-L sequence network arrangement. 

 

 
Figure 3.5 2L-G sequence network arrangement. 

 
For a line-to-line fault, unbroken paths must exist in both the 

positive and negative sequence networks; this requires no zero-
sequence path. There must be an unbroken path in the positive 
sequence and either the negative sequence network or the zero-
sequence network for a double line to ground fault. 
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IV. SOURCES OF ZERO-SEQUENCE CURRENT 

Determining the appropriate zero-sequence network is 
critical to analyzing unbalanced faults involving the ground. 
Components in a power system may either pass, block, or 
provide a path to ground for zero-sequence currents. [1] 

As seen earlier, a generator's neutral point connection to the 
ground creates a ground path. The generator impedance is the 
sum of three times the neutral to ground impedance added to 
the generator zero-sequence impedance. [6] 

Transmission lines pass zero-sequence current in the zero-
sequence network. We typically can ignore the line shunt 
capacitances. 

Transformers may either pass, block, or provide a path to the 
ground depending on the transformer's configuration. Below, 
we show an example of each type of connection. [1] 

 

 
Figure 4.1. Zero-sequence no-pass, no-source transformer 

example. 
 
In Figure 4.1, if the three currents flowing into the 

transformer are equal in magnitude and phase, the only solution 
that obeys Kirchhoff's laws is the zero-sequence current, �� 	0.  

 

 
Figure 4.2. Zero-sequence passing transformer example. 
 
In Figure 4.2, unlike in Figure 4.1, as the neutrals are 

grounded, there is a path for the zero-sequence current to enter 
or leave the transformer neutral, allowing the zero-sequence 
current �� to be any value allowed by the rest of the circuit. Note 
that any current that flows into the transformer primary must 
flow out of the transformer secondary; if this is not possible, �� 
must equal 0. 

 

 
Figure 4.3. Zero-sequence "sourcing" transformer example. 
 
In Figure 4.3, zero-sequence current cannot flow into the 

delta connected primary but can circulate within the windings. 
The Y-grounded connected secondary has a zero-sequence 
current that flows out of the transformer. This type of 
connection is said to "source" zero-sequence current. Note that 
"source" can be a misnomer, as it does not include a voltage or 
current source. When not connected to a network with 
generators, a transformer does not produce any zero-sequence 
current under balanced conditions, nor will it produce current 
during faulted conditions. 

V. EXAMPLE OF  A GROUNDED SYSTEM 

As stated in C37.102-2006, rotating generators are usually 
mechanically designed based on 3 phase fault conditions. 
However, phase-to-ground faults tend to produce significantly 
larger forces and stresses. It is cost-effective for manufacturers 
not to design the machine to sustain such forces. That is because 
high-impedance grounding of the generator neutral to limit the 
Line-to-Ground current magnitude is a cheaper alternative.  

Three methods can increase the impedance: 
• connect a neutral grounding transformer with a 

resistor connected to the secondary.  
• Directly connect a resistor between the neutral and 

the ground.  
• Directly connect a reactor between the neutral and 

the ground.  
This addition makes generator zero sequence impedance 

practically infinite in most cases.  A generator grounded in this 
way connected through a Ygnd-Ygnd transformer would not be 
a grounded source when connected to the transmission system. 
Figure 5.1 presents the sequence network of this 
interconnection in the presence of a phase to ground fault. The 
entire current to the fault is reduced to a small or null amplitude 
because the circuit is open at the generator zero sequence 
network. As explained in Chapter 1, this is not a desirable type 
of interconnection for the transmission system. 
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Figure 5.1. A line-to-ground fault with a Ygnd-Ygnd 
transformer. 

 
Choosing an interconnection transformer that includes a path 

for zero-sequence current is critical. Changing the transformer 
with a "ground source" transformer closes the path. Figure 5.2 
shows how adding a ground connection to the neutrals of the Y 
windings of the transformers and a tertiary Delta winding closes 
the circuit. This change allows for the significant zero-
sequence, negative-sequence, and positive sequence currents to 
circulate. However, the only source is still only located on the 

positive sequence network. No source is on the zero-sequence 
network. This fact makes the nomenclature "ground-source" 
misleading, even though it is a commonly used terminology. 

 
 

 
 

Fig. 5.2. A line-to-ground fault with delta tertiary. 
 

Several transformers can be applied to close the path on the 
zero-sequence network. For example, a D-Y transformer 
neutrally grounded on the transmission system side provides a 
zero-sequence connection; this transformer type is the most 
common type generator step-up transformer or GSU. The 
addition of a grounding transformer is a solution to address 
existing conditions where the zero-sequence path is missing.  A 
Zig Zag grounding transformer is an example of a type of 
grounding transformer.  

Because grounding transformers only carry current 
proportional to the negative sequence voltage present at their 
terminal, their continuous current rating is low. This rating can 
be determined using a transmission line transposing practice to 
decrease phase voltage imbalance on the transmission system. 
Taking phase-to-ground voltage readings during high load 
conditions can be used to determine the appropriate continuous 
rating. To determine the short time rating and impedance, the 
protection system engineer should vary the impedance until the 
un-faulted phase reaches voltages below 130% of the nominal 
line to ground voltage. Such current would need to be carried 
for several seconds, typically 10s. Because the continuous 
current rating is low, a typical grounding transformer is a 
relatively low-cost transformer. 

VI. EXAMPLE OF AN IBR CONNECTED TO A GROUNDED 

SYSTEM 

There are four segments in a typical Inverter Based Resource 
(IBR): 

1. The energy source or reserve (Battery, Solar Array 
Wind Turbine, …). 

2. The DC bus. 
3. The Inverter. 
4. The AC Filter. 
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Figure 6.1. IBR resource components 
 

The DC Bus has a connection to both the energy resource and 
the inverter. The DC bus usually includes large shunt 
capacitance to allow for bus voltage stability as the energy 
exchanges occur. 

The inverter is composed of 2 sets of controllable electronic 
gates connected to the A.C. output. One set connects to the D.C. 
positive bus, and another set of controllable electronic gates 
connected to the D.C. negative bus. The DC bus charges or 
discharges through the gates.  

The gate modulator varies the pulse frequency and length to 
match the current output target. A controller provides the target 
to the pulse modulator. An RLC filter tuned to the system 
frequency smoothes the output.  

Unlike traditional rotating machinery, fault response in an 
IBR is programmable. This capability allows the possibility of 
adjusting the controller to introduce other current-based output 
profiles consistent with traditional non-IBR generators. The 
IBR can controller controls the modulator to produce sequence 
currents with the same angular relationship as a rotating 
machine to achieve this. This choice changes the problem into 
an output control solution. [7] 

Consider a system where we connect loads to an IBR source 
through a single transmission line (Figure 6.1). This system is 
the simplified model for a microgrid operating in island mode. 
While this model is elementary, the principles scale to larger 
models with high penetration of IBRs.  

 
Suppose a fault occurs at m% of the transmission line. In that 

case, one can analyze the system using symmetrical 
components by arranging the sequence networks for the system 
according to Figure 6.1, where Zs =the impedance of the source, 
Zload = the impedance of the load, Zl = the impedance of the 
line, and m represents the distance to the fault. First, we assess 
the behavior of fault current, then the behavior of fault voltage. 

 

 
Figure 6.2. Line-to-ground fault at m% of the line 

 
Consider a line-to-ground fault on phase A. Traditionally, in 

cases of a non-IBR generation source; load impedance would 
be ignored in the sequence models because it is assumed that ���� ! "1 # $%�� ≪ �' ! $��. Because these impedances 
are in parallel, the fault current flow through the load is  
negligible, so the equivalent impedance is approximately �' !$��. 

 However, if an IBR does not produce a sequence current 
other than a positive sequence, this assumption may no longer 
be valid. In that case, the sequence path through the generation 
source has an infinite impedance, so sequence current can only 
flow through the load, not the source, and ���� ! "1 #$%�� ≪ �( ! $��. The fault current produced is as follows: 

 13 ��,� 	 ���� ! "1 # $%��5���� ! 5"1 # $%�� ! �� �'� 

 
Assuming that the fault produces a negligible magnitude fault 

impedance, the resulting fault current is 60% of the inverter 
output current. This value is specific to this particular network. 

Next, let us evaluate the voltage behavior for the fault. During 
the fault on the faulted phase, the fault voltage should approach 
0 V in reference to the ground with negligible fault impedance. 
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The voltage on the faulted phase at the inverter terminals is a 
simple function of current output and line impedance. For a 
fault on phase A: 

 �� 	 $���'� 
 

As $�� is a small value; it is very likely the voltage at the 
inverter terminal experiences significant sag. 

The fault voltage on the un-faulted phases can be determined 
using the reverse sequence transform. The un-faulted B-phase 
voltage is determined below. For readability, let �*+  = ���� !"1 # $%��. 

 ��,� 	 15 �'�,#3�*+ # ��*+- ! 45 �'�"�*+% 

��,� 	 15 �'��*+"3 # 3 # �% 

 
The magnitude of the un-faulted phases is then: 
 /��,�/ 	 /��,�/ 	 1.058|�'�|/�*+/ 
 
This voltage is dependent on the inverter output during fault 

conditions. If �'�is assumed to be the same as steady-state 
output, then the term |�'�|/�*+/, is approximately equal to 
nominal system voltage at the load, and the voltage on the un-
faulted phases would experience virtually no voltage swell. 
Voltage swell only occurs if the IBR outputs higher currents 
during fault conditions.  

 

VII. SYSTEM EFFECTS OF IBRS  

IBR fault current characteristic is manufacturer-specific. 
Consider an IBR with no closed negative sequence current path. 
In the worst-case scenario, the IBR continues to output a 
balanced three-phase current, and a fault goes undetected.   

 
In a grid of solely IBR generation with no negative sequence 

output current during a fault, the fault current must flow in the 
ground loop between the point of the fault and the load neutral 
ground connection (considered solidly grounded in this 
analysis). We calculate the sequence current as follows: 

 ��,� 	 ��,� 	 ��,� 	 13 ��,�  

��,� 	 3 �*+2�*+ ! �� �4� 

 �*+is defined as the impedance between the point of the fault 
and load, roughly the load impedance itself; The term �� is the 
zero-sequence network impedance. �*+should be 
approximately the same in the positive and negative sequence 
networks. If 5 ∙ �*+  is substituted for ��, the fault current 
equation becomes the following: 

 ��,� 	 3 12 ! 5 �4 

 

If �� ≪ �*+, 5 approaches 0, and the fault current approaches 
150% of the IBR fault current output. As the value of �� 
increases, ��,� approaches a theoretical value of 0. This value 
equates to an ungrounded system, which we expected. 
However, zero is an unrealistic value as �� will likely never 
exceed 3�*+ . A more realistic lower bound would be 60%. 

A critical problem posed in this situation is that the phase 
current between the IBR generation and the fault point is a 
balanced three-phase current. If current alone is measured in 
this section of the grid, a relay would likely not be able to issue 
a trip signal. 

Next, consider fault current in the case of the line-to-line fault 
in a grid of purely IBR generation with no negative sequence 
output: 

 

���,���,���,�
� 	 �1 1 11 � 1  �� ���,���,���,�

� 

 
In a network with no negative sequence path to neutral 

between the source and the point of the fault, the only path for 
negative sequence current to flow is between the point of the 
fault and load. The impedance of this section of the positive-
sequence network and the negative-sequence network should be 
the same. Thus, the equation can be re-written as follows. 

 

���,���,���,�
� 	 �1 1 11 � 1  ��

⎣⎢
⎢⎢
⎡ 012 �4�
# 12 �4�⎦⎥

⎥⎥
⎤
 

 
We can calculate that the magnitude of the fault current 

between phases is √3 2⁄  (or ~0.866) times the source current 
during a fault. However, the source current continues outputting 
a balanced three-phase positive sequence current. This situation 
could pose a problem for protection relays that rely upon 
unbalance currents; to the relays in this portion of the grid, the 
grid appears un-faulted. 

Next, consider the load current under these same fault 
conditions. The positive sequence load current is equal to the 
positive sequence fault current, but the negative sequence load 
current is the negative of the negative sequence fault current. 
Evaluating the phase current yields: 

 

��?�� ,��?�� ,��?�� ,�
� 	 �1 1 11 � 1  ��

⎣⎢
⎢⎢
⎡ 012 �4�12 �4�⎦⎥

⎥⎥
⎤
 

 
This fault does not affect the A phase load current, but B and 

C phase currents are reduced to 50% of the fault current output 
of the IBR at an angle of 180ºin reference to Va. This solution 
is intuitive: the B and C phases' load impedances behave as 
equal parallel impedances connected to a bus. This equivalency 
is as if the bus was located at the point of the fault. Any phase-
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shifting transformer alters this result, but the load current is 
nonetheless unbalanced.  

Another effect is that any relays in the grid that rely on 
negative-sequence or zero-sequence directional elements could 
be defeated. As shown in section VI, these currents may no 
longer flow from the grid's generation side towards the fault but 
rather from load to fault. Any sequence fault current that flows 
through the relay may not be large enough in magnitude to 
exceed the minimum requirements of the element. Furthermore, 
even if the magnitude of sequence current were large enough to 
enable a directional element, the element might not declare a 
fault in the correct direction because IBRs may output current 
during a fault that does not lag the voltage by 90 degrees. 

VIII. MODEL SIMULATIONS 

The widely studied IEEE 9 Bus system (revision 1) PSCAD 
model was modified to replace one of the generators with an 
inverter model to simulate invertor response to faults. The 
inverter model used is the latest “black-box” actual code from 
a prominent manufacturer. Previous studies on past inverter’s 
controls had shown instability in the negative sequence current 
to negative sequence voltage angle. We verify whether a new 
version of the control performs better when compared to 
rotating machinery.[9] 

We show the system below. 
 

 

 
Figure 8.1 PSCAD model 

 
We chose the PSCAD software as inverter manufacturers can 

provide detailed specifications on their control systems that are 
not available in short circuit software.  

The two faults of interest are line-to-line faults and line-to-
ground faults. We place one of each on the system. We show 
the results below. 

 

 
 

Figure 8.2 Fault current from IBR during l-g fault 

 
For this particular invertor, fault current magnitude is not 

significantly higher than steady-state output. Further, the 
current phasing is still balanced. 

 

 
 

Figure 8.3. Fault current from IBR during a line-to-line fault. 
 

In our simulation, the controller performance compared to 
rotating machinery was a better match for line-to-line fault than 
phase-to-ground faults. The fault current magnitude, however, 
is still not significantly higher than the steady-state current 
magnitude.  

To analyze in more detail, we exported the signal in Comtrade 
format. We use a relay event analysis tool to zoom and graph 
sequence quantities and angle relationships. Figures 8.4, 8.5, 
and 8.6 show the output of this analysis. The top graph 
represents the phase currents; below are the phase voltages, 
followed by the negative sequence voltage to negative sequence 
current angle. 

Figure 8.4 presents the overview of the recording, including a 
line-to-line and a line-to-ground fault. Figure 8.5 shows the 
detail of the line-to-line fault output. Figure 8.6 shows the detail 
of the line-to-ground fault output. 

 
 

 
Figure 8.4. Event Analysis – I2/V2 Angle instability. 
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Figure 8.5. Line-to-ground Fault detail – I2/V2 Angle 

instability. 
 

 
Figure 8.6. Line-to-line Fault detail – I2/V2 Angle instability. 

 
A striking observation is an unstable angle relationship 

between the negative sequence voltage and the negative 
sequence current. 

Another observation is that the first faulted cycle consists of 
a large current transient with frequencies ranging principally 
from 0 to 2000Hz, as shown in figure 8.7. 

 

 
Figure 8.7. Line-to-ground Fault detail – first cycle detail 

 
 

IX. CONCLUSION 

System grounding is essential for protection engineers 
because it allows high magnitude fault currents to develop, 
causing protective relays to trip and fuses to blow. To analyze 
faulted systems, networks are broken down into their sequence 
components. In systems with traditional rotating machinery 
generation, there is always a path in the positive- and negative-
sequences, so emphasis is placed on ensuring there is a path in 
the zero-sequence. With the introduction of IBRs into the grid, 
care must be taken to ensure that there is also a path in the 
negative sequence, as these sources may or may not have 
negative-sequence output. If there is no negative-sequence 
output, one can no longer neglect load impedance in fault 
analysis.  

Under conditions without negative sequence output from 
inverters, the transmission network might not detect faults 
while load voltage and current will be distorted. Negative 
sequence values may not exhibit faulted conditions indicative 
of a forward fault, meaning directional elements that rely on 
sequence components may no longer be reliable for fault 
detection. 

In this paper, we presented the idea that the behavior of IBR 
challenging the grounding of the system is also problematic for 
voltage insulation coordination. Thus, the industry must change 
the IBR’s behavior to be similar to the rotating machinery's 
fault response. Since the Sandia Lab report [9], which detailed 
the response to the fault of 4 OEM’s, in early 2020, we have 
taken a look at an updated controller to find that it still does not 
respond as rotating machinery. 
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