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Abstract

Ground currents and ground potential rise are major causes for thermal damages,
degraded performance, poor power quality, and safety risks in power system equip-
ment (generating units, transformers, home appliances, substations, etc.). Transient
changes in ground currents and potentials are typically triggered by ground faults
(single-line-to-ground and double-line-to-ground faults), as well as steady-state high-
harmonic current-flows to system grounding. In many cases, the rapid rise in ground
potential during a ground fault, can lead to transient over-voltages and/or phase
inversion, which pose significant challenges to the operation of various power system
equipment. Adverse impacts of high ground currents and potentials can be reduced
by an adequate design of grounding systems. This thesis provides detailed time-
domain models of grounding system designs, along with their recommended settings
that can ensure stable operation of power system equipment. In addition, this thesis
presents performance and comparison results for grounding system designs during

and post ground faults.
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Chapter 1

Introduction

1.1 General

The ground and grounding systems are key elements for stable, reliable, and func-
tional operation of power systems. These critical elements have a direct impact on
power quality, personnel safety, and responses of various protective devices. In addi-
tion, several practices and codes for power system protection recommend the use of
ground fault protection, the operation of which heavily depends on grounding sys-
tems. As a result, an adequate grounding system design ensures high power quality,
responsive protective devices, and ability to restore a power system’s steady state

operation after a transient event [1-12].

In power systems, a high percentage of faults is assigned to ground faults (line-
to-ground and line-line-to-ground faults). These undesired transients are created
due to various causes, including insulation failures, equipment failures, falling trees,
etc. Ground faults can trigger high currents to flow through the grounding system.
The system’s equivalent impedance can play a role in limiting ground currents and

reducing equipment damage. In this regard, grounding systems can be designed as



solid grounding, low-impedance grounding, high-impedance grounding, and isolated
grounding [5-17]. Solid grounding can eliminate ground potentials, prevent transient
over-voltages created by ground faults, and supports the operation of ground fault
protection. However, this grounding system cannot reduce ground currents, thus
fails to prevent equipment damage. Low impedance grounding can slightly reduce
ground currents, minimize ground potential, and support ground fault protection.
High impedance grounding can offer significant reductions to ground currents, slight
limitations of ground potentials, and minimum support to ground fault protection.
Finally, isolated grounding can eliminate ground currents, but fails to limit ground

potential and support ground fault protection [13-28].

As of late, power systems have been interconnecting a growing number of power
electronic converters (PECs), which can produce harmonic currents that flow to the
system ground (through grounding systems). Such steady-state high frequency cur-
rents can induce ground potentials that may complicate the operation of protective
devices, and may degrade the responses of power converters themselves [12,13,45-49].
This new challenge for grounding systems mandates a new approach to design and
assess the performance of grounding systems, in the presence of steady-state har-
monic currents. Furthermore, there is a need for an assessment of possible impacts

of new grounding system designs on the operation of ground fault protection.



1.2 Research Motivation

The motivation for this research arises from the need to investigate possible changes
to the design of grounding systems to mitigate the growing levels of harmonic currents
that flow to the system ground. Modelling and assessments of grounding systems
can be achieved using modelling approaches that are used for fault analyses in power
systems. This research work intends to focus on designing, implementing, and testing
the response of grounding system designs exposed to various types of ground faults,
with and without the presence of harmonic currents. The assessment results are
intended to verify the adequacy of the designed grounding systems to fulfill their

objectives.

1.3 Literature Review

The fundamental roles for a grounding system in any power system, include ensuring
personnel safety, reducing equipment damage due to ground faults, and supporting
the operation of ground fault protective relays. A grounding system is typically de-
signed as an impedance, the value of which is selected to meet requirements for service
continuity (during fault events), acceptable ground current and potential, and usage
of the system ground. Historically, power system equipment used to produce neg-
ligible steady-state ground currents and potentials. As a result, grounding systems
have been constructed as a single branch (solid, low impedance, high impedance, or

isolated). As of late, various types of power electronic converters are being connected



to power systems (distributed generation, storage systems, etc.). Power electronic
converters can generate significant steady-state harmonic currents that are usually
diverted to the system ground through a grounding impedance. Such harmonic cur-
rents can increase the usage of the system ground, along with creating high frequency

ground potentials [5-16].

In general, the grounding impedance for any power system equipment can be config-

ured as [1-11]:

e direct: a grounding impedance (ZG) with a finite value;
e isolated: Zg = oo;

e indirect: through a grounding transformer.

Direct grounding can be designed as, solid grounding (SG), low-resistance grounding
(LRG), high-resistance grounding (HRG), or frequency-selective grounding (FSG)
[5-11].

The first design of direct grounding systems is the SG, which is widely used in
industrial and commercial power systems with few exceptions (e.g. power utilities,
mining companies, and distribution generation units). The solid grounding offers the
elimination of ground potentials, and simplification of ground fault protection. The
main concern for the solid grounding is the inability to reduce the currents flowing

through the grounding system during fault and non-fault conditions [5,25].

The second design of direct grounding systems is the LRG. The main advantage of

the LRG is the reduction of the currents flowing through the grounding systems.
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The ability of LRG to reduce ground fault currents can decrease the thermal stress
on grounded equipment. Furthermore, the LRG can minimize the chances of the
formation of arcing faults, and can prevent severe over-voltages during asymmetrical
faults. The main drawback of the LRG is caused by them allowing the flow of
ground potentials in the grounding system during non-fault events. These ground
potentials are created by unbalanced 3¢ currents and/or harmonic currents flowing
through the grounding system. Another drawback of the LRG is its limited support

for identifying fault locations [5].

The third design of direct grounding systems is the HRG where a large resistance is
used to connect the neutral (of the grounded equipment) to the ground. The ohmic
value of the HRG is selected to ensure that the currents flowing to the ground do
not exceed 25 A (for low and medium voltage systems) [5]. The HRG can support
locating faults, and can reduce the usage of the grounding system. However, the
HRG can adversely affect the responses of ground fault protective devices due to
the significant reduction of ground currents. Moreover, this grounding design can
trigger high ground potentials that may fuel arcing faults. It is worth mentioning
that the HRG can also be implemented using a neutral grounding transformer, where
the principle of impedance reflection allows the use of resistors with reduced ohmic

values [5,26].

The forth design of direct grounding systems is the new FSG. In this grounding de-
sign, a capacitive impedance is employed to connect the neutral point to the ground.
The grounding impedance can vary as a function of the frequency and can limit fault

currents and avoid ground potential rise (GPR) [5]. The FSG can be very effective



for grounding power system components that generate harmonic components (e.g.
motor drives, wind and solar plants, battery storage systems, etc.) The FSG has ca-
pabilities to improve the functionality of 3¢ converter transformers, wind and solar
energy conversion systems, and 3¢ solid-state transformers. The main concern for the
F'SG is the possible voltage and/or current spikes that can saturate instrumentation

circuits and measurement units [5,27].

Isolated grounding (IG), also known as an ungrounded system, is commonly used
for systems supplying critical loads, where service continuity is mandated. In this
design, no connection is made between equipment neutral points and the system
ground. This grounding system design results in creating a capacitive coupling be-
tween system conductors and ground. The IG’s main advantage is the ability to
maintain system service during ground faults [5]. If other faults are detected, pro-
tective equipment may be triggered to clear the fault and isolate faulted compo-
nent(s). The major concern for system with IG is made due to the possibility of

severe transient over-voltages during asymmetrical faults. [5,28].

In steady-state conditions, power system components produce negligible ground cur-
rents and ground potentials, with no GPR. However, ground currents undergo tran-
sient increases due to faults and asymmetrical ground faults, which can trigger tran-
sient rise in ground potentials. Transient increases in the ground current and GPR
depend on several factors, including the fault type, system operating voltage, ground-
ing system design, system parameters and configuration, and features of protection
system responses. Transient increases in grounding currents and/or potentials can

cause severe damages to power system components. In some cases, transient in-



creases in ground potential can initiate voltage inversion. The risk of such possible

damages can be reduced by an adequate design of the grounding system [29-34].

Thermal and equipment damage created by various types of power system faults
depend on several factors, among which is the grounding system design. Asymmet-
rical or unbalanced faults include open or short circuit faults for one or two phases
only. These faults are the most common faults in power systems, and cause vari-
ous types of adverse impacts on power systems. Furthermore, asymmetrical faults
in power systems can become evolving faults, where arcing current faults may be
formed in some parts of the faulted power system. Symmetrical or balanced faults
involve all phases, and their occurrence is typically rare in power systems [33-40].
The aforementioned discussion highlights the critical role of grounding system design
and features in reducing possible damage due to faults in power systems. With the
growing numbers of interconnected PECs in power systems, the ground is being ex-
posed to many harmonic currents. Such high frequency ground currents can increase
the usage of the system ground, along with increasing the steady-state ground po-
tentials. As a result, there is a need to assess grounding systems and their capability

to handle harmonic currents produced by interconnected PECs [12,13].

1.4 Thesis Objective

Grounding systems have diverse designs that aim to fulfill various power system func-
tions, and facilitate several operation and protection requirements. Such mandates

include the continuity of power delivery to loads and other parts of a power system,



availability of ground capacity, ground fault protection, type and ratings of grounded
equipment, safety, and meeting standards and industrial codes. In general, a ground-
ing system design is set to modify the equivalent zero-sequence impedance, which
is considered to have a major influence on ground currents and ground potentials
during fault and non-fault events. The research work in this thesis aims to present
several analyses of grounding systems, along with various modeling approaches that
can simplify fault analyses in power systems. Furthermore, this thesis aims to test
existing grounding systems and examine their abilities to meet their objectives, when
deployed in power systems operated in the de-regulated operation mode. Developed
models of grounding system designs, together with their implementation require-
ments are to be discussed in this thesis. Finally, this thesis provides assessments
and comparisons between various grounding system designs, through simulation and

experimental testing.

1.5 Thesis Outline

This thesis will present the following parts:

e Chapter 2 overviews various designs of grounding systems that are widely used
in power systems. It also discusses different approaches for selecting a ground-
ing system design, which is typically implemented by a grounding impedance
that connects a neutral point to the ground. The discussed approaches are com-
pared in terms of their ability to influence ground potential, ground currents

(during ground fault and non-fault conditions), over-voltage during asymmet-



rical faults, and phase inversion. This overview aims to provide an insight into
the features and capabilities of each grounding system design to be deployed

with a certain power system component.

Chapter 3 presents examples for grounding system designs and implementation
for a 3¢ synchronous generator and a 3¢ power transformer. Simulation tests
are conducted for the generator and transformer, when experiencing line-to-
ground and double line-to-ground faults. Obtained results evaluate the features
and capabilities of the designed grounding systems. The evaluation is focused
on the ability of these grounding systems to limit the ground current and

potential during ground faults.

Chapter 4 provides laboratory experimental testing to verify features and ca-
pabilities of various grounding system designs, when used for generators and
transformers. Obtained results are analyzed to quantify the ability of each
tested grounding system design to limit ground currents and minimize ground
potentials. A general comparison between simulation and experimental results

is included in this chapter.

Chapter 5 summarizes the thesis, and draws conclusions based on the perfor-
mance assessment of different tested grounding system designs that can be used
in power systems. A summary of the contributions of this thesis , along with

suggestions for future research works, are discussed in this Chapter.



Chapter 2

Modeling and Analysis of Ground-

ing Systems

2.1 General

The adequate grounding of power system components is a key requirement for the
safe, reliable, and functional operation of any power system. The grounding system
design comprises selecting the configuration, elements and their values, and ratings
[1-11]. The grounding of any power system component can be configured as (2,14,

26,32, 38]:
e direct: a grounding impedance (ZG) with a finite value;
e isolated: Zg = oo;
e indirect: through a grounding transformer.
The direct grounding can be designed as, solid grounding (SG), low-resistance

grounding (LRG), high-resistance grounding (HRG), or frequency-selective ground-
ing (FSG) [16, 20,33, 39].
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Service continuity is a widely criteria for selecting a certain grounding system de-
sign. For systems supplying critical loads (with a mandate for service continuity),
isolated grounding (IG) is typically used. Another practice is used for systems that
feed multiple loads with neutral connections. In such systems, solid grounding is
usually recommended [14,26,32,38,39]. On one hand, the use of the aforementioned
practices may create a risk of excessive fault currents in solidly grounded systems or
components. On the other hand, the use of isolated grounding can create a risk of

severe over-voltage during asymmetrical faults [16,26,32, 33, 38,39].

2.2 Practical Aspects of Grounding System De-
signs
The design of a grounding system and ground fault protection have been addressed

by several standards and industrial practices [1-8]. In general, the objectives of a

grounding system for any power system component are [1-8,19]:

to limit step and touch potentials (personnel safety);

to facilitate a stable operation of power systems;

e to minimize damages to equipment and instrumentation;

to provide a non-damaging path for lightning strikes;

e to prevent over-voltage during faults;

to support the functions of ground fault protection.

11



Achieving the objectives of a grounding system may involve trade-offs. For example,
minimizing the equipment damage requires reducing fault currents using a ground
impedance. However, a ground impedance can produce a GPR during faults, thus
destabilizing the voltage [8]. These trade-offs can be translated into design con-

straints for a grounding system as:

i) limited ground current during fault and no-fault conditions;
ii) minimized ground potential and GPR;

iii) simplified structure and low cost.

2.2.1 Solid Grounding (Z; = 0)

The solid grounding offers low cost, simple structure, negligible GPR, and full sup-
port of ground fault protection. Nonetheless, this grounding does not provide any
limitations to ground currents, which can inflict equipment damages. Low volt-
age systems, with solid grounding, are vulnerable to arcing current faults. The
solid grounding is used for high voltage transmission and distribution networks

[2,8,20,25,32).

For a solidly grounded power system component (a generator, transformer, etc.), a
bolted line-to-ground fault (Zr = 0) can be represented using the positive, negative,

and zero sequence circuits, as depicted in Figure 2.1.

12



J1X1

-ijI —~

J1X2

“JXc2 =<

J1Xo0

Figure 2.1: The circuit diagrams of the positive, negative, and zero sequence circuits
for a grounded (through Zg) power system component during a line-to-fault. The
notation v; denotes the positive sequence voltage, R; and X; denote the positive
sequence resistance and inductive impedance, X, denotes the positive sequence
component of the equivalent capacitive impedance of the system, Ry and X, denote
the negative sequence resistance and inductive impedance, X9 denotes the negative
sequence component of the equivalent capacitive impedance of the system, Ry and
X denote the zero sequence resistance and inductive impedance, Xo denotes the
zero sequence component of the equivalent capacitive impedance of the system, and
Zq denotes the grounding impedance [8,17,20, 35].

Using Figure 2.1, the equivalent positive and zero sequence impedance (as seen from

13



the fault, with Zg = 0), Ziand Z; are determined as [8,17,20,35]:

7 _ (r1 +jx1) (—jzcr)
r1+ (1 —xo1)
7 _ (ro + jmo) (—jzco)
o + j (To — Zco)

= Ry +jX (2.1)

= Ry + jXo (2.2)

It should be noted that the interest in Z; and Z; is due to the need for determining

the following ratios:
Bo
X1

Xo
and —
X1

The value and sign of these ratios have significant effects on the over-voltage during

asymmetrical faults [20]. Per-unit peak values of the 3¢ voltages during a line-to-

ground fault can be derived as [35]:

Z

n= - +02Zl (2.3)

ot — 1344 (2.4)
> 2 T Zyr 2z,

SR L C RN Tt/ (25)
> Y T Zor 24

where v} is the ground potential, and v, v42 are the voltages for non-faulted phases.

It is to be noted that the above equations are stated with Z; = Zs.

The same approach can be utilized for a bolted double-line-to-ground fault (Zz = 0)
experienced by a solidly grounded power system component. Figure 2.2 shows dia-
grams of the positive, negative, and zero sequence circuits for a bolted double-line-to-
ground fault. The equivalent positive sequence impedance (as seen from the fault),

71 and Z, can be determined using equations (2.1) and (2.2). The per-unit peak

14



JX1

<> (] JXc1 =<

JX2

JXcr =<

JXo ,
Z; JXco =<

Figure 2.2: The circuit diagrams of the positive, negative, and zero sequence circuits
for a grounded (through Z;) power system component during a double-line-to-fault
[5,17,20,35].

values of the 3¢ voltages during a double-line-to-ground fault can be derived as [35]:

Zy
== 2.6
N0+ 4 (2:6)

37,
S 2.7
U'Y 2ZO+Zl ( )

where vy is the ground potential, and v, is the voltage for the non-faulted phase.

15



2.2.2 Low Resistance Grounding (Zs = rLra)

The low-resistance grounding (LRG) offers simple structure, limitations on the
ground current and GPR, and low cost. Nevertheless, the LRG increases the risk
of arcing current faults, low support for specifying fault locations, and may require

a careful setting of ground fault protection. The resistance for the LRG is selected

as [3,15,26]:
Vi
(I6) )iy = 5 < 100 A (2.8)
LRG
Vp
(&) max )ty = <400 A (2.9)
LRG
where (/). i the maximum ground current, and Vp is the line-to-neutral voltage.

The LRG is widely used in medium voltage systems, and industrial and commercial

systems with voltages up to 69 kV [32].

For a power system component with a LRG, a bolted line-to-ground fault (Zz = 0)
leads to the positive, negative, and zero sequence circuits (Zg = rprg) as shown in
Figure 2.1. Using the circuits in Figure 2.1, the positive and zero sequence impedance

can be stated as:

7 _ (r1 + jo1) (—jzcr)
r1+J (21 — 2cn)
(3rLra + 70 + j20) (—jTc0)
3rLra + 7o + J (2o — wco)

=R +jX, (2.10)

A = Roo + 7 X0 (2.11)

where rprq is the LRG grounding resistance. The 3¢ voltages during a line-to-ground
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fault will have per-unit peak values as [35]:

I 92.12

A Zot + 27, (2.12)
1 V3 Zyu—2,

R A 9213

U 2 19 T 7,427, (2.13)
1 V3 Zu—7,

I S e 2.14

Ur2t 2 "y T 7, 127, (2.14)

where vy is the ground potential with LRG, and v, v,2, are the voltages for non-

faulted phases with LRG. The above equations are stated with Z; = Z,.

A power system component, with a LRG, can experience a bolted double-line-to-
ground fault (Zr = 0). This asymmetrical fault creates positive, negative, and zero
sequence circuits as shown Figure 2.2. These circuits allow determining Z; and Zy,
using equations (2.10) and (2.11). Per-unit peak values of the 3¢ voltages during a

double-line-to-ground fault can be derived using Figure 2.2 as [35]:

Zow
___co 2.15
e 270 + 7 (2.15)
320 (2.16)

where vy is the per-unit peak value of the ground potential, and v, is the per-unit

peak value of the voltage for the non-faulted phase.
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2.2.3 High Resistance Grounding (Zg = rarg)

The high-resistance grounding (HRG) offers a significant limitation on the ground
current, along with an effective support for identifying the location of ground faults.
However, this grounding design does not provide limits for the GPR, and it has a
higher cost than the LRG. In addition, the HRG can complicate the setting of ground

fault protection. The resistance for the HRG is selected as [3,15, 20,27, 32]:
THRG S XC (217)

where Rprg is the HRG grounding resistance, and X is equivalent capacitive

impedance of the system as seen from the asymmetrical fault location.

A power system component with a HRG, can be modeled using the positive, negative,
and zero sequence circuits (Zg = ryrg) during a bolted line-to-ground fault (Zz = 0)
(see Figure 2.1). Using the circuit model in Figure 2.1, the positive and zero sequence

impedance can be stated as:

7 _ (ntju) (—jac)
r1+ (1 —xo1)
3rura + 7o + j%0) (—JjTco)
3rurc + 70 + J (To — Tco)

=R +jX, (2.18)

Zon =

— Ron + j Xon (2.19)

Per-unit peak values of the 3¢ voltages during a line-to-ground fault can be derived
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as [35]:

_ ___“0h 92.20

A Zon + 274 (2.20)
1 V3 Zm—7Z

_S_ ¥ ¢ 9221

Urih 2 1 T 7.+ 27 (2:21)
1 V3 Zw—7

I S e 2.22

Urzh 2 Ty T 7+ 27, (2.22)

where vy, is the ground potential with LRG, and v,ip, vyon are the voltages for

non-faulted phases with LRG. The above equations are stated with Z; = Z,.

A bolted double-line-to-ground fault (Zz = 0) can be experienced by a power system
component that has a HRG. Such a fault creates positive, negative, and zero sequence
circuits as shown Figure 2.2. These circuits allow determining Z; and Zy, using
equations (2.18) and (2.19). The per-unit peak values of the 3¢ voltages during a

double-line-to-ground fault can be derived using Figure 2.2 as [35]:

Zon
___Zoh 92.23
S+ 7, (2.23)
3Zon
_ 3% 9.94
k= S+ 7, (2.24)

where vy, is the per-unit peak value of the ground potential, and v, is the per-unit

peak value of the voltage for the non-faulted phase.
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2.2.4 Frequency Selective Grounding (Zg = rg + jxg)

The frequency-selective grounding (FSG) offers a significant limitation on the ground
potential and GPR, and a reduction of ground currents. The main advantage of the
FSG is its ability to appear as a solid grounding for high frequency currents or
voltages [23]. However, the FSG design has a higher cost than the LRG, and may
not support identifying fault locations [27,33]. The grounding impedance of the FSG

is selected as [1,34]:

(Ui = 77— <100 & (229
FSG

(&) max) iy = ‘Z‘}/P <400 A (2.26)
FSG

where Zpgq is given as:

Zpsq =1c + jrg

with 7 being the resistive part of Zpgg, z¢ being the imaginary (inductive or

capacitive) part of Zpgq.

A power system component with a FSG, can undergo a bolted line-to-ground fault
(Zr = 0), which can be modeled by the positive, negative, and zero sequence circuits

(Ze =re + jog) (see Figure 2.1). Using such a circuit model, the positive and zero
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sequence impedance can be stated as:

7 _ (r1 4+ jz1) (—jzer)

1+ 7 (1 — ze)

37’@ + 70 +j (IL"Q + 3!13@)) (—jxco)
37“@‘1-7’0 +j($0+3$g —[ECQ)

= Ry +jX, (2.27)

Zof = ( = Ros + j Xos (2.28)

The 3¢ voltages (per-unit peak values) during a line-to-ground fault can be derived

as:

Zog

_ L 2.29

T 222 (2.29)
1 V3 Zy-7

— Y2 LAl 2.30

s 2 1 T Zy+ 22 (2.30)
1 \/g Zof - Zl

_ L V3 Lo — 4 2.31

Ur2f SR Zog + 22, (2.31)

where vyf is the ground potential with LRG, and v,if, vyop are the voltages for

non-faulted phases with LRG. The above equations are stated with Z; = Z,.

A bolted double-line-to-ground fault (Zr = 0) in a power system component, with a
FSG, can be modeled using Figure 2.2. These circuits facilitate expressing Z; and
Zos using equations (2.27) and (2.28). The per-unit peak values of the 3¢ voltages

during a double-line-to-ground fault can be derived as:

Zos

_ 2.32

N T 970 + 7 (2.32)
37,

of (2.33)

where v,z is the per-unit peak value of the ground potential, and v,y is the per-unit
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peak value of the voltage for the non-faulted phase.

2.2.5 Constraints of Grounding System Designs

The variety of grounding system designs allows accommodating operational con-

straints, such as the service continuity, ground fault protection, acceptable GPR,

cost, and ratings [21,35]. Each grounding system design produces a grounding

impedance Zg that changes the equivalent zero-sequence impedance Z,. The im-

pacts of each grounding system design on ig and ¥ can be summarized as:

A-

The solid grounding: This grounding design is associated with Zg = 0, and Z,
becomes dependent on the grounded power system component and Xo. As a

result, the solid grounding can be characterized as:

Ry Xy
0<—x<«1 d 0<—x<«1
X, at X,

The solid grounding does not offer any limitation on the ground fault current,
which depends on the power and voltage ratings of the grounded components,
fault impedance, fault type, etc. [1,24]. In addition, this grounding design causes
g = 0 and GPR = 0, thus limiting transient voltages, on healthy phases (during

ground faults), to less than 200% of the rated value.

The low resistance grounding: This grounding design is associated with Zg =

rira, and Z; becomes dependent on the grounded power system component,
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rura, and Xe. The low resistance grounding can be characterized as:

Ry Xo
1< — d — <1
<X1<3 an 0<X1<

The low resistance grounding offers mild limitation on the ground fault current,
which has defined maximum values. (see equations (2.8) and (2.9)) [1,26]. In
addition, this grounding design causes 7¢ < 0.2Vp and GPR < /3Vp. During a
ground fault, healthy phases can experience transient over-voltages that are less

than 250% of the rated value.

The high resistance grounding: This grounding design is associated with Zg =
rura, and Z, becomes dependent on the grounded power system component,

rura, and X¢o. The high resistance grounding can be characterized as:

Ry Xy
— <1 d — <1
3<X1<0 an 0<X1<

The high resistance grounding offers a significant limitation on the ground fault
current (|ig| < 5) [26]. However, this grounding design can cause v > Vp and
GPR > 2Vp. During a ground fault, healthy phases can experience transient

over-voltages that may exceed 250% of the rated value.

The frequency-selective grounding: This grounding design is associated with
Za =rg + jxg, and Zy becomes dependent on r¢, z¢, and Xc. The frequency-

selective grounding can be characterized as:

Ry Xo
— d — <1
0<X1<5 an 0<X1<
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Depending on rg¢ and zg (inductive or capacitive), the frequency-selective
grounding may offer a significant limitation on the ground fault current [27].
Nonetheless, this grounding design may result in v < Vp and GPR > 3Vp.
During a ground fault, healthy phases can experience transient over-voltages

that may exceed 250% of the rated value.

The isolated grounding: This grounding design is associated with Zg = oo, and
Zy becomes dependent on the X. The isolated grounding can be characterized
as:

Ry

Xo
—~~0 d — <0
X, S

The isolated grounding limits the ground fault current as ig = 0 [28]. Nonethe-
less, this grounding design may result in v > Vp and GPR > 3Vp. During a
ground fault, healthy phases can experience transient over-voltages that may ex-
ceed 300% of the rated value. Finally, phase voltage inversion may be experienced

by healthy phases during ground faults [8,20, 32].

2.3 Capabilities of Grounding System Designs

The diversity of grounding system designs has facilitated the accommodation of var-

ious power system operational requirements. Among such operational requirements

are the service continuity, ground fault protection, simple structure, power quality,

transient over-voltages, and low cost [8,20]. In general, grounding systems have to

be able to influence ground currents and potentials in order to minimize possible

damages inflicted by faults [21,32]. These criteria are widely used to demonstrate
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the capabilities of grounding system designs.

2.3.1 Ground Currents

In steady-state conditions, power system components produce negligible ground cur-
rents [21,32]. However, ground currents undergo transient increases due to faults.
These transient increases in the ground current depend on several factors, including
the fault type, system operating voltage, grounding system design, system parame-
ters, and protection system responses [2,8,14,17]. Transient increases in the ground
current can cause severe damages to power system components. In order to reduce
such damages, grounding systems are designed to limit ground currents, especially

during faults [19]. The ground current ig can be stated for different faults as [35]:

o A 3¢ fault:
g =10 (2.34)

e A line-to-ground fault:

o= - Ve
2+ Zs+ Zo+3Zp

(2.35)

where V is the pre-fault voltage, and Zp is the fault impedance.

o A line-to-line fault:

i =0 (2.36)

25



e A double-line-to-ground fault:

- ZQ VF
6= (22 + Zy + 3ZF) > (20+32r)(22) (2.37)
Zl + Za+20+3ZF

In order to demonstrate the effects of Zg on ig, the following assumptions can be

made:
1) Zl = ZQ
ii) Ri=Ry=0

For purposes of simplifying mathematical expressions, the following notations are

used:
Xo

Ry
RT = E and Rx = E

Ref. [35] defines the effective grounding using R, and R, as:
R,=10 and R, =30
Assumptions i) and ii) allow re-stating i¢ with Zp = 0 as:

e Line-to-ground fault:

- Vi /X1
- _ 2.38
T TR 1 (Re+2) (2:38)

Using equation (2.38), the magnitude of ig is expressed as:

ol = ——il X1
VR + (R, +2)°

(2.39)
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e Double-line-to-ground fault:

- Vi /X1

= 2.40
‘YT R, +1) - j2R, (240)
Using equation (2.40), the magnitude of ig is expressed as:
Vie/X
P/ X (2.41)

lic| =
V@R, + 1%+ (2R,)?

It can be seen from equations (2.39) and (2.41) that the ratios R, and R, directly
affect the magnitude of the ground current triggered by asymmetrical faults. The
discussion in Section 2.2 has indicated that each grounding system design adjusts
Z¢ in a unique way. As a result, each grounding system design has a different range
of the ratios R, and R,. The influences of grounding system designs on R, and R,

are summarized as:

e The solid grounding has Zg = 0, which eliminates its influence on R, and R,.
For this grounding system, the ratios R, and R, depend on the equivalent

sequence impedances as seen from the fault.

e The low resistance grounding (LRG) has Zg = rprg that produces Zy, (see
equation (2.11)). The value of rprg increases Rye, which produces a higher R,
than that of the solid grounding. However, the LRG has a minor influence on
R.. The increase of R, by the LRG offers reducing i (see equations (2.39)
and (2.41)).

e The high resistance grounding (HRG), with Zg = rura, produces Zg, as in
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equation (2.19). The large value Ry, leads to a very high R, thus significantly

limiting 7. Finally, the HRG has no influence on R,.

e The frequency selective grounding (FSG) that adjusts Zy to Zos = Rop + j Xog
(equation (2.28)). This grounding system increases the total resistance of the
zero sequence circuit, thus increasing R,. However, the influence of the FSG

on R, depends on the used active element (an inductance or capacitance).

Figure 2.3 shows the magnitude of the ground current i for different values of R,
and R,. The different values of R, and R, reflect the various grounding system

designs [35].

It can be seen from Figure 2.3 that the values of R, and R, can alter the ground
current triggered by ground faults. Some values of these ratios can offer significant
reductions of ig, while others can result in very large ig during ground faults. The
variations in R, and R, are due to changes in Ry and X achieved by grounding

system designs [35].

2.3.2 Ground Potential

Steady-state operation of power system components may lead to negligible ground
potentials, with no GPR [3,19,35]. However, asymmetrical ground faults can trigger
transient rise in ground potentials. Such transient GPR depend on several factors,
including the fault type, system operating voltage, grounding system design, system
parameters and configuration, and protection system responses [19]. Transient GPR

can cause severe damages to power system components, along with possibility of
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Figure 2.3: The magnitude of the ground current i¢ for different values of the ratios
R, and R,: (a) the ground currents triggered by line-to-ground faults, and (b) the
ground currents triggered by double line-to-ground faults.

voltage inversion. The risk of such possible damages can be reduced by an adequate
design of the grounding system [19,21,22,35]. The ground potential v can be stated

for different faults as [35]:

e A 3¢ fault:
g =0 (2.42)
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e A line-to-ground fault:

t)= =20 0T in (wat 2.43
) =7 7 3 (22, + Z0) \wn (at) (243)

where w,, is given as:

w, = 2]300 (2$1 + Zo -+ 3],’”) (244)
6x1 (xo + 3z,)

o A line-to-line fault:

g =0 (2.45)

e A double-line-to-ground fault:

VeZo (Zo—Z)Ve (1
1) = — _ _ _ — nt 2.46
6l = 0z, 3 (i 2zy) Ny ) (2.46)

Assumptions i) and ii) (from the previous subsection) facilitate stating vg(t) in terms

of the ratios R, and R, as:

e Line-to-ground fault:

va(t) =

Ve (Rr+JR:)  2VF (R +j(R. — 1)) ( 1
TR A2+ R 3(R.+ 7 (R.+2))

~ sin (wnt)) (2.47)

Wn

Using equation (2.47), the magnitude of vg(t) is expressed as:

VF\/R%—FR?C _2VF \/7-‘)'72”_‘_(7-‘)'96_1)2 (2 48)

lva(t)] =
VREH @R R4 (24 R,
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e Double-line-to-ground fault:

v (t) =

B - in (wnt 2.4
2R, +7 (2R, +1) 3w, 2R, +j (2R, + 1) sin (wyt) (2.49)

Using equation (2.49), the magnitude of vg(t) is expressed as:

Ve/RITRE Ve R+ (Ra—1) 250)

v (t)] = -
VAR + @R, + 1P 3\ Jar2 4+ 2R, 4 1)

Equations (2.48) and (2.50) show that the ratios R, and R, directly affect the
magnitude of the ground potential during ground faults. Each grounding system
design leads to a certain range of the ratios R, and R,. The magnitude of the

ground potential vg for different R, and R, is shown in Figure 2.4 [35].

The waveforms in Figure 2.4 show that the ratios R, and R, have impacts on
transient over-voltages during ground faults. For some values of R, and R, Ug can
be maintained close to the 1.0 p.u, while other values of R, and R, can result in
very high over-voltages. Similar to conclusions drawn for ig, the variations in R,

and R, are due to the different grounding system designs [26, 35].

2.4 Summary

This chapter has presented modeling procedures for grounding systems, along with
the analysis of impacts on ground potentials and ground currents. The presented

models have been derived using time-domain quantities, which can offer better ac-
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Figure 2.4: The magnitude of the ground potential vg for different values of the
ratios R, and R,: (a) ground potentials triggered by line-to-ground faults, and (b)
ground potentials triggered by double line-to-ground faults. [35]

curacy than frequency-domain quantities, especially during non-steady-state condi-
tions. This advantage of time-domain quantities allows the use of sequence com-
ponents to construct circuit-based models, which simplify the analysis and design
of grounding systems in various power system components. Circuit-based models
support the inclusion of a grounding impedance in the zero-sequence equivalent cir-
cuit, thus allowing adequate design of a grounding system that can meet constraints
on ground potentials and ground currents. This chapter has discussed practical as-
pects of various grounding system designs, and the practical considerations for their

parameter values. The discussed grounding system designs are compared in terms
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of their ability to influence ground potential, ground currents (during ground fault
and non-fault conditions), over-voltage during asymmetrical faults, and phase in-
version. This chapter provided an insight into the features and capabilities of each
grounding system design, along with impacts of their parameter variations. The
next chapter provides performance assessment of various grounding system designs
and implementation for different power system components. The performance as-
sessment is conducted through simulation tests, where the focus is on the ability of

these grounding systems to limit the ground currents and ground potentials.
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Chapter 3

Performance Testing of Grounding

Systems

3.1 General

The previous chapter has discussed the various designs of grounding systems that
can be used for different power systems components. In general, a proper ground-
ing system design is set to ensure reduced voltage and thermal stresses created by
ground faults, increase personnel safety, minimize the interference on communica-
tions systems, provide a non-damaging path for lightning strikes, support functions
of ground fault protection, and improve the power quality [1-11]. Such requirements
are typically translated into setting limits and boundary values for ground currents
and potentials during fault events and non-fault conditions (e.g. harmonics flow
to the ground and/or circulating ground-neutral currents for systems with multiple
sources). Chapter 2 has presented grounding system designs as a solid ground-
ing (SG), a low-impedance grounding (LIG), a high-impedance grounding (HIG), a
frequency-selective grounding (FSG), and an isolated grounding (IG) (also known as

ungrounded) [26,32,38-40].

34



The majority of grounding system design objectives can be met by the IG and
HIG, where ground currents during faults are significantly minimized [15, 16, 27].
Nonetheless, the IG and HIG fail to support functions of the ground fault protec-
tion, which are mostly designed to detect high ground currents triggered by fault
events [3,4,19,34]. The SG, LIG, and FSG can support functions of ground pro-
tection, but they fail to prevent thermal damage to equipment as they allow for
higher ground currents [1-11,25,27]. Ground faults (line-to-ground and double line-
to-ground faults) can be experienced by different power system components (trans-
formers, generators, motor drives, etc.). These undesired events can adversely impact
faulted components, equipment, and instrumentation [1-11]. Furthermore, ground
faults can initiate rapid increases in ground potential, which may lead to transient
over-voltages on the un-faulted phase(s) [1,14,32,38]. In some cases, ground faults
can also evolve into arcing current faults that may create additional damages and
safety risks [4,19,21,34,35]. Such adverse impacts of ground faults can be minimized
by an adequate design of a grounding system that is capable of influencing ground

currents and potentials [1,5].

This chapter presents an assessment of various grounding systems through simulation
tests during fault and non-fault events. The presented assessment is conducted for a
3¢ generator and a 3¢ power transformer under various loading levels. Each tested
grounding system is assessed in terms of its ability to limit ground currents and
potentials during fault and non-fault conditions. In addition, this chapter provides a
performance comparison of grounding systems, in terms of their impacts on grounded

equipment and ground fault protection responses.
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For the sake of demonstrating the effects of non-linear loads on ground currents
and potentials, Figure 3.1 shows the steady state condition of a 3¢, A—Ys power
transformer supplying a non-linear load. It is to be noted that the notation Yg
denotes grounded Y-connected windings. The secondary side of the transformer is
grounded with a low resistance grounding (LRG), with a grounding impedance of

Za = 1.861).
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Figure 3.1: The magnitude of the secondary 3¢ voltages, 3¢ currents, and ground
voltage and current during non faulted conditions of the test 3¢ transformer with
LRG grounding: (a) the secondary phase voltages (line to neutral), (b) the secondary
phase currents, and (c) the ground voltage and ground current flowing through the
neutral of the transformer.

It can be seen that the triplen harmonics generated by the non-linear load flows

through Z, and is observed in the ground potential v and current ic;. The following

subsections present and discuss the performance of grounding systems with a wide
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range of Zg.

3.2 Performance Test Results

Performance tests of various grounding systems were conducted for a 3¢ transformer
and a 3¢ synchronous generator. Several ground faults were created on the Y-
connected side of the test 3¢ transformer, and on the terminals of the test 3¢ syn-
chronous generator. These tests were created for both tested components, as they
were grounded using different values of Zg (discussed in Chapter 2). The following
subsections present and discuss performance test results. In all tested line-to-ground
faults, phase A was selected to be the faulted phase. Furthermore, all double-line-to-
ground faults were created with phase B and phase C' as the faulted phases. These
settings were made to support a fair comparison between the different grounding sys-
tem designs. Values of the grounding impedance Zg, for the 3¢ transformer and 3¢
generator, were selected based on the parameters for each component. Finally, the
performance tests were conducted using models developed in CYME-DIST software
for the 3¢ transformer and 3¢ generator [22]. It is to be noted that this chapter
presents and discusses test results for the 3¢ power transformer, while Appendix A

presents test results for the 3¢ synchronous generator.
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3.2.1 The 3¢ Transformer

Tested grounding systems were assessed in terms of the ground current and potential.
In all test cases, ground faults were created with a fault impedance Zp = 0. The
test 3¢ transformer was fed by a 3¢ supply with an accessible neutral and ground
points [41,42]. The data for this transformer is provided in Table 3.1. The cable
connecting the primary side of the test 3¢ transformer to the supply is a short cable

with xo¢ & 0.
Table 3.1: Parameters of Test 3¢ Transformer

Parameter Value
Power Ratings 500 kVA
Operating Frequency 60 Hz
Voltage Ratings 12.47/4.40 kV
Configuration A=Y

x1 [p-y 5.03%

r1 [p.u] 0.60%

zo [p.u] 4.82%

ro [p-u] 0.80%

In all tests, xcq, and xog were set as:

zor = 1000 Q and xco = 800 €

3.2.1.1 Line-to-Ground Fault

This test was conducted with the 3¢ transformer operated at 90% of its rated power
to supply a Y-connected R— L load. The line-to-ground faults were created on phase

a on the secondary side, where different Z; were used to vary R, and R,. The
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CYME-DIST Short-Circuit Analysis toolbox was used to determine the voltages and
currents in all parts of the constructed system, including the test 3¢ transformer.

The line-to-ground faults were created in two stages as:

Stage 1: x¢g was fixed at 2 = 0.035 [p.u] to keep R, = 3. rg was varied in order to

obtain different values for R, (see Table 3.2).

Stage 2: r¢ was fixed at r¢ = 0.017 [p.u] to keep R, = 1. x5 was varied in order to

obtain different values for R, (see Table 3.3).

For each phase a-to-ground fault, line-to-neutral voltages of phase b and phase c,
along with the ground current, were collected. Figure 3.2 shows the ground current
magnitude, |ig|, produced by phase a-to-ground faults for several values of R, and
R.. Tested values of R, and R, were obtained using r¢ and z as provided in Table
3.2 and Table 3.3.

Table 3.2: Values of rg to Produce Different Values for R,

Rr Tra [Q] Rr g [Q]
0.00 | 0.00 | 3.25 | 2.04
0.25] 0.08 | 3.50 | 2.21
050 | 0.25 | 3.75 | 2.37
0.75 ]| 041 | 4.00 | 2.53
1.00 | 0.57 | 4.25 | 2.70
1.25| 0.74 | 450 | 2.86
1.50 | 0.90 | 4.75 | 3.02
1.75 | 1.06 | 5.00 | 3.18
2.00| 1.23 | 9.00 | 5.80
225 | 1.39 | 13.00 | 841
250 | 1.55 | 33.00 | 21.46
2775 1.72 | 50.00 | 32.56
3.00 | 1.88 | 70.00 | 45.61
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The values of rg in Table 3.2 were determined by solving the following equation at

each value of R,., while R, was kept as R, = 3 = z¢ + x9 = 3x1:

Re { Bre + 1o + j321) (Zjco) } — 2Ry =0 (3.1)
3ra +ro+j (31 — o)

where Re{.} is the real part of a complex function.

The values of z¢ in Table 3.3 were determined by solving the following equation (to

determine z¢) at each value of R, while R, was kept as R, =1 = rg = x1 — r¢:

Im { 3z — 2ro+ j (Bzg + x0) (—jxco)

— 1R, =0 3.2
3$1—27’0 +j(31’@+]30—$00) } 1 ( )

where Im{.} is the imaginary part of a complex function. For each phase a-to-ground
fault, line-to-neutral voltages of phase b and phase ¢, along with the ground current,
were collected. Figure 3.2 shows the ground current magnitude, |ig|, produced by

phase a-to-ground faults for several values of R, and R,.

41



Table 3.3: Values of zg to Produce Different Values for R,

-6.00 | 27.84 | 0.25| 0.05 | -3.50| 20.19 | 2.75| 0.59

-5.75 | 27.16 | 0.50 | 0.11 || -3.25| 19.30 | 3.00 | 0.65

-5.50 | 26.45 | 0.75| 0.16 | -3.00 | 1838 |3.25| 0.70

-0.25 | 25.74 | 1.00 | 0.22 | -2.75| 17.42 | 3.50 | 0.75

-5.00 | 25.01 | 1.25 | 0.27 | -2.50 | 16.42 | 3.75 | 0.81

-4.75 1 2426 | 1.50 | 0.32 | -2.25 | 15.37 | 4.00 | 0.86

-4.50 | 2349 | 1.75 | 0.38 | -2.00 | 14.27 | 4.25| 091

-4.25 | 2270 | 2.00| 043 || -1.75| 13.10 | 4.50 | 0.97

-4.00 | 21.89 | 2.25| 049 | -1.50| 11.85 | 4.75 | 1.02

-3.75 | 21.05 | 250 | 0.54 | -1.25| 10.51 | 5.00 | 1.07

-1.00 | 9.04 |525| 1.13 | -0.75| 7.40 |5.50 | 1.18

-0.50 | 5.52 | 5.75| 1.23 |-0.25| 3.23 |6.00| 1.28

0.00 | 0.00

Figure 3.3 shows magnitudes of the line-to-neutral voltages of phase b and ¢ (un-
faulted phases), |vp,| and |ve,|, produced by phase a-to-ground faults for several

values of R, and R,.
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Figure 3.2: The magnitude of the ground current during phase a-to-ground fault on

the secondary side of the test 3¢ transformer for different values of the ratios R, and
R.: (a) the ground current with R, = 3, and (b) the ground current with R, = 1.
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Figure 3.3: The magnitude of the voltages on phase b and phase ¢ (un-faulted phases)
during phase a-to-ground fault on the secondary side of the test 3¢ transformer for
different values of the ratios R, and R,: (a) the voltages vy, and v, with R, = 3,
and (b) the voltages vy, and v, with R, = 1.
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It can be seen from Figure 3.2 and Figure 3.3 that different values of R, and R,
caused significant changes in the magnitudes of ig and U¢ (as demonstrated by vy,
and v.,). On one hand, low values of R, (created by the solid grounding, LRG, and
FSG) resulted in large values of |ig|, with negligible || (minor changes in vy, and
Uen) (see Figure 3.2 (a)). On the other hand, high values of R, (created by the HRG)
resulted in low values of |ig|, with large values of || that resulted in over-voltages
in the un-faulted phases (high values of v, and v.,) as shown in Figure 3.3 (a).
When R, was fixed, and R, was varied, the results in Figure 3.2 (b) and Figure
3.3 (b) were obtained. For R, < —1 (created by either large xz¢ or low x¢g), the
ground current i¢ had low magnitudes, as shown in Figure 3.2 (b). The values of
R. < —1 caused large over-voltages on the un-faulted phases as indicated by wy,
and v, (see Figure 3.3 (b)). For —1 < R, < 1 (created by either low z¢ or large
Zco), the ground current had very large values (see Figure 3.2 (b)). The values of
—1 < R, < 1 resulted low over-voltages on the un-faulted phases as indicated by
the small changes in v, and v., shown in Figure 3.3 (b). For R, > 1 (created by
small xg and large x¢g), the ground current had very low values as could be seen in
Figure 3.2 (b). The values of R, > 1 caused large over-voltages on the un-faulted

phases as indicated by vy, and v, (see Figure 3.3 (b)).

3.2.1.2 Double Line-to-Ground Fault

This test was performed with the 3¢ transformer operated at 75% of its rated power
to supply a Y-connected R — L load. The double line-to-ground faults were created

on phases b and c on the secondary side. Different Z, were used to vary R, and
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R.. The CYME-DIST Short-Circuit Analysis toolbox was used to determine the
voltages and currents in all parts of the constructed system, including the test 3¢

transformer. The double line-to-ground faults were created in two stages as:

Stage 1: xg was set at 2 = 0.103 [p.u] to maintain R, = 3, while r¢ was varied to

produce different R, as listed in Table 3.2.

Stage 2: r¢ was set at rg = 0.050 [p.u] to maintain R, = 1, while x5 was varied to

produce different R, as listed in Table 3.3.

For each phase b-to-phase c-to-ground fault, line-to-neutral voltages of phase a, along
with the ground current, were collected. The ground current magnitude, |ig|, pro-
duced by phase b-to-phase c-to-ground faults for several values of R, and R, are

shown in Figure 3.4.

0.3 F

0.2

0.1F

10° R 10! 102
0.48

0.36

0.24

4 3 =2 aRr,0 1 2 3 4
Figure 3.4: The magnitude of the ground current during phase b-to-phase c-to-ground
fault on the secondary side of the test 3¢ transformer for different values of the ratios

R, and R,: (a) the ground current with R, = 3, and (b) the ground current with
R, =1.
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The magnitudes of the line-to-neutral voltage of phase a (the un-faulted phase), |v,|,
produced by phase b-to-phase c-to-ground faults for several values of R, and R, are

shown in Figure 3.5.
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Figure 3.5: The magnitude of the voltage on phase a (the un-faulted phase) during
phase b-to-phase c-to-ground fault on the secondary side of the test 3¢ transformer
for different values of the ratios R, and R,: (a) the voltage vy, with R, = 3, and
(b) the voltage vy, with R, = 1.

The results in Figure 3.4 and Figure 3.5 demonstrated significant variations in ig
and vg due to changing R, and R,. Similar to the line-to-ground fault, low values
of R, (R, <2), with R, = 3, resulted in very large |ig|, as shown in Figure 3.4 (a).
Furthermore, the low values of R, caused minor over-voltage on phase a (the un-
faulted phase) (see Figure 3.5 (a)). With R, > 2, |i¢| significantly decreased, while
Van experienced over-voltage due to high vg. The phase b-to-phase c-to-ground faults
were created with R, fixed and R, varied (Figure 3.4 (b) and Figure 3.5 (b)). For

R, < —1 (either large z¢ or low z¢g), the ground current i¢ had low magnitudes (see
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Figure 3.4 (b)). Moreover, with R, < —1, phase a experienced large over-voltages
as indicated by v,, shown Figure 3.5 (b). When R, was set as —1 < R, < 1 (either
low xg or large zcg), the ground current i¢ had very large magnitudes, as could
be seen in Figure 3.4 (b). Furthermore, values of R, set as —1 < R, < 1 created
minor increases in g as confirmed by v, in Figure 3.5 (b). Similar to phase a-to-
ground faults, the values of R, set as R, > 1 (small z¢ and large x¢o), resulted in
significant reductions in ig as shown in Figure 3.4 (b). The value of R, > 1 caused
large increases in Ug as confirmed by the over-voltage in phase a (the un-faulted

phase) shown in Figure 3.5 (b).

3.3 Summary

This chapter has focused on assessing impacts of grounding systems on the ground
current and potential during ground faults. Tested grounding systems have been
characterized by R, and R,, which have been used to set values for Z. Performance
results have shown that ground faults produce ground currents and potentials, whose
magnitudes depend on Zg. Influences of R, and R, values on ground currents and
potentials have been demonstrated through the test cases of the 3¢ transformer and
3¢ SG, where lower values of R, and R, have resulted in high ground currents
and low ground potentials and vice versa. It has been observed that high ground
potential have created over-voltages in un-faulted phases. Finally, negative values of
R, have created large over-voltages and reduced ground currents. The next chapter
experimentally assesses influences of grounding system design on ground currents

and potentials.
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Chapter 4

Experimental Testing of Grounding

System

4.1 General

Chapter 3 has presented a performance assessment of different grounding system
designs in terms of their ability to influence ground currents and potentials during
grounding faults. The presented performance assessment has concluded that effective
limitation of ground potentials and currents are dependent on the selected grounding
impedance and parameter values. In general, a grounding system design can be
characterized by two indexes R, and R,, which can be used to select circuit elements
of any grounding system to be represented by an impedance Zg;. Chapter 3 has
detailed the impacts of R, and R, values on ground currents (i) and potentials

(vg) during ground faults.

Impacts of R, and R, values on (i) and (ve) have been verified through extensive
tests that have been conducted on a 3¢ power transformer and 3¢ synchronous

generating unit. Performance results have shown that ground faults (line-to-ground
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and double line-to-ground faults) can trigger ground currents and potentials, whose
magnitudes depend on Z; that has parameters set to achieve certain values of R,
and R,. Performance results have also shown that low values of R, and R, values
have resulted in high ground currents and low ground potentials, while high values of
R, and R, values have resulted in low ground currents and high ground potentials.
Finally, performance results have demonstrated that high ground potentials have
resulted in over-voltages in the un-faulted phases. Finally, negative values of R,

have created large over-voltages and significantly reduced ground currents.

This chapter aims to further assess grounding system designs in terms of their abilities
to influence ground currents and potentials during ground fault events. The intended
assessment is to be conducted using experimental testing of laboratory components.
The experimental assessment presented in this chapter is conducted for a 35 kVA
3¢ power transformer and a 5 kVA 3¢ synchronous generating unit under various

loading levels.

4.2 Experimental Tests: 3¢ Transformer

The performance of the isolated grounding (IG), solid grounding (SG), low-
impedance grounding (LIG), high-impedance grounding (HIG), and frequency-
selective grounding (FSG) were evaluated experimentally for a laboratory 35 kVA 3¢
power transformer. Voltage and current sensors were used to collect 3¢ line voltages,
ground potentials, 3¢ currents, and ground current. These measurements were fed to

three digital oscilloscopes that collected and displayed their waveforms. The tested
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ground faults were created by solid-state switches, which were activated by a timing
digital circuit that allowed each fault to last 3 cycles for the 3¢ transformer. Line-to-
ground faults were created as phase A-to-ground, while line-to-line-to-ground faults
were created as phase B-to-phase C-to-ground faults. These settings were made to
facilitate the comparison between the different tested grounding systems. Finally, all
tested faults were created with a fault impedance of Zp = 5 Q. In order to ensure
that all tested faults lasted for the same duration, the faults were created and timed

by a ds1104 digital signal processing (DSP) board [42,43].

The test 3¢ transformer was fed from a 3¢ supply, and its parameters are listed in

Table 4.1.
Table 4.1: Parameters of the Test 3¢ Transformer

Rated Power 35.0 kVA
Rated Voltage 380/208 V
Rated Frequency 60 Hz
T 3.20 ©
T 0.60 2
T2 3.00 ©
) 0.75 Q
xg 2.80 ©
To 0.45 Q
Configuration A-Y

Figure 4.1 shows a schematic diagram for the test 3¢ transformer.

20



_ o C—— = ) _
A | | a
= | | -
o o [HLN 1 o 8
AlB ! ' b |2
= | | 51

ok ] |
_|° | | cl |
| |

Figure 4.1: A schematic diagram for the test 35 kVA, 3¢ power transformer setup.

Several ground faults were created on the Y-connected side of the test 3¢ transformer.
These tests were created as the Y-connected side of the transformer was grounded
using different values of Zg (discussed in Chapter 2). The following subsections

present and discuss performance test results.

4.2.1 Tested Grounding Systems for the 3¢ Transformer

Operating voltages and parameters of the test 3¢ transformer were used to design
low-impedance grounding (LIG), high-impedance grounding (HIG), and frequency
selective grounding (FSG). Reference [7] provides details for calculating values of

LIG, HIG, and FSG as:

e LIG: the grounding impedance Zzpg:

7] > 1.21 Q (4.1)
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e HIG: the grounding impedance Zyiq:

‘Eng| > 5.00 Q2

e FSG: the grounding impedance Zpsg:

TrSG Z 200 Q and CFSG S 18000 ,MF

For experimental tests, the LIG, HIG, and FSG were set as:

o LIG:
e = 2.50 2 and LLIG = 7.50 mH

e HIG:
THIG = 10.00 2 and LHIG = 25.00 mH

e F'SG: the grounding impedance Zpsg:

TrsGg = 2.50 Q and CFSG = 150.00 MF

(4.2)

(4.5)

(4.6)

Selected values for LIG, HIG, and FSG for the test 3¢ transformer (Y-side grounding)

produced grounding impedance zZg as:

e Low resistance grounding (LRG): zg = 2.5+ j0.0 Q.

e Low inductance grounding (LXG): zg = 0.0 4 j2.8 Q.
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High resistance grounding (HRG): zg = 10.0 + 50.0 €.

High inductance grounding (HXG): zg = 0.0 + 79.4 Q.

e Frequency selective grounding (FSG): zg = 2.5 — j0.35 Q.

Solid grounding (SG): zg = 0.0.

Isolated grounding (IG): zZg = oc.

These z; values were used to calculate the equivalent zero sequence impedance (Zo)

for the test 3¢ transformer as [5-7,31]:

Zo = (32@ + 19 +j[E0) //IL"CO = Ry + 75X, (47)
where [4]:
Ry — Re { (3rg +ro + j'(BxG + 10)) (—'jxco) } (48)
3rg + 1o+ 7 (3xg + xo — jTco)
X, - Im { (3rg +ro+ j'(3x(; + 19)) (—.jxco) } (4.9)
3rag + 1o+ 7 (3xg + w0 — jTco)

where Re{.} is the real part of a complex function, and Im{.} is the imaginary part
of a complex function. Data in Table 4.1, along with Ry, X, and z1, facilitated

calculating the ratios R, and R, [5-7,31]:

R X
R, = and R, = =2 (4.10)

T €

Calculations of R, and R, using the values of Z; and data in Table 4.1, produced

the following for the test 3¢ transformer:
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Table 4.2: Values of R, and R, for the Test 3¢ Transformer

Grounding System
Za (9] R, | Ru
Design
3¢ Transformer
SG 0.00 0.16 | 0.88
LRG 2.50 0.92 | 0.88
LXG j2.80 0.16 | 3.35
FSG 2.50 —j0.35 | 0.92 | 0.55
HRG 10.00 9.52 | 0.88
HXG 79.40 0.16 | 23.08
IG 00 00 00

Experimental tests for the transformer were created with secondary side windings

grounded using the selected values for LRG, LIG, HRG, HIG, FSG, and IG. The

following test cases are sample cases to demonstrate the impacts of grounding systems

on ground potentials and currents during ground faults.

4.2.2 Experimental Results

4.2.2.1 Line-to-Ground Fault: HRG

The objective of this test was to examine the impacts of a line-to-ground fault on

the secondary side of the test transformer, when grounded using a HRG. Figure 4.2

shows the secondary side 3¢ currents, 3¢ line voltages, ground potential, and ground
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Figure 4.2: The phase a-to-ground fault on the secondary side of the test transformer,
when grounded using a HRG: (a) the 3¢ line currents, current scale 50 A/Div.
(b) the 3¢ line voltages, voltage scale is 400 V/Div, (c) the ground current and
ground potential, i¢ scale 2 A/Div., and vg scale is 200 V/Div. The time scale is 20
msec. /Div.

current flowing through the HRG.
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The results in Figure 4.2 demonstrate that the phase a-to-ground fault on the sec-
ondary side of the transformer, created transients in secondary side voltages and
currents. The tested fault reduced vy, and v.,, and increased v, as could be seen
from Figure 4.2 (b). The tested ground fault triggered a large increase in i,, and
slight reductions in i, and i, (see Figure 4.2 (a)). The line-to-ground fault also re-
sulted in a small ground current i with a large increase in the ground potential
vg, as shown in Figure 4.2 (¢). The results of this test demonstrated that the HRG
was able to significantly reduce the ground current that was triggered by the fault.

However, the large increase in vg resulted in an over-voltage experienced by wvp..

4.2.2.2 Double Line-to-Ground Fault: IG

This experimental test aimed to examine the impacts of a double line-to-ground fault
on the secondary side of the transformer, when grounded using an 1G. Figure 4.3

shows the 3¢ currents, 3¢ line voltages, ground potential, and ground current.

Figure 4.3 (b) shows that the double line to ground fault significantly reduced the line
voltages vp. and v, and slightly increased v,,. The phase B-to-phase C-to-ground
fault resulted in large increases in i, and 4., with minor changes in ¢,, as shown in
Figure 4.3 (a). The tested grounding system eliminated the ground current, while
allowing the ground potential to increase (see Fig.4.3 (c)). The results of this test
demonstrated that the IG allowed v to increase, which could have created a transient

over-voltage in vg.

o6



FaultEnds i b

’\'W/\/\*/\ JAVAVAVAVA

Oab OUbc

e

ic

ChE = To0 v IM20.0ms| Al Ch1 o 2.20 ¥

1.00 V &

Figure 4.3: The phase a-to-ground fault on the secondary side of the test trans-
former, when grounded using an IG: (a) the 3¢ line currents, current scale 50 A/Div.
(b) the 3¢ line voltages, voltage scale is 400 V/Div, (c) the ground current and
ground potential, i¢ scale 1 A/Div., and vg scale is 150 V/Div. The time scale is 20
msec. /Div.
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4.3 Experimental Testing: 3¢ Synchronous Gen-

erator

The performance of the isolated grounding (IG), solid grounding (SG), low-
impedance grounding (LIG), high-impedance grounding (HIG), and frequency-
selective grounding (FSG) were evaluated experimentally for a laboratory 5 kVA,
3¢ synchronous generator. Voltage and current sensors were used to collect 3¢ line
voltages, ground potentials, 3¢ currents, and ground current. These measurements
were fed to three digital oscilloscopes that collected and displayed their waveforms.
The tested ground faults were created by solid-state switches, which were activated
by a timing digital circuit that allowed each fault to last for 4 cycles (based on
60 Hz) for the synchronous generator. Line-to-ground faults were created as phase
A-to-ground, while line-to-line-to-ground faults were created as phase B-to-phase
C-to-ground faults. These settings were made to facilitate the comparison between
the different tested grounding systems. Finally, all tested faults were created with
a fault impedance of Zp = 5 Q. In order to ensure that all tested faults lasted
for the same duration, the faults were created and timed by a ds1104 digital signal

processing (DSP) board [42,43].

The test synchronous generator was grid-connected, and its parameters are listed in

Table 4.3.
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Table 4.3: Parameters of the 3¢ Synchronous Generator

Rated Power 5.0 kVA
Rated Voltage 208 V
Number of Poles 4

Rated Frequency 60 Hz

T 2.75 Q
1 0.40 Q
To 3.00 ©2
ro 0.70 ©
Zg 1.90 ©
o 0.40

Configuration Y -Connected

Inertia H 0.19 sec.

The generator was grid-connected through a short cable that had a negligible ca-
pacitance (z¢og &~ o0). A schematic diagram for the test 3¢ synchronous generator is

shown in Figure 4.4.

Synchronization
The Synchronous
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Q
2.
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| Vdc l
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" Grid Side
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Figure 4.4: A schematic diagram for the test 5 kVA, 3¢ synchronous generator setup.
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4.3.1 Tested Grounding Systems for the 3¢ Synchronous

Generator

Calculations of R, and R, using the values of Z5 and data in Table 4.3, produced

the following for the test 3¢ generator:

Table 4.4: Values of R, and R, for the Test 3¢ Generator

Grounding System
Za (9] R, Ra
Design
3¢ Generator
SG 0.00 0.15| 0.69
LRG 2.50 1.07 | 0.69
LXG 72.80 0.15| 1.70
FSG 2.50 —50.35 | 1.07 | 0.56
HRG 10.00 3.78 | 0.69
HXG 79.40 0.15 | 24.97
IG 00 00 00

Experimental tests for the generator were created with stator windings grounded
using the selected values for LRG, LIG, HRG, HIG, FSG, and IG. During each
experimental test, the generator was grid-connected and delivered 75% of its rated
power at a power factor PF = 0.90 lagging. Line-to-ground and line-to-line-to-ground
faults were created on the terminals of the stator windings, with a fault impedance

pf Zr = 5+ jO0 Q. The following test cases are sample cases to demonstrate the
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impacts of ground faults, when employing grounding systems.

4.3.2 Experimental Results

4.3.2.1 Line-to-Ground Fault: FSG

This experimental test examined impacts of a line-to-ground fault on the terminals
of the stator windings of the generator, when grounded using a FSG. Figure 4.5
shows the stator 3¢ currents, terminal 3¢ line voltages, ground potential, and ground

current flowing through the FSG.

The results in Figure 4.5 show that the phase A-to-ground fault on the terminals of
the generator, with a FSG, created transients in voltages and currents. The created
line-to-ground fault significantly reduced vap, reduced vgc, and slightly increased
vca, as shown in Figure 4.5 (b). The phase A-to-ground fault also triggered large
increases in i4 and i, and reduced ip (see Figure 4.5 (a)). The tested ground fault
resulted in a high ground current i with a an increase in vg, as shown in Figure 4.5
(c). The results of this test demonstrated that the FSG was able to reduce ig and
limit vg. It should be noted that harmonic distortion was observed in the ground
potential are current. This harmonic distortion was due to the distortion in the

magnetic flux in the air gap of the synchronous generator [44].
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Figure 4.5: The phase A-to-ground fault on the terminals of the generator, when
grounded using a FSG: (a) the 3¢ line currents, current scale 20 A/Div. (b) the 3¢
line voltages, voltage scale is 300 V/Div, (c¢) the ground current and ground potential,
i scale 4 A/Div., and vg scale is 20 V/Div. The time scale is 20 msec./Div.
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4.3.2.2 Double Line-to-Ground Fault: LRG

The objective of this test was to examine the impacts of a line-to-line-to-ground fault
on the generator, when grounded using a LRG. The stator 3¢ currents, terminal 3¢
line voltages, ground potential, and ground current (through the LRG) are shown in

Figure 4.6.

It could be seen from Figure 4.6 that the line-to-line-to-ground fault, with the LRG,
resulted in transient changes in voltages and currents on the terminals of the test
generator. The phase B-to-phase C-to-ground fault reduced v45 and vg¢, and caused
a minor increase in vag, as shown in Figure 4.6 (b). The tested ground fault triggered
large increases in ip and ic, and decreased iy (see Figure 4.6 (a)). The line-to-line-
to-ground fault also resulted in high ground current ¢ and a small increase in the
ground potential vg, as could be seen from Figure 4.6 (¢). The results of this test
demonstrated that the LRG was able to reduce the ground current that was triggered
by the fault. However, the LRG was not able to eliminate the ground potential that

caused v4p.

4.4 Summary

Experimental test results obtained from ground faults in the generator and trans-
former, have demonstrated various impacts of grounding systems. Observed impacts
have been quantified by ground currents, ground voltages, and over-voltages trig-

gered by tested ground faults for each grounding system. Observations of grounding
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Figure 4.6: The phase B-to-phase C-to-ground fault on the terminals of the gener-
ator, when grounded using a LRG: (a) the 3¢ line currents, current scale 20 A /Div.
(b) the 3¢ line voltages, voltage scale is 300 V/Div, (c) the ground current and
ground potential, ig scale 10 A/Div., and vg scale is 20 V/Div., respectfully. The
time scale is 20 msec./Div.



system impacts during ground faults are summarized in Table 4.5.

Table 4.5: Impacts of Grounding Systems on Ground Currents, Ground Voltages,
and Over-Voltages, During Ground Faults

Grounding System | R, | R, |ig [p-u] | ve [pu] | AV [%]
Line-to-Ground Fault

SG 0.16 | 0.79 1.9 0.0 0.0
LRG 1.00 | 0.79 1.6 0.2 16.0
LXG 0.16 | 2.53 1.5 0.2 17.0
FSG 1.00 | 0.56 1.6 0.2 13.0
HRG 6.65 | 0.79 0.1 0.6 36.0
HXG 0.16 | 24.03 0.02 0.8 32.0

IG 00 00 0.0 1.0 139.0

Double Line-to-Ground Fault

SG 0.16 | 0.79 2.3 0.0 0.0
LRG 1.00 | 0.79 1.8 0.2 31.0
LXG 0.16 | 2.53 1.7 0.3 30.0
FSG 1.00 | 0.56 1.4 0.16 20.0
HRG 6.65 | 0.79 0.2 0.8 34.0
HXG 0.16 | 24.03 | 0.06 0.9 34.0

IG 00 00 0.0 1.2 156.0

The data in Table 4.5 was calculated as the following:

e The values of R, R., ig, vg, and over-voltage were calculated as the average
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value of those measured from the 3¢ transformer and 3¢ synchronous generator.

The value of AV was calculated as:

AV = |VFault - VPre-Fault‘ (411)

e Base values for ig, vg and over-voltage were taken as the rated current and

line voltage of the 3¢ transformer and 3¢ synchronous generator.

The data in Table 4.5 demonstrates different impacts of grounding systems on the
iq, Vg, and over-voltage during ground faults. Observed impacts have been directly
related to ‘ZG} of each tested grounding system. Grounding systems with high }ZG‘
can significantly reduce i, and minimize possible damages due to high currents trig-
gered by ground faults. However, these grounding systems cannot reduce vg and fail
to prevent transient over-voltages during ground faults. Grounding systems with low
}Zg‘ can not limit i, and may not prevent damages due to high currents triggered
by ground faults. However, grounding systems with low }ZG‘ can effectively reduce
vg, and prevent over-voltages during ground faults. The next chapter summarizes

the contributions of this research study and future considerations for this project.
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Chapter 5

Summary and Conclusions

5.1 Summary

This thesis has presented review and performance assessment of various grounding
systems, including the new frequency selective grounding. Grounding systems are a
critical requirement for stable, reliable, and functional power system, as grounding
systems have direct impacts on the power quality, personnel safety, and responses of
various protective devices. The selection of a grounding system design depends on
desired limits of ground currents and potentials during transient events, particularly
ground fault events. In order to analyze the features and capabilities of any grounding
system, accurate models are required to be integrated into power system models.
In general, grounding systems can have their models developed as time-domain or
frequency-domain circuit-based models. Nonetheless, power systems practices are
in favor of time-domain models, which can be used for steady-state and transient
analyses. In power systems, a grounding system can be designed as an isolated
grounding, high-impedance grounding, low impedance grounding, the new frequency-

selective grounding, and solid grounding.
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Time-domain models are developed as circuit-based models, where positive-sequence,
negative sequence, and zero-sequence circuits are derived to facilitate the selection
of a grounding system. Such time-domain models can be developed for purposes of
designing a grounding system for a specific power system component (i.e. a trans-
former, a generator, a load, etc.) or a centralized one (i.e. for a sub-station, a
load center, etc.). Time-domain circuit-based models, for the zero-sequence circuit,
can be featured with an impedance, the parameters of which provide a grounding
impedance. The selection of such an impedance is constrained by acceptable levels of
ground potentials and ground currents. Acceptable levels of ground potentials and
currents are usually selected based on thermal curves of the grounded components,
as well as the settings of its protective relays (pick-up values and time delay). The
comparison of grounding systems depends on their ability to limit ground currents
(to prevent thermal damage), reduce ground potentials (prevent component mal-
operation), and prevent over-voltages and/or phase inversion (to avoid cascading

faults) during faults and no-fault conditions.

The performance assessment of various grounding system designs has been conducted
to assess their abilities to limit ground currents, ground potentials, and over-voltage
during ground faults. Simulation and experimental tests have been conducted for 3¢
power transformers and 3¢ synchronous generating units under various fault and non-
fault events. For purposes of a comprehensive testing of grounding system designs,
tested grounding system designs have been characterized by two indexes R, and
R, that can provide a wide range of values for a grounding impedance Zg. The
introduction of the indexes R, and R, has been found effective in simplifying the

analysis and design of grounding systems, where any grounding system design can
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be mapped into certain values of R, and R,. Performance results have shown that
ground faults produce ground currents and potentials, whose magnitudes are directly
dependent on the value of Zg. Test results have shown that low values of R, and R,
have resulted in high ground currents and low ground potentials, while high values
of R, and R, have caused low ground currents and high ground potentials. Finally,
negative values of R, have created large over-voltages, reduced ground currents, and

increased the ground potentials.

5.2 Conclusions

This thesis has presented various grounding system designs, including the new
frequency-selective grounding, that can be used for different power system compo-
nents. The features and capabilities of grounding system designs have been discussed
in terms of the ability to limit ground currents, reduce ground potentials, and elim-
inate the GPR during ground fault events. The discussions of grounding system
designs have included methods to model them for purposes of their design and anal-
ysis, as parts of their host power systems. The presented models have been derived
to accommodate steady-state and transient analyses.

The stated objectives of this thesis have been mainly on the design of grounding
systems, assessment of their capabilities to achieve their mandates and operational
constraints, and verify their performance during normal and transient conditions.
These objectives have been accomplished through modeling, testing and performance
comparisons of various grounding systems. In addition, this thesis has focused on the

performance of grounding system designs in terms of their abilities to limit ground
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currents and ground potentials during faults. The research work presented in this

thesis draw the following conclusions:

e The variety of grounding system designs allows meeting different operational

and structural mandates of power systems.

e Power systems have adapted grounding systems to be designed and imple-
mented using combinations of passive elements (resistance, inductance, and

capacitance).

e Time-domain circuit-based models can accommodate steady-state and tran-
sient analyses of power systems. Such models can be easily integrated into
symmetrical-components circuits, which are widely used for power system pro-

tection design and analysis.

e A grounding system design can be effectively characterized by two indexes R,
and R,, which allows modeling any grounding system over a wide range of
a grounding impedance Zg. Such an approach has been found applicable for
designing grounding systems with several constraints (i.e. maximum ground
current, harmonic levels, maximum ground potential, size, grounding capacity,

and weight).

e The performance of grounding systems can be verified using test platforms for

any power system component.
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5.3 Contributions

The research work presented in this thesis has contributed to the operation and
design of grounding systems that can be deployed in modern power systems. The

contributions of this thesis can be summarized as the following:

A detailed time-domain models for grounding system designs over a very wide

range of grounding impedance.

A modified time-domain circuit-based models of grounding system designs to

be expressed in terms of the indexes R, and R,.

A detailed performance assessment (simulation and experimentation) of
grounding system designs, and along with a comparison between their features

and capabilities.

A performance comparison between various grounding system designs in terms
of their influences on ground currents, ground potentials, and transient over-

voltages during ground faults.

5.4 Future Work

The successful design and assessment of grounding systems can open other avenues

for futures research works. Such research work may include:
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e The analysis and design of grounding systems used for DC power systems,

including DC micro-grids and high voltage DC (HVDC) links and/or circuits.

e The testing and performance assessment of grounding system designs power

systems that have high levels of renewable energy generation.

e The analysis and design of grounding systems with blocking Geomagnetically

Induced Currents (GIC) as a design constraint.
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Appendix A

Additional Test Cases

This Appendix presents and discusses additional test cases for various grounding
systems. The tested component in this Appendix is a 3¢ synchronous generating
unit. The tests presented in this Appendix are a continuation of the performance

assessment presented and discussed in Chapter 3.

A.1 The 3¢ Synchronous Generator

The influences of grounding system designs on ground currents and potentials, during
ground faults, were further observed for a 250 kVA, 3¢, 60 Hz, 4.4 kV synchronous
generator (SG). The test SG was constructed as a component in a power system,
which was constructed using the CYME-DIST software [22]. The parameters of the
SG are listed in Table A.1.

In all tests, x¢1 and x¢oo were set as:

o1 =880 Q0 and xco = 750
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Table A.1: Parameters of Tested 250 kVA, 3¢, 60 Hz, 4.4 kV Synchronous Generator

Parameter Value
Power Ratings 250 kVA
Operating Frequency | 60 Hz
Number of Poles 12
Voltage Ratings 4.40 kV
x1 [p.u] 17.00%
r1 [p-u] 1.70%
xo [p.u] 9.06%
o [p-u] 0.59%
zo [p-u 3.20%
ro [p-u] 0.20%

A.1.1 Line-to-Ground Fault

This test was conducted with the 3¢ SG operated at 75% of its rated power (the SG
was in interconnected mode of operation). The line-to-ground faults were created on
phase b on the terminals of the SG, which its neutral point was connected to ground
using different Z; (to create several values for R, and R,). The CYME-DIST Short-
Circuit Analysis toolbox was used to determine the voltages and currents in all parts
of the constructed system, including the test 3¢ SG. The line-to-ground faults were

created in two stages as:

Stage 1: x¢ was fixed at 2 = 0.017 [p.u] to keep R, = 3. rg was varied in order to

obtain different values for R, (see Table 3.2).

Stage 2: r¢ was fixed at r¢ = 0.006 [p.u] to keep R, = 1. x5 was varied in order to

obtain different values for R, (see Table 3.3).
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For each phase b-to-ground fault, line-to-neutral voltages of phase a and phase c,
along with the ground current, were collected. Figure A.1 shows the ground current
magnitude, |ig|, produced by phase b-to-ground faults for several values of R, and

R
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Figure A.1: The magnitude of the ground current during phase b-to-ground fault on
the terminals of the test 3¢ SG for different values of the ratios R, and R,: (a) the
ground current with R, = 3, and (b) the ground current with R, = 1.

Figure A.2 shows magnitudes of the line-to-neutral voltages of phase a and ¢ (un-
faulted phases), |va,| and |ve,|, produced by phase b-to-ground faults for several

values of R, and R,.
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Figure A.2: The magnitude of the voltages on phase a and phase ¢ (un-faulted phases)
during phase b-to-ground fault on the terminals of the test 3¢ SG for different values
of the ratios R, and R,: (a) the voltages v,, and v, with R, = 3, and (b) the
voltages v, and v., with R, = 1.

Figure A.1 and Figure A.2 show that changing the values of R, and R, caused
significant changes in magnitudes of ig and 95 (indicated by v,, and v.,). When
R, had low values (created by the solid grounding, LRG, and FSG), |ig| had large
values, and |vg| had low values (see Figure A.2 (a)). It should be noted that the
small changes in v,, and v, are due to actions of the excitation control of the SG.
When R, had large values (created by the HRG) resulted in low values of |ig|, with
small values of |0¢| (due to excitation control that maintained vy, and v, close to 1.0
p.u.) shown in Figure A.2 (a). When R, was fixed, and R, was varied, the results
in Figure A.1 (b) and Figure A.2 (b) were obtained. For R, < —1 (created by

either large zg or low z¢y), i had low magnitudes, as shown in Figure A.1 (b). The
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values of R, < —1 did not cause major changes in v, and v,,, as could be seen from
Figure A.2 (b)). For —1 < R, < 1 (created by either low x¢ or large x¢), the ground
current had very large values (see Figure A.1 (b)). The values of —1 < R, < 1 did
not create large over-voltages in v,, and v.,, as shown in Figure A.2 (b). For R, > 1
(created by small zg and large x¢g), |ig| had very low values as shown in Figure
A.1 (b). The values of R, > 1 caused small increases in v, and v.,, as could be
seen from Figure A.2 (b). The results for the SG showed good agreement with those
obtained from the 3¢ transformer. However, unlike the transformer, actions of the

excitation control (of the SG) prevented major over-voltages in un-faulted phases.

A.1.2 Double Line-to-Ground Fault

This test was performed with the 3¢ SG operated at 66% of its rated power. The
double line-to-ground faults were created on phases a and ¢ on the terminals of the
SG. Different Zg were used (to connect the neutral points of the SG to the ground)
to vary R, and R,. The CYME-DIST Short-Circuit Analysis toolbox was used to
determine the voltages and currents in all parts of the constructed system, including

the test 3¢ SG. The double line-to-ground faults were created in two stages as:

Stage 1: xg was set at 2 = 0.032 [p.u] to maintain R, = 3, while r¢ was varied to

produce different R, as listed in Table 3.2.

Stage 2: r¢ was set at ¢ = 0.007 [p.u] to maintain R, = 1, while x¢ was varied to

produce different R, as listed in Table 3.3.
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For each phase a-to-phase c-to-ground fault, line-to-neutral voltages of phase b, along
with the ground current, were collected. The ground current magnitude, |ig|, pro-
duced by phase a-to-phase c-to-ground faults for several values of R, and R, are

shown in Figure A.3.
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Figure A.3: The magnitude of the ground current during phase a-to-phase c-to-
ground fault on the terminals of the test 3¢ SG for different values of R, and R,:
(a) the ground current with R, = 3, and (b) the ground current with R, = 1.

The magnitudes of the line-to-neutral voltage of phase b (the un-faulted phase), |vp,|,
produced by phase a-to-phase c-to-ground faults for several values of R, and R, are

shown in Figure A.4.
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Figure A.4: The magnitude of the voltage on phase b (the un-faulted phase) during
phase a-to-phase c-to-ground fault on the terminals of the test 3¢ SG for different
values of R, and R,: (a) the voltage v,, with R, = 3, and (b) the voltage vy, with
R, =1

The results for the double-line-to-ground fault (shown in Figure A.3 and Figure A.4)
demonstrate that different R, and R, could create major impacts on the magni-
tudes of ig and g (indicated by vy,). For R, with low values (created by the solid
grounding, LRG, and FSG), |i¢| had large values, and |t¢| had low values (confirmed
the reduction in v, in Figure A.4 (a)). For R, with large values (created by the
HRG), |i¢| had been significantly reduced, while |og| had small increases that did
not create large over-voltage in vy, (see Figure A4 (a)). As R, was fixed and R,
was varied, the results in Figure A.3 (b) and Figure A.4 (b) were obtained. For
R, < —1 (created by either large z¢ or low z¢g), ig had very low magnitudes (see

Figure A.3 (b)), and vy, had small increases. For —1 < R, < 1 (created by either
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low x¢ or large x¢y), ic had very large values (see Figure A.3 (b)), and vp,did not
have large increases (see Figure A.4 (b)). For R, > 1 (created by small z¢ and
large zco), |ig| was reduced, and wy, experienced small increases (see Figure A.4
(b)). The results for the SG showed good agreement with those obtained from the
3¢ transformer. However, unlike the transformer, actions of the excitation control

(of the SG) prevented major over-voltages in the un-faulted phase.
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