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Summary:

As the use of other renewable energy sources such as wind increases to reduce the
carbon dioxide emission into the environment, the transmission and distribution network
increase, and the Local Vestfold and telemark region is not an exception. However, this
challenges system operations, planning, and protection to ensure that system reliability is
sustained, especially during short circuit faults due to increased load on the transmission
lines. Quick circuit analysis of a power system is of paramount importance as this
provides the voltage and current needed in the design and rating of electrical equipment.

The project topic (System grounding of 132Kv network) focuses on the overvoltage
impact of this development on the two primary grounding methods Compensated and
direct (centralized and distributed)during single-phase to ground fault of a network in a
radial system for both symmetrical and unsymmetrical transmission lines and how a
single-phase fault voltage and current impact on one side of a transformer station is
dependent on the type of grounding method, no of winding in the transformer unit and
the winding connections.

This was validated using the powerfactory to design a typical Vestfold and telemark
132kv network with an external infeed. The simulation was carried out with both
compensated and direct grounding methods for transposed and un-transposed
transmission lines.

The research result proves that compensated grounding shows a higher overvoltage of
1.760pu with a reduced fault current of 0.003kA for transposed transmission lines, while
the fault current was doubled to 0.006kA when the transmission line is un-transposed.
Overvoltage at the end of a radial transmission line was lower (1.712p.u) compared to
1.760p.u at the middle of the radial line. Direct grounding overvoltage of 1.30p.u was
recorded with a high fault current value of 1.129kA. Similarly, distribution of the
compensated Peterson coil and direct grounding to several stations on the network
reduces this overvoltage in both grounding methods. Still, it contributes significantly to
the double fault current recorded for the directly grounded system.

The University of South-Eastern Norway takes no responsibility for the results and
conclusions in this student report.
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1.Introduction

1 Introduction

With the quest to reduce carbon dioxide emission, several other sources of energy production
have evolved. Compared to just 48 countries in 2005, 128 countries had enacted renewable
energy assistance programs by 2017 [1], of which Norway is not an exception. These policies
were critical in assisting countries in moving from conventional to renewable energy by
removing impediments to renewable energy production [1]. Wind energy has continued to
increase gradually in many parts of the world, fueled by favorable legislation and
environmental concerns. Compared to 2017, the total global installed capacity of wind power
increased by 9% in 2018[2]. Wind power generation is expected to grow by 6% in 2019 and
14% in 2020, according to the US Energy Information Administration, and wind power has
been the fastest-growing source of electricity in the Electric Reliability Council of Texas in
recent years [3].

This has led to the electrification of so many industries, such as transport industries, towards
manufacturing electric cars to reduce Co2 emissions, increasing power consumption, and
expanding the already existing transmission and distribution lines. Similarly, local Grenland
and most regions of Vestfold and the telemark region may experience more than double
increase in its load capacity as the majority of load growth will have to be 'imported’ through
the national transmission grid, which will need to very certainly be reinforced. Moreover,
Significant wind power penetration poses significant issues for system protection, planning,
and operations [4]. The power system community has put a lot of effort into developing and
validating WTG models to investigate the impact of increased wind integration on system
protection, and it's evident that this sort of generator behaves differently during short circuits
than traditional generators [5].

Before now, research has been done to ascertain the temporary overvoltage due to ground
faults in a medium voltage network for ungrounded and compensated Neutral [6], without
considering a Grid expansion. It was proposed from [6] that a single phase to ground fault at
the receiving end of a long overhead line for an ungrounded neutral can cause an overvoltage
of 2.5-3p. u at the busbar and the healthy lines and 1.8p.u for a fully compensated neutral at
worst-case scenarios [6]. Only in scarce circumstances of a total breakdown of the neutral
grounding system can the identical phenomena indicated for ungrounded neutral. In contrast,
partial failure of the HV neutral grounding gives a higher value of overvoltage but within the
limit of 1.8-2.2p. u [6].

Resonant and isolated grounding is the most used grounding method in Norway. Only a few
132 kV networks are directly grounded. Skageraks' two 132 kV networks are all resonant—
each of them with 3 — 5 Peterson coils, but all are in the central part of the networks. The
compensated network is achieved using an arc suppression coil known as the Peterson coil,
which could be centralized or distributed [7]. This compensates for the capacitive earth fault
currents supplied by a substation's outbound feeders [7]. Because most of the overhead lines
on towers inside transmission systems acquire earth wires, earth wires play a significant role
in safety operations during faulty conditions in direct grounded systems [8].

Asides from the transmission lines, the transformer station may also be grounded either
directly, by impedances, or isolated. Depending on the grounding method, the transformer
tends to behave differently during single-phase fault in terms of the voltage/current impact
transfer from one side of the transformer to another.

12



1.Introduction

However, the existing high Voltage networks' non-transposed architecture, on the other hand,
makes fault detection and location more difficult.

In this thesis, the overvoltage analysis is restricted to single-phase to ground fault, and as a
result, it is essential to have sound knowledge of symmetrical components before analyzing
the overvoltage impact on the transmission line and transformers during single-phase fault for
both compensated and direct grounding methods.

1.1 Project description

The project aims at analyzing the impact of expanding an existing transmission and
distribution 132kV local Vestfold and telemark network on its grounding systems,
considering a change of grounding system from resonant to direct. The project objectives are
divided into three folds:

1. Describe the formulae which give the capacitive and inductive parameters for a
typical 132 kV overhead line and show why the impedances can be considered
symmetrical. Further, describe how voltages in a three-phase system will develop if
not symmetrical.

2. The difference in overvoltage due to single-phase ground faults in a compensated 132
kV grid system with compensation (Peterson) coils distributed in a radial system
versus located only central in main transformer stations onto the transmission system.
Compared with a system that is directly grounded only in the central transformer
station or distributed.

3. For different transformer types grounding, show how single-phase faults on one side
of a transformer will impact voltages/currents on the other side of the transformer,
dependent on the number of windings in the transformer unit and winding
connections.

To achieve the objectives mentioned above, some assumptions were made.

1.1.1 Assumptions

The grid resistance (R;) is assumed to be 12ohm.

The temperature changes do not affect the resistance of the transmission line.

The sag of the transmission lines is neglected.

The soil is a homogenous mixture.

Skin and proximity effect likewise permeability of FeAl is neglected.

St. 50 conductor resistance was assumed to be 8-times FeAl 50 due to the skin effect.

ocoakrwnE

1.2 Overview and scope of the thesis.

The approach implemented toward achieving the set objectives is divided into chapters as
follows:

Chapter 2: To have a good literature study on what system grounding is all about, the types
of faults on a three-phase system and, the single-phase to ground fault, symmetrical
component, and how an unbalanced three-phase system can be resolved into positive,
negative and zero sequences, transmission line parameters, unsymmetrical analysis of single-
phase to ground fault, line transposition, and touch/step voltages.

13



1.Introduction

Chapter 3: Show for different transformer types how single-phase faults on one side of a
transformer can / will impact voltages/currents on the other side of the transformer,
dependent on the number of windings in the transformer unit and winding connections.
Chapter 4: Design of 132kV model network of Grenland region in PowerFactory with the
data provided by Prof. Gunne as in Appendix A.1.

Chapter 5: Simulation and results of transposed 132kV network designed for overvoltage
analysis in a compensated Peterson coil and direct grounded located in a central station or
distributed.

Chapter 6: Simulation and results of 132kV designed network for overvoltage analysis in a
compensated Peterson coil and direct grounded located in a central station or distributed if
symmetry is taken care of.

Chapter 7: Discussions on the result simulations of chapters 5 and 6.

Chapter 8: conclusion/further work
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2 Literature Review

This chapter presents the literature review used as the basis for this research study. The study
of fault in a three-phase system, symmetrical component for analyzing unsymmetrical fault
conditions, Sequence impedance calculations of transmission lines, grounding, and its methods
(Resonant and direct), transposition, transmission line parameter, and touch/step voltage are
discussed in this chapter.

2.1 Faults in a Power System

A fault is an abnormal situation low-impedance connection (including an arc) between two
sites of different potential, whether made accidentally or on purpose, in an electrical system
that can lead to overvoltage causing damage to electrical equipment and disrupting the
regular flow of current [9]. When power system equipment, such as circuit breakers, busbars,
transformers, and cables, are put to fault tasks that exceed their rating, it might fail
catastrophically If the fault currents exceed ratings [10]. Faults are classified as shown in
figure 1[11].

Faults in Power Systems

¥ v
Series faults Shunt faults
(Open Circuit) (Short Circuit)

W : :
One open Two open Asymetrical Symmetrical
conductor conductor 2 4
faults faults
faults faults L - | | - |

l

LLLfault LLLG fault
(ABC) (ABCG)
1

Figure 1: Classification of Fault

1

Short circuit faults have their source from phenomena like lightning, switching overvoltage,
Insulation contamination, and conductor breakage. For asymmetrical or unbalanced faults, the
earth wire serves as a return path for the overvoltage caused by these short circuits’ faults [12].
Single-phase to ground fault (LG fault) is the most common type of fault in a three-phase power
system, and to analyze an unbalanced fault such as that, we need to know how to apply the
symmetrical components in other to calculate variables and parameters such as voltage, current
and impedance respectively in short circuit analysis [12].
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2.2 Symmetrical component

Unbalanced power networks, such as single-line to ground faults, unbalanced impedance,
open phases, and so on, can be analyzed and understood using symmetrical components [13].
A ground fault is indicated by a zero-sequence component, whereas unbalanced loading
causes negative components; as a result, having a thorough understanding of this method is a
critical component of security [14]. An unbalanced phasor can be resolved into three
balanced, symmetrical Positive, Negative, and Zero sequence components, shown in figure 2.

Ve Ve Vi
565 50> L’u() l"b(b l':-()
Va 120° b 1207 Vaz /7 /
120° 120°
Vi Ve
Ve
(@) (b) (c) (d)

Figure 2:Representation of (a)an unbalanced network (b) positive sequence (c) negative
sequence (d) zero sequence [15].

2.2.1 Positive Sequence

A positive sequence is balanced of three phasors of identical amplitude that are separated by
120 degrees and have the same sequence as the original phasors [13]. At the system frequency,
they also revolve in a counterclockwise manner and are represented as Val, Vb1, Vcl.

Vel

Val

Vbl

Figure 3: Positive sequence component, Positive sequence: abc.

2.2.2 Negative Sequence

Negative sequences are balanced three-phase systems separated by 120 degrees and with
phasor sequences that are the opposites of the original phasors. Their phasor rotation is in the
reverse direction.
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Va2

Vc2

Figure 4: Negative sequence component, Negative sequence: ach.

2.2.3 Zero sequence

2. Literature Review

They are three phasors of equal magnitude but zero-degree phase angle where I,, = I, =

Ieo =1, and Vao = Vo = Veo

AN\

Vao Vb0 Vo

Figure 5: Zero sequence components.

2.3 Symmetrical components of three unbalanced phasors of a

three-phase system.

Fortescue shows how to break down an unbalanced system of n-related vectors into n
balanced vector systems called symmetric components of the original vectors[13].

According to the Fortescue method:
Va = Vao Va1 t Vaz
Vo =Vho + Vi1 + Vi
Ve=Veo t Ve + Vo

Using the operator, a = 1< 120°= - % +j§
@ =1<240°= 1 ;82
2 2

a® =1<360°=1

2.1)
(2.2)
(2.3)

The symmetrical component transformation matrix (H) is :

Ir‘/uO—| 1

Va1 — =
3

I_‘/UZJ

[1 1
1 a
1

' —|
~
a~
2
o= (lJ

Vao
Vao12 = [ Val | - Vabe =
|_‘/112J
And also inverse give original phasor components.

W=

Va
V| =
Ve

1

.

1 1
2

a— (@4

2

a a=

Thus, the sequence element of an unbalanced system is given as:

‘/u—|
‘/b
vl
_‘/u—l
\7>

_VC

[15]
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Var = 5[Va+aVy +a?V] (2.4)

Vaz = 3lVa+ a?Vy + aV] (2.5)
1

Vao = 3 Ve +Vp + V2] (2.6)

[t is importantant to know that there is no zero sequence in a balanced three phase system
since : V, + V}, + V. =0, Same sequence elements are applied for current.

2.4 Unsymmetrical fault analysis of single-line to ground fault.

A single line to ground fault is a shunt type of unbalanced fault between phases or between a
phase and ground[16]. The following procedures are used to analyze a single-line to ground
fault.

1. Draw a circuit diagram of the fault spot on phase if the fault occurs at line a, labeling
the currents, voltages, and impedance, and include all phase connections to the fault.

I“'_ THE "FAULT POINT"
F

a a
b b
c —g— C
t Za| Zbl Zc
‘VI" "Vl"'vr J 414
Ig] Ip| 1
=== FAULT

Figure 6: Circuit diagram of a fault point [16]

2. The second step is to write down the boundary conditions with respect to current and
voltages for the single-line to ground fault.
I, =1. =0 and V, = Zd,
3. Using the transformation matrix A~1to change current and voltage from step 2 from a-

b-c to 0-1-2.
Isym = A-llas‘vm
— 11 1] I,
- :l i & &> 4, =4
3 )
55 1 ¢ a]| I =0
i}
IuO = ]al = IaZ = g‘[a

What this means is that all the sequence currents are equal, as in equation 2.7

2.7)

1
lao=la1 =laz = gla
Then, I,= I =3I,; where Iy = fault current.
And the voltage at phase a:
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I/a = ZfIa :3Zf1a1- (28)
Using the symmetrical component properties:
Va = Vao + Val + VaZ = 3Zf1a1 (29)

4. Since the sequence currents are the same, so the network must be connected in series.

=Vao* “Vai t —V°2+ 1
[ Fol S00 F 1L I Fp) -92
INo [Ny N2

5. Because the sequence voltage adds up to give Z¢1,,, an external impedance that
represents the fault impedance must be added.
Voot , “Vai?t Va2 *
I
{ Fol =22l 7] =L [ 2]

laz

No INy IN2
3Z¢
W -

Lol
Figure 7: Sequence network connection for single-line to ground fault [16].

With the network in step 5, one can compute the positive, negative, and zero sequence
current.

. =[. =] = Vr
lao =lag = laz =1I¢= Zaot Za1+Zar+32Z; (2.10)

Knowing the sequence current, we can calculate the sequence voltages:

Vao = —Zaolao (2-11)
Va1 = Van — Za1lay (2-12)
Vaz = —Zy3152 (2-13)

The healthy phase voltages are calculated using the formular below:

Vi1 1v,

a
;
Vi =1 &°\ a\||\V)
9
V Y/ a ‘&

¢ a2

Where V, = 3 Z¢l 4 (2.14)

2.5 Transmission Line Parameters.

A transmission line is a long conductor with a particular design (bundled) for transporting
large amounts of generated electricity at very high voltage from one station to another as
voltage levels vary [17] and have its parameters: resistance, inductance, capacitance, and
conductance distributed along the length of the line. The resistance is dependent on the
conductor composition at a given temperature. Inductance and capacitance are a result of
magnetic and electrical fields around the conductor, whereas the conductance is a result of
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leakage current, which is negligible compared to the rated current and can be neglected [18].
The transmission lines are not actually symmetrical. This results in an unbalance voltage on
the lines due to the difference in the inductance and capacitance on each line.

2.5.1 Inductance of a three-phase transmission line.

For a three-phase conductor wire of radius 7, 75 and 7 with horizontal distance of
Dap Dpc D¢y, @s shown in figure 8.

PA ) éc

Dow

Figure 8: Magnetic flux produced by each conductor [18].

Where D>r and I, I I are the current flowing in each of the conductors, thus the sum of the
magnetic flux of conductor A at a point P as in figure 9 is stated in equation 2.15.

Dap = Daap* Dapp + Dacr (2.15)
Where:
@ a4p = flux produced by current I, on conductor A at point P
@ 4pp = flux produced by current Iz on conductor A at point P

@ acp = flux produced by current I on conductor A at point P

e B TR i
/ // P TNl N \ / / //-"_“\»\\\ \ b4 b N M N
/ — \ / s \ \
[/ /70 TA ks \ [ /26—~ \
I” \, |1“/ /’/ // / ’*\\. \ “l\ \ ‘...\' l\nl ““I |F V,-—-__[-// r e \ \\v \l
f \ \ £ \a| | e [ \ ‘
|| ‘\‘ "w \“\ ‘\ A\Q, /“ 9 I ‘,‘.C | A‘G_ T Q ) ‘ ,’.“C II ' AO' “ “CB]'\ ll‘\ l\ .‘;: /" ’; " Il ||
v'\‘ \ \ \ /‘// / ; / / “‘ ", \ \ \ \\ ) / v“‘ \ \\ \ \\2\4{// / /q /r ,\"
\\ \ \ \_\1_ A4 / / \ ~ {/ /DB/ \ \\\ \"\ \\\:J‘x_-« ¢ // //'/ /
\ \\ \*\,‘_,/DA//‘}/ ,// DAP N\ DAP \»\;__l,/c P/ //
\»\ ~ // S N _»l\\/, ~ /
g AAAP "'“—x_ - \\*—1;» «‘r"’//
B " )ABP S iacp e
(a) p (b P (© P

Figure 9: Flux linkage of (a)conductor A at point P, (b) conductor B on conductor A at point
P and (c) conductor C on conductor A at point P[18].

For a 1m length conductor, the flux produced are represented in the equations below.
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Oarp=E21,1n (22) [Wh/m] (2.16)
Bazp= 215 In (ﬁﬁ) [Wh/m] 2.17)
Bace="421c1In (ﬁ—z) [Wh/m] (2.18)

The corresponding flux linkages of conductor A at the point P is stated as:

Aap = Aaap + Aapp + Aacp (2.19)
Aaap = 221,In (GI;;;A) [Wh/m] (2.20)
Aage = [ BppdP = 2215 1n (gﬁ) [Wh/m] (2.21)
Race = [y <" BepdP = 221 In (gz) [Wh/m] (2.22)

A4p = total flux linkage of conductor A at point P
Aaap = flux linkage from magnetic field of conductor A on conductor A at point P
Aap = flux linkage from magnetic field of conductor B on conductor A at point P
A4cp = flux linkage from magnetic field of conductor C on conductor A at point P
Substituting equation 2.20 through 2.22 into equation 2.19, then

Aap="2 [I4In (GMRA) + Izln ( ) + I, 1n( )] + L2 (1, In(Dsp) + Ip In(Dgp) +
I In(Dep) | (2.23)

According to natural logarithm law and the shifting of point P to infinity such that D,p =
Dgp = D¢p, Thus the flux linkage of A conductor becomes:

A= [l (—— )+ Iy 1n( )+ I 1n( )][Wb/m] (2.24)
Similarly flux linkage on conductor B and C will be:

Ap=22 (I, 1n( )+ Iy In (GMIRB) + I, 1n( )] [Wh/m] (2.25)
Ae=211, 1n( )+ I 1n( )+ Ieln (—— )] [Wh/m] (2.26)

Placing equation 2.24 to 2.26 in matrix form,

A Laa Lap Lac] [Ia
Ag | = | Lga Lpp Lpc | | Is
Ic

Ac Lea Loy Lec
where A4, Ag, Ac =total flux linkages of conductors A, B, and C
Laas Ly, Lo = self-inductances of conductors A, B, and C field of conductor A at point P
Lag, Lo Leas Lgar Lep, Lac = mutual inductances among conductors
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A single inductance can then be achieved if the distance of separation between the conductors
is the same and the system is balanced. That is: D= Dyp = Dgc=D¢4 and I, + Ig+ 1 = 0.

Lonase = 221 (=-2—) [ H/m] (2.27)

21 GMRphase

2.5.2 Capacitance in a three-phase line.

A Dbalanced three phase line of conductor radii r, rgand r,, distance between the conductors

as Dy, Dgc and D4. Using the mirror charge method, the capacitance from phase to ground
and phase to phase are given in the formulars stated in equation 2.28 and 2.29.

2me [HF}
Cg = . 2 T
in |4 (Baa)?| - Lkm
(2.28)
2meln [‘7”} AT
Car= S
' In [1—’1(1) )2} -In [”lD”“'“"] km
d N Dinean dDvmsin
(2.29)
Where:

€ = permittivity = gy¢&,

£o,= permittivity of free space.

d= phase conductor diameter (m)

h = geometric mean conductor height above the ground = 3/h,h,h, (M)

Dpmean = geometric mean distance between the phases = YD,z DgcDac (M)

D/yean= geometric mean distance between mirror charge and phase= VD5 DgcDac (M)

D,g, Dgc and D, = distance between the phases (m)

2.6 The General method of Impedance Calculation

Each conductor has self-impedance, and any two conductors have mutual impedance. They
are affected by the conductor material, construction, physical dimensions or geometry of the
tower or line, as well as the earth's resistance [19]. An overhead line with physical
dimensions and conductor spacing is depicted in figure 10. The currents are carried by tower
conductors in a parallel path with clearance distance X and mutual distance dij [19]. The IEC
60909 report 2 provided an equation-based formula of the modified Carson method to
calculate the Positive (PSI) and zero sequence impedance (ZSlI), where the negative sequence
impedance is the same as the positive sequence impedance.
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Figure 10: A general illustration of an overhead line physical dimensions and conductors
spacings relative to tower center and earth [18].

The dimensions, spacings, and the mirror image to the ground in figure 10 above are used in
the calculation of the line parameters. Every conductor has both self and mutual impedances
between two conductors.

2.6.1 Self-Impedance

Using basic electromagnetic flux linkage formulae, the following equation defines the self-
impedances for various distances.

Zi=R; +7r210_4f+ _/'47r]()_4f {(ﬂ) — /ogD”C] [Q/km]
4 r (2.30)

Where:

Ri is resistance of conductor in ohms

M is relative permeability

f is line frequency in hertz

Derc is earth return path i.e., Derc=1.309125. A; A is skin depth

r is GMR of conductor, r=r0.0.7788; r0 is radius of conductor

2.6.2 Mutual Impedance

The formula used for calculating mutual impedance between two conductors i and j of figure
10 is written in the equation below.

o Dz
Z;j=m>10"*f + jAm10~*f [/og I"’C] Q2 /km]
< %

(2.31)
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Where:
d;; is the distance between the two conductors in km

Derc is earth return path i.e., Derc=1.309125. A; A is skin depth
f is the line frequency in Hertz

2.7 IEC Method of Impedance Calculation

In general, the cable impedance can be determined using the IEC 60909-2 'Short-circuit
currents in three-phase A.C. systems - Part 2: electrical equipment data for short-circuit
current calculations' standard [20]. It is an equation based on the modified Carson's method.

2.7.1 Positive sequence Impedance

Positive sequence impedance is a characteristic that is used to calculate voltage and current
relationships in alternating current (AC) circuits under typical operating conditions. It can be
represented in either rectangular as seen below:

where:
X, - positive sequence reactance
R; - positive sequence resistance

The effects of single and bundled conductors running in series or parallel are included in the
inductance relationship, which is used to determine the performance of overhead transmission
lines, as can be seen in the equation below for positive sequence inductance reactance [20].
wlpa D 1
Xy = wly = (22 )(znﬁ+ I) [Q/km] (2.33)

21

Where:
w - angular frequency = 2 p f [Hz]
. - _[(uoa Dm 1
L, - positive sequence inductance [H/km] —(;) ( n_ + E)
a- conductor length [km]
Dy, - geometric mean distance
Ho - constant of magnetic field = 4 x 1077 [H/km]
rg — bundle conductor equivalent radius

and

Dy = ‘3/( Dgc.Dea. DAB)

2.7.2 Zero Sequence Impedance

Impedance as a result of zero-sequence current is known as zero sequence impedance. For
zero-sequence current to flow, there must be a current return path and is used in single-phase
to ground short circuit calculations.
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A. Single circuit without earth wire

The given formular below is used to calculate the zero sequence impedance:
' .vr_R1 , 3 . 5
ZOS = R, +]XO_E+ Zf/lOTC +]f,llo (3[”@4‘%) [Q/km] (234)

Where:

R; - conductor resistance per unit length

n, - number of sub conductors

f- frequency of the system [Hz]

DM - geometric mean distance

ur - permeability of conductor (aluminium py =1)

1.85

2\/ 2fuom/p

B. Single circuit with one earth wire

&- return depth of earth current [km] =

The zero-sequence self and mutual impedance, since there is a return circuit to the ground,
are given as follows:

, , 3(Zfg)2
Zosip = Zbs - ZZE2[0/km] (2.35)
EE
While the mutual impedance is as shown below:
’ . S5
Ztg = fu%y +ifuolng — [9/km] (236)
ME

Where:
Dyg = i:;/( Dgc¢.Dca-Dap)
Dy is the mean distance between the conductor and the earth wire.

C. Single circuit with two earth wire

Self and mutual zero-sequence impedances are calculated using the formulas below:
SZcE? [ /km] (2.37)

1 _ ’
Zos2e = Zos -
E1E2

Mutual Impedance equation is as shown below:

, _ R} .
Zpiga =5+ fUE+ if o (In. g —+5F) [0/km)] (2.39)
D. Double Line with two earth wire

! ! 6 Z’ 2

Zop2e = Zop - % [Q/km] (2.39)
And,

1 Uo . 9

Zigigs = [ 52+ Jf o In(5=) [0/km] (2:40)
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2.8 Earth Return Current.

During a ground fault in an HV network, the ground-fault current leaves the phase line
conductor and travels over all available pathways to the feeding sources, where some flows
into the surrounding earth and others flow back to the source through the neutral conductor as
the earth return current [22]. Zero sequence impedance is seen in a direct grounded system
due to the presence of the earth return path. Likewise, important behavior of the power
system, such as Overvoltage, are defined based on this earth's return path as seen in single-
line to ground fault. Figure 11 below shows the two-ground fault currents initiated during a
fault in a substation.

A B

ﬁ

N .

Figure 11: Main part of a ground fault current [22].

The amount of these earth return currents depends on the transmission line impedance, soil
resistivity, and height of the line above the earth's surface.

2.8.1 Soil Resistivity

This is the ability of the soil to resist the flow of current through it; thus, the amount of
current that returns to the source as the earth returns current depends on the soil's resistivity.
The Wenner four-pin method is the most common method used in measuring soil resistivity
[21]. The formula for the calculation of soil resistivity is given in equation 2.41 [22].

_ 2mLRg
P= —Gan (2.41)
=g~

Where:

p = soil resistivity
Ry= earthing resistance
L = length of rod

d= diameter of the rod

Soil resistivity varies with the amount of mineral content of the soil, soil type, moisture
content, and Ph values of the soil. The soil resistivity and its equivalent earth penetration
depth (&) depending on the soil type is given in table 1.
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Table 1: soil resistivity and its equivalent earth penetration depth [24].

Equivalent earth penetration depth &
Soil resistivity p
Soil types m
om

for 50 Hz for 60 Hz
Granite >10 000 >9 300 >8 500
Rocks 3000 ... 10 000 5100 ... 9 330 4 670 ... 8 520
Stony soil 1000 ... 3000 2950 ... 5110 2690 ...4 670
Pebbles, dry sand 200 ... 1 200 1320 ... 3230 1200 ... 2950
Calcareous soil, wet sand 70 ... 200 780 ... 1 320 710 ... 1 200
Farmland 50 ... 100 660 ... 931 600 ... 850
Clay, loam 10 ... 50 295 ... 660 270 ... 600
Marshy soil <20 <420 <380

Earth penetration depth decreases as the soil resistivity increases; this can be represented
mathematically in the equation 2.42.

_1.851

P
where:

o0 - equivalent earth penetration depth, m

u - permeability of free space (= 4n x 10-7), Hm!
p - soil resistivity, Qm

but earth return Path D,,.. = 6 .1.309125

. 1.309125

]

(2.42)

1851
— JEZ
p

DETC

Zero sequence impedance depends on the soil resistivity according to [23] using figure 12
below for analysis,

10000
2.75 m towerC
* towerD
® towerG
2.50 + 49 A towerK
A® 4 towerH 8000
2:25 7
A0
568 L . 4 6000
g® B ¢
8
5 @
& 175
» L
* 4000
1.50 4
=1 *
[ ]
*
2000
1.25 A - *
L] *
[ ] *
*
1.00 4 =
0.3 0.4 0.5 0.6 0.7

Resistance

Figure 12: soil resistivity analysis based on tower configuration [23]

soil resisitivity [ Qm ]
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Tower H, K, and G, which are double circuits with one earth conductor, have more impact on
the soil resistivity compared to towers C and D of a single circuit with one earth conductor.
Likewise, tower D, a single-phase circuit with double earth wire, will have more impact on
soil resistivity compared to tower C, a single circuit with one earth wire.

2.9 Reduction Factor.

This is part of the fault current that returns through the earth's return path as others flow
through the earth wire. The formula for calculating the reduction factor is given below, as
stated by IEC 60909-report 3[24].

r_ 1 ZaL
ZqQq

(2.43)
Where:

Zo., = the mutual impedance between earth wires.

Zoo= self-impedance between earth wires.
It is of important to know that reduction factor depends on the soil penetration depth.

2.10 Touch voltage, Step voltage, and Ground Potential Rise
(GPR)

According to IEEE std 80, the ground potential rise is the highest electrical potential that a
substation grounding grid can achieve in relation to a distant grounding point, which is
believed to be at the remote earth's potential [25]. GPR voltage is a product of grid current
and grid resistance measured in volts. At normal conditions, the earth's potential zero is the
same as the potential of a grounded station. However, when a fault occurs, the fault current
moves to the ground and back to the source through the earth's return path. This increases the
earth's potential due to the ground resistance.

The difference in potential between potential ground rise (GPR) and surface potential at the
location where a person is standing with a hand in touch with a grounded structure is known
as touch voltage, while step voltage is the variation in surface potential felt by a person
crossing a 1m distance with their feet without touching any grounded item [25]. According to
the Norwegian regulation, the touch voltage should be less than 75V, and the step voltage of
about 1meters apart should be relatively small [26]. For a human body of resistance 1000Q,
the touch voltage of 100volts is not to be exceeded for a time duration of 1seconds, according
to figure 14. These steps and touch voltage depend on the GPR and the earth's conductivity.

Mathematically,

GPR = Igmax X R¢ (2.44)
Where:
I;= maximum grid current(A)
R = grid resistance (ohms)
The grid resistance is determined by the impedance of the tower or that of the ground wire.
This will give rise to a reduced total equivalent ground resistance when ground wires
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resistance is interconnected in parallel [27]. This thereby creates the parallel path for earth
fault current flow, thus reducing the GPR at the faulted point and consequently reducing
touch and step voltage [27]. Some of the hazardous voltages caused by the earth fault current
are represented in figure 13.

3% K g % x

% % Z 4.

‘2? 6‘4 % %, @4 k
o @ ® ®

= | ---------------- l__‘l_l ————————— T —‘I ____________________________
| HETEﬂ l |
E
| Emm t SURFACE
| Em / POTENTIAL
| ! PROFILE |
tred
| 1] |
1 1 E ]
1 = | N 7L
T ' A o
J_‘ ~\ '/ \‘P\\‘\ J_;
-~ N ~ =
~ REMOTE EARTH REMOTE EARTH ~

Figure 13: Hazardous voltage caused by earth fault current [25]

The effect these dangerous voltages have on an individual depends on the duration the earth
fault current is allowed to pass through. This is represented in the graph plot of figurel3.
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Figure 14: touch voltage as a function of the current duration [25].
The permissible touch and step voltage required before human heart fibrillate depends on the

duration of fault, reduction factor, and the resistivity of the material surface. They are given
by the equation 2.45 to 2.48 for a 50kg and 70kg of human weight [28].

Vpermissible ouenso = (1000 + 1.5p5¢5).0.116/Vt (2.45)
Vpermissibte_touch7o = (1000 + 1.5p5¢,).0.157 /vt (2.46)
Vpermissibie_stepso = (1000 + 6p;cs).0.116/Vt (2.47)
Vpermissivte_step7o = (1000 + 6p5c).0.157/Vt (2.48)
Where:

ps= resistivity of material surface [Qm]

¢s= Reduction factor

t= duration of fault 0.03s< t < 3.0s

From the equation 2.45 and 2.46 above, a reduced reduction factor will result in a reduced
permissible touch voltage as well.

2.11 Transposition of single circuit three-phase line.

A complex alignment of conductors that are mutually linked with each other and with the
ground wire makes up an overhead transmission line where electromagnetic and electrostatic
mutual coupling are both present [19]. The asymmetrical relationship between the phase
conductors, the earth wire, or the ground surface results in some phase impedance imbalance,
which is undesirable. As a result of that, it is possible to switch the conductor phase at regular
intervals throughout the line path to reduce the influence of line unbalances. This process is
known as the transposition™ technique [19]. The essence of transposition is to have an equal
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series of self-impedance and a series of mutual impedance in the phase frame of reference.
The figurel5 below shows a forward transposed conductor of a circuit.

(a) Cl €3 €2
: : 2l . N . C‘_‘ : t
Conductor p ¢ = % &l % = -
position : C3 ' Q2 : Cl !
by I | )
i ClC2C3 : B (@ [ 8. : C2C3C1 :
! section 1 : section 2 : section 3 .
' I | I
R e
' |
Y S — d———-—————————————————— »

Figure 15: Forward successive phase transposition of a single circuit three phase line [18].
Voltage drop for each section of the line is given as:

IVVCFI l Cl |'Zu Zim Zlb—l IVICI—I 1
Ve =-C2 Zml me Zmb 1(_‘.2 or VcSmmn_l = T%ZSeclion-lIC

3
LV(?3J o C3 Lth Zbm ZhbJ |jc3
Section-1

V(l 1 Cl me Zmb Zml ](l 1
==C2(Zom Zob Zot ||Ic2| or Vg, = =ZLsection2lc
3 Section-2 3
C
Section-2

1‘| : Cl [be Ziy me‘l [ICI—I l
= 3 C2| Zv Zu Zim Ic2 or VcSmio”__; = EZScction—.%IC
J ) 3 Lzlllb Zml meJ LICBJ
ection-3
Thus, total voltage drops across the three-line are given as shown below: E
'%
. |
VTolaI = Z VSection—i — ;(ZSeclion-I 5 ZSeclion—2 = ZSccli0n—3 )IC - ZPhaseIC
=i § (2.49)
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Zs Iy Inm
Where thase = [ZM ZS ZM]
v Im Zg
And
1 1
ZS = 5 (Ztt + me + be) ZM = 3_ (Ztm + Zmb + th) (2-50)
Introducing an identity matrix for computer analysis,
0 0 1 0 1 0
T=[1 0 Oof, T!=T'=T2=10 0 1
0 1 0 1 0 O

Then the impedance transposition matrix of the three sections will be given as stated below:

L 9 =

Zsection-1 for i

t -

ZSCCliOll-i . T ZSCCliOll—lT fOI ] A
t ST

T ZSeclion-lT fori =

By multiplying Zgection—1 By T matrix, row 2 elements are shifted up to row 1, row 3
elements up to row 2 and row 1 up to row 3 while multiplication of T* with Zgectjon—1 Shifts
the impedance section 3 column 2 element to column 1, column 3 to column 2 and column 1
element to column 3. Representing the Positive, Negative, and zero phase sequences (PPS,
NPS, and ZPS) into their corresponding phase quantities using the transformation matrix H.

ZPNZ = I—I_lzphaseH

7Z0 9 0
ZPNZ 1o zZN 0
0 0 ZZ
Where:
2" = 2" =Zs = 2y = 31+ Zom + Zow) = Lo + Zuo + 201, 0y
74 =75+ 22y = 3 Zt + Zoom + Zoo) + 2Zim + Zinb + Zin)]
il (2.52)

And the sequence voltage drop will be given with the equations below.

ADE == ZP1F AV 29 AVE = 757~

2.12 Transposition of double circuit three-phase line

Three-phase overhead transmission lines with two circuits and earth wires are commonly
used to transfer very high power [29]. Figure 16 below demonstrates
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distinct circuit transpositions for each circuit of a double-circuit line with either triangular or
near-vertical phase conductor layouts[19].

v 7 s e s I o .
Yhane condasion I'ransposition section | ! I'ransposition section 2 : Transposition section 3
arrangement Circuit A ] Circuit B : Circuit A | Circuit B : Circuit A ] Circuit B
I L}
% - 16 | Les 1 @1 | @6 E 201, | L®5
oar vertic:
l ;r VL_:“JI' 2ém, mes | lém, m,e4 ! 3@m, m@o
e | '
36b, b®6 | 26D, hes | 160, b,@4
! 1
[ 1
?h_ —461: : ?"_ _21; : fT_ _’glz
- | 2 | Z &
Triungu'ur .lnl ‘hl ‘rn_'} .hz: .m, .h, .I“] .hz: ‘[“l ‘bl .l":b ‘h}_
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Figure 16: Typical double-circuit lines with perfect within circuit transposition [18].

Forward rotation of the circuit A per unit length is given as:

Zsin)  Ima) Zma)
Zan = | Zmn)  Zsia)  Zma)
M) Ima) Zsa)

Where:

1 1
Zsia) = 5 (Zau + Zmimi + Zpiw) - and - Zyay = 3 (Zami + Znior + Zo1a)

The series mutual impedance between the two circuits of the three sections of the line is
stated below.
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C4 € Co

Cl[ Zue Zum2 Zuw

Zag—1 = C2| Zmie Zmim2 Zmib2
C3| Zoie Zoim2 Zbin2

C4 B Co6

Cl Zmlm2 Zmle Zmll?.
C2| Zbim2 Zbiv2 Zbin2

g =
C3| Zum2 Zuv2 Zuw
C4 C5 C6
| 'VZble Zoie  Zbim2 “
L 3= €2 Ziv2 Zuw Ziim2

C3 Zm 1b2 Zm 12 Zm Im2

The average of the three sections of the line series mutual impedance is:

| 3
Zpg = EZI:ZABi
=

Where:
C4 5 Co6
Cl| ZsiaB) ZM(AB) ZN(AB)
Zag = C2| ZnaB) ZsiaB) ZmaB) | and Zg, =Z.q
C3 | ZmaB) ZnN@AB)  ZsaB)

Thus, combining matrix ZAA and ZAB to get the series phase impedance of the double
circuit line of the three phases (Zppqs.) is given below as a 6x 6 matrix.
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Circuit A Circuit B
[ Zsia)  Zma) Z2ma) | ZsaB)  Zm(aB)  4N(AB) |
Circuit A | 2ma)  Zsia)y  Zma) | £NaB)  Zs(AB)  ZM(AB)
M) Imay Zsa) | IMaB)  IN(AB)  ZS(AB)

ZPhasc = = o = = -
Zs(AB) ZIN(AB) ZmaB) | Zs®) ZmB)  ZMm(B)
Circuit B | zyag)  Zsas) Zna) | Zus)  Zss)  Zms)

| ZNAB)  Zm(AB)  ZsaB) | Zm@B) ZmB)  ZsB) |

Looking at the Z,,,. Matrix, the self-diagonal sides are equal while the off diagonals can

only be equal in a situation where the two circuits are symmetrical with a vertical or near
vertical-conductor configuration [19].

Introducing the transformation matrix,

¥ 34 h h? 1
H= | h 1| H =¥ h I HJC:!
h h* 1 A

Zpnz = Hc;c1 -thase Hgc

Zpy O 0 0 0 0
0  Zna 0 0 0 0

7 10 0 Zza 0 0  Zzas
PNZ=10 0 0 zpp O O

0 0 0 0 Zns 0

0 0 Zzap O 0 ZAB |

2.13 Grounding and Over-Voltage Due to Single Phase Ground
Fault.

The type of grounding and its relationship with over-voltages due to single-phase to ground
fault will be discussed in this section. Substations are subject to electric shocks due to the
way they are closely packed, and load consumption increases; as a result, there is a need for
grounding to obtain low impedance values and allow fault currents to flow freely to the
ground, limiting possible surges to substation equipment and clearing all sorts of transient
surges quickly [30].

35



2. Literature Review

The two major types of grounding are shown in figure 17.

GROUNDING

|

v V
EQUIPMENT SYSTEM
GROUNDING GROUNDING

Figure 17: The two types of grounding.

When all metal coverings of equipment and enclosures housing electrical equipment or
conductors are grounded by a permanent and continuous connection or bond, equipment
grounding is established. While System grounding is carried out when the neutral point of a
star transformer is connected to the ground to protect the system circuit from being damaged
because of lightning or overvoltage from short circuit faults [31]. Both are represented in the
diagram in figurel8.

Metal Enclosures
/ \__
T T T T T T T T | Ler
— i 0o
I 1
; | |2A\ [ To
urce : ! Neutral ! : ‘Ioad
| _
: ( - | Bonding jumper {
__________ [ EQUIPMENT
= SYSTEM _{~"GROUNDING
Transformer Bank — GROUNDING =

Figure 18: Grounding system [27].

The major aim of grounding is to provide safety for the personnel in the vicinity of the power
system against touch and step voltages and ensure that adverse effects of fault conditions do
not damage the power system.

2.13.1 System Grounding

This is the connection between the transformer neutral points and the ground. In other words,
it is critical to a power system's behavior during an unsymmetrical fault for the purpose of
earth fault detection and fault analysis in an electrical power system [32]. There are many
ways in which the system neutral can be connected, such as solid or direct grounding,
isolated and resonant grounding. However, in the subsequent section, we are only going to
discuss resonant and direct grounding.

A. Direct or Solid Grounding

The system is said to be directly grounded when the transformer neutral is connected directly
to the ground. The diagrammatical representation of it is shown below in figure 19.
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ol -
|

Figure 19: Solidly earthed system [29].

Although it creates very high fault currents and tripping as soon as the first fault occurs to
minimize the likelihood of equipment damage, a directly earthed neutral or low impedance
earthed neutral effectively limit overvoltage at the healthy phases [33]. This is normally used
in high voltage transmission network systems.

777

B. Resonant/Compensated grounding

If the transformer neutral is connected to the ground via a reactance known as a Peterson coil
invented by Waldemar Petersen, whose impedance is near to that of the total zero-sequence
capacitance, such Network is known as compensated Network. The Peterson coil
compensates for the zero-sequence capacitive current generated in case of a single-phase to
ground fault and creates an infinite zero sequence impedance when connected in parallel with
the capacitance, thereby reducing the fault current to a minimum value as well as
extinguishing the fault arc [34]. Because the remaining earth fault current after compensation
could be too small for the relay to monitor, it is usual practice to combine the neutral point
inductor with a parallel resistance [27].
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C—r O c——
i i l 7
= I

Transformer —

Phase A
Phase B

Phase A

Phase B
S Phase C
: Fault ﬁ
e i s
q 7 g
Zv
Petersen coil
L £ .

Figure 20: Compensated network in single phase to earth fault condition [33].

Asides from the above-mentioned advantages of using Peterson coil, their disadvantages are
as follows [35]:

1. The network's capacitance changes over time due to changing operational conditions.
As a result, the inductance L of the Peterson coil must be readjusted from time to
time.

2. The transmission lines must be transposed.

To avoid resonance from occurring, the inductance of the Peterson coil should be higher than
the capacitance line to the ground by 5%. This is commonly known as over-compensation.
The compensation can either be centralized or distributed.
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2.13.2 Equipment Grounding

Due to switching faults or induction, equipment might become energized far away from the
work location; as a result, there is a need for personal protective grounding/bonding (PPGB)
[36]. This quickly activates overcurrent protection devices (OCPDs) while also limiting the
voltage that employees are exposed to safe levels; when a circuit has been appropriately
grounded for worker safety but is mistakenly energized, the voltage on the system drops to
near zero, thereby protecting the person from possible electric shock [36].
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3 Sequence of Networks

Since zero sequence impedance cannot flow in a three-wire transformer, therefore the zero-
sequence impedance depends on the type of grounding of the transformer station and its
connections. This chapter explains how single-phase failures on one side of a transformer can
affect voltages and currents on the other side, depending on the number of transformer
windings and winding connections.

3.1 Formation of Zero sequence networks of transformers.

For a general circuit diagram of a transformer shown below, there are two series switches and
two shunt switches. The principle of determining the zero sequence components depends on
the opening and closing of these switches. Switches 1 and 2 are series switches, while 3 and 4
are shunt switches. If the side of the transformer is star connected and the neutral point is
grounded, then switches 1 and 2 will close; otherwise, they will be open. Whereas Switches 3
and 4 will be closed if either side (primary or secondary) of the transformer is delta
connected.

REFERENCE
BUS
3 / 4 SECONDARY
PRMARY
Fet ll o ]_.,\,_

Figure 21: General circuit for determining transformer zero sequence networks

Applying the principle above, the following zero sequence network of some transformer
configurations are as shown with examples below.

3.1.1 Zero sequence network for two winding transformers.

A. Star-Star connected transformer with isolated Neutral.

Figure 22: Star-star connected transformer with isolated neutral.

Switches 1 and 2 will remain open on both sides since both sides are star-connected and
isolated, while switches 3 and 4 will remain open because either side is not delta connected.
This will give the zero sequence equivalent circuit of figure 23.
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P o o

Figure 23: Zero sequences equivalent circuit for star-star transformer.

In this type of transformer configuration, there will be no transfer of zero sequence
impedance since both windings are isolated.

B. Star-Star transformer with one Neutral Grounding.

AN

Figure 24: Star-star transformer with primary neutral grounding

Since the primary side of the transformer is star connected with neutral grounding and not
delta connected, switch 1 will be closed while switch 3 will be open. On the secondary side,
both sitch 2 and 4 will be open since the side is star connected without neutral grounding and
no delta winding present. The equivalent circuit is shown below.

L=

3 & 0
T —

Figure 25: Zero sequences equivalent circuit for star-star transformer with primary neutral
grounding.

There will be no transfer of zero sequence component to the secondary side in this type of
transformer configuration.

C. Star-Star Transformer with both Neutral Grounded.

A

Figure 26: Star-star transformer with both neutral grounded.

With both sides star-connected with the neutrals grounded, the two series switches will both
the closed as both shunt switches are open.
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Figure 27: Zero sequences equivalent circuit for a star-star transformer with both neutral
grounded.

Thus, zero impedance will flow through the primary and secondary winding.

D. Star-Delta Transformer with Isolated Star.

Figure 28: Star-delta connection with isolated star.

In this configuration, both the series switches will be open while switch 3 will be open as
switch 4 is closed.

LS

3 & 0
s T ek L2 A T

Figure 29: Zero sequences equivalent circuit for star-delta connection with isolated star.

With both 1 and 2 switches open, there will be no transfer of zero sequence components in
this type of transformer configuration

E. Star-Delta Transformer with Grounded Neutral.

Figure 30: Star-delta transformer with grounded Y neutral.
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In this type of transformer configuration, switches 1 and 4 will be closed while 2 and 3
switches will be open to give an equivalent circuit diagram below. No zero sequence
impedance will flow from the primary to the secondary since switch 2 is open.

REFERENCE

s
'_;J 2
O

Figure 31: Zero sequences equivalent circuit (star-delta with grounded Y neutral).

F. Star-Delta Transformer with grounded Y-Neutral through reactor impedance Z
n

Figure 32: Star-delta transformer with grounded Y neutral impedance Zn.
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Figure 33: circuit equivalent of zero sequence impedance of a star-delta transformer with Zn.

At the star side with grounded neutral, the series switch will be closed while the shunt switch
will be left open. However, the star neutral is grounded through the reactor of impedance Zn,
and an impedance of 3Zn appears in series along with Zo (zero sequence impedance) in the
sequence network, as shown below. No zero sequence impedance will be transferes in this
type of transformer arrangement.

G. Delta-Delta Transformer.

Figure 34: Delta-delta transformer.
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There will be no zero-sequence impedance seen at both windings since both series switches
are open.

> % °
—_— or————

Figure 35: Zero sequences equivalent circuit for delta-delta transformer.

3.1.2 Zero sequence network for three winding transformers.

A. Star-Delta-Star connection without Neutral grounding

s

Figure 36: Star-delta-star transformer without neutral grounding.

There is no transfer of zero sequence impedances in this transformer arrangement since the
primary and secondary series switches are in an open condition.

Reference
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T
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— pp—ts

Figure 37: Zero sequences equivalent of a star-delta-star transformer.

B. Star-Delta-Star with neutral grounding at the secondary.

N ?
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7 > of

Figure 38: Star-delta-star transformer with secondary neutral grounding.
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The transfer of zero sequence impedance will not occur since the primary series and shunt
switches are open, as shown in figure 39 below.

Reference

ZPo

-y

T

ZSo

SEESSSSRAY ;T vRE

Figure 39: Zero sequences equivalent circuit of a star-delta-star transformer with secondary
neutral grounding.

C. Star-Delta-Star connection with both Primary and Secondary winding grounded.

. q%j}é

Figure 40: Star-delta-star transformer with both primary and secondary grounding.

In the transformer configuration, there will be a transfer of zero sequence components from
the primary side to the secondary because the series switches on both winding sides are
closed, as in figure 41.

Reference

ZTo
ZPo
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T
ZSo

RESESSRESE, || (R8E

Figure 41: Zero sequences equivalent circuit (star-delta-star connection with both windings).

D. Star-Delta-Delta connection with no neutral grounding.

Al

Figure 42: Star-delta-star transformer winding.

The zero equivalent circuits are shown below with open series switches with no transfer of
zero sequence components.
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Reference

ZPo T

Figure 43: Star-delta transformer with no grounding zero sequences equivalent circuit.

The Star-Delta-Star connection with both Primary and Secondary winding grounded are the
most used three winding transformers. The delta winding in-between is known as a
stabilizing winding that is buried. It is usually used for harmonic suppression and does not
feed a load as the bushings of the windings are not out.
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4 132kV Network Design in PowerFactory.

Powerfactory is leading power system analyzing software with a wide range of capabilities to
form basic functions to highly complex applications for system testing and supervision, such
as wind power, distributed generation, real-time simulation, and performance monitoring.

The 132 kV network system in Vestfold and Telemark is simplified from a system containing
about 100 busbars onto 20 busbars. The simplified network system contains two separate
networks, each powered from the overlaying 300 — 420 kV transmission system described
with two centrally located points. This together with several distributed stations which also
may be equivalents of local hydropower units within vicinity of each other.

The network is divided into two study networks: Study network 1 and 2 for analyzing the
differences in over-voltages that occurs during a single phase to ground fault in a
compensated (centralized or distributed) and direct grounding because of grid expansion
within the network. The two study networks are represented geographically in figure 44,
where the red-colored buses are the radial study network 1, and the yellow-colored ones are
the mesh study network 2.

To do so, the different components of the network are modeled using the given parameters as
provided by the supervisor: Prof. Gunne Hegglid, in Appendix A.

Figure 44: Geographical representation of 132kV Network Model.
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The buses and their names as represented in PowerFactory is in table 2.

Table 2: Buses and their names as represented in PowerFactory.

Buses

Names

1

MG420

2

MG300

SD1-132

Fl

BD

KS

Mn

SD2-132

Ng

10

GfA

11

Af

12

Sh

13

SD3-132

14

AmA

15

Ha

16

AmB

17

GfB

18

Nd

19

SD4-132

20

Kb

4.1 Network Designs Components.

The below figure 45 PowerFactory network design is made up of the following components
stated below with their corresponding parameter inputs in Appendix A.
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Figure 45: 132kV Network Model

4.1.1 External Grids

The system is made up of two external grids (external grid 1 and 2), with external grid one
modeled as a slack bus and external grid two as a load bus (PQ) with a short circuit infeed
capacity of 268.30MW. Transformer T2 in-between the network design of figure 45 serves as
a stepdown backup transformer.

4.1.2 Transformers

There are 12 transformers in the network with Y-Y and Y-A winding connections with buried
delta connections. Transformers located in the center of the main transformer stations onto
the transmission system are Y-Y connections directly grounded on both sides YN-YN (T1,
T2, T3, T4, and T5), while the distribution transformers are Y-A windings directly grounded
on the star side Ynd (T6, T7, T8, T9, T10, T11, and T12). This implies that there will be no
zero-sequence current at the loads in the network because of the absence of zero sequence
current in the Y-A winding connections, as explained in chapter 3. Transformers T1, T3, T4,
and T5 are with tap changers on the high voltage side to modify the transformer ratio of the
power transformer and increase the voltage at the distribution busbars. In addition to the
model, parameters are the zero-sequence impedance and positive sequence impedance of the
transformers, which are set to be the same, assuming a buried delta stabilizing winding is
present.
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4.132kV Network Design in PowerFactory

The Network consists of 7 generators at the distribution network attached to the 11kV nodes.

They contribute toward voltage control of the Network, and parameters are shown in

Appendix A.

4.1.4 Transmission Lines.

They serve as a medium through which electrical energy is transmitted. In the designed
132kV Network, there are 17 transmission lines connected to 20 buses with cables and
towers. The choices of cable conductors contribute to the cost and effective transmission of

energy while the tower provides support to the conductor cables. In a direct grounded system,

earth wires play a crucial role in ensuring that the system operates safely in the event of a
malfunction. Furthermore, earth wires are attached to most of the overhead cables on
transmission towers. Earth wires are primarily used to shield phase conductors from direct
lightning strikes.

4.1.5 Conductor Data Type

Conductor choice depends on the cost, weight, and electrical and mechanical strength.
Likewise, factors such as magnetic field, voltage, audible noise, and electrical field also

affect the choice of the conductor. Over the years, copper has been used for transmission line

cable conductors due to its high conductivity. However, due to its high cost and weight,

Aluminum has become the most used cable conductor in transmission lines. As a result, Iron

aluminides (FeAl) conductors are employed. When combined with iron, FeAl offers good

electrical characteristics and provides the strength needed for extended spans. The cable data
used in the network design is shown in table 3.1 from Amokabel [37]. The data were further

used in the computation of the positive and zero sequence impedance (PSI and ZSlI) of the
transmission line in PowerFactory.

Table 3: FeAl cable data sheet

1D [

| FeAlNavn

| Bruddlast | Resistans |

Ith

L = R R N SR N - |

T

10 Feal 10 6/1

16 Feal 16 6/1

25 Feal 25 6/1

35 Feal 35 6/1

70 Feal 70 26/7

95 Feal 95 26/7
120 Feal 120 26/7
150 Feal 150 26/7
185 Feal 185 26/7
240 Feal 240 26/7
253 Feal 253 Condor
300 Feal 300 26/7
329 Feal 329 Curlew
354 Feal 354 Finch
380 Feal 380 Grackle
405 Feal 405 Pheasant
430 Feal 430 Martin
456 Feal 456 Plover
481 Feal 481 Parrot
506 Feal 506 Falcon

S0/ Feal 50 6/1

5.52
6.96
8.7
10,32
14,82
17.24
19.38
21,66
24,01
27,36
27.72
306
31.68
32,85
34.03
35.1
36,17
37.24
38.25
39.26
12.33

625
970
1475
2015
4285
5730
7035
8665
10500
13300
13060
16560
16790
18380
19430
20380
21640
22930
23700
25100
2835

1.791
1.126
0.721
0.512
0.257
0.191
0,151
0.121
0,098
0.076
0.072
0.061
0.055
0,051
0.048
0.045
0.042

0.04
0.036
0.036
0.359

118
171
233
287
454
544
624
727
832
992
1020
1140
1211
1299
1360
1399
1459
1496
1544
1597
362
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4.1.6 Tower Dimensions.
The typical Norwegian tower type used in the configuration of the 132kV transmission lines
is shown in figure 46 as specified by IEC technical publication 60909 - Technical report 2.

During the geometry design, the following dimensions were used as provided by the
supervisor.

Q Q1 Qz a1l Qz
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Figure 46: Typical Norwegian tower geometries in transmission and substation network [IEC
60909 report2]

In this thesis, the Tower types that were used are: C, D, G, H, and K. Their dimensions are
stated below.
Dimensions
e The height of the 132kv tower is 14m.
e The phase distance is 4.5m.
e The average sag is 4.3m.
e The average height of the lowest conductor over the ground is 11.75m.
« Rated isolation distance for 132 kV equipment; lowest distance allowed from phase
conduction to grounded item part of the tower: 1,2 m.
e The minimum horizontal distance (normal) from phase conductor to grounded item
part of the tower: 2 m (Reason — phase conductor may from wind be swung out some
45 degrees.
e Minimum vertical distance when phase conductor has not swung out: 1,5 m = length
of insulator chain.
e Width of a tower at lowest phase conductor — 1,5 m.
e Min horizontal distance between phase conductors from the two circuits in a double
circuit tower is 10m.

A. Tower C

Tower C from figure 46 above is a single circuit of equal side triangular arrangement with
one side vertical and one earth wire. The green circle is the earth wire, while the red color is
the phase conductors. Diagram and dimensions for the sequence impedance calculations in
PowerFactory are represented below.
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Figure 47: Single circuit tower type C.

The conductor and earth wire distance from the X and Y-axis plane as modelled in
PowerFactory is seen in table 3.2 and table 3.3, respectively.

Table 4: Conductor coordinates of tower C.

X1 | X2 | X3| Y1 |Y2]| Y3
Circuit 1 2 2 | -2 117595725

Table 5: Earth wire coordinates of tower C.

XY

Earth conductor1 | 0 | 14

B. Tower D

Tower D from figure 46 above is a single circuit horizontal arrangement with two symmetrical
earth wires over the phase’s conductors. The phase conductors are L1-L3, while the ground
wires are labeled as Q1 and Q2. Their coordinates in PowerFactory are represented below.
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Figure 48: Single circuit tower type D.

Table 6: Conductor coordinates of tower D.

X1l | X2 | X3 Y1l Y2 Y3

Circuit 1 -2 2 6 11.75 | 11.75 | 11.75

Table 7: Earth wire coordinates of tower D.

X Y

Earth conductor 1 0 14

Earth conductor 2 4 14

C. Tower G

It is a double circuit tower of equal triangle spacing conductors with one earth wire
arrangement, as shown in figure 49 below. One phase circuit is marked as L1-L3 while the

second circuit phases are represented as M1-M3 and one earth wire as Q1.

O i
M1 LI
@ ()
A
M3 M2 L2 L3
@ (¢ @ @
A
<—> —DPC——>C———>C—>
2.25m .25m 2m 2m  2.25m  2.25m 11.76m fl4m
9.5m
/_7 \4 \4 4

Figure 49: Double circuit tower type G.
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Table 8: Conductor coordinates of tower G.

X1 X2 X3 Y1l Y2 Y3
Circuit 1 4.25 2 6.5 | 11.75 9.5 9.5
Circuit2 | -4.25 -2 -6.5 | 11.75 9.5 9.5

Table 9:Earth wire coordinates of tower G.

Y

Earth conductor 1

14

D. Tower H

It is a double circuit with horizontal conductors’ arrangement and one earth wire. The

conductors on one circuit are represented with LI-L3 and the second circuit with M1-M3.

<>
2.256m 2.25m 2m

€C—>C—>C—>
2m  2.25m  2.25m

e

-

11.75m | 14m

Figure 50: Double circuit tower type H.

Table 10: Conductor coordinates of tower H.

X1 X2 X3 Y1l Y2 Y3
Circuit 1 2 4.25 6.5 |11.75| 11.75 | 11.75
Circuit2 | -2 | -4.25 -6.5 |11.75| 11.75 | 11.75

Table 11: Earth wire coordinates of tower H.

Y

Earth conductor 1

14
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E. Tower K

On either side of the pole, three phase-conductors are mounted vertically. One earth wire,
labeled Q, runs from the top of the tower to the grounds seen in figure 51.

M1 L1
@ @-
M2 L2
@ o
M3
O
<> €«
2.25m .25m 2m 2m 2.25m

L3

2.25m

11.75m

Figure 51: Double circuit tower type K.

4.132kV Network Design in PowerFactory

Table 12: Conductor coordinates of tower K.

X1 X2 X3 Y1 | Y2 Y3
Circuit 1 2 4.25 6.5 |11.75]| 95 7.25
Circuit 2 -2 | 425 | -65 |11.75] 95 7.25

Table 13: Earth wire coordinates of tower K.

X

Y

Earth conductor 1

0

14

In summary, the Network physical topology is made up of 20 buses of nominal voltage 132kV,
nominal frequency of 50Hz, seventeen transmission lines of tower types C, D, G, H, and K,

twelve transformers, seven generators, seven nodes, and five loads.
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5 Simulations and Results (Transposed
Network)

In this chapter, all the simulations on the 132kv study networks 1 and 2 with more emphasis
on the radial network (study network 1) in symmetrical mode to ascertain the overvoltage on
the healthy phases for Peterson coil compensated and direct grounded systems during a single-
phase to ground fault. The simulation is of four stages which include:

1. Compensated Peterson coil located centrally in the main transformer station.
2. Compensated Peterson coil distributed in a radial system.

3. Directly grounded located at the central transformer station.

4. Direct grounding distributed in a radial system.

However, before carrying out the above simulations, load flow calculation and short circuit
calculation of the network are done to deduce the total fault current of the system needed to be
compensated. The Peterson coil's inductive reactance is mathematically calculated afterward
while neglecting the resistance since fault detection is not part of our objectives.
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(Transposed Network)
5.1 Load flow calculation.

The load flow calculations were carried out as shown in figure 52.

Extemsi Grid 1 Extemal Grid 2 Load2
] <]
I 1 A
217
962
0345
MG4 * MG300 .
MG420 = * * 1)
100 100
88 3185 17 . 3Bs 414
716 Loadt 25 180 21 %2
0155 043 0815 0083

Line 2
08
4
Be 169 #
76 109
LUne3 0153 0655 Line 1
&4 | A 328
#Hf 1 1500 0
v 5
e 087 oo P
80 " 00
0154 Fl 0000
9
Sm7T]
096

Line 4
7|7

Sox
-
[

006
Line 12
06

Hi-
GfB
L ]
215
22
ws 0034
oo *

Line 15
95

Line 17

2

1

1100
0481

Figure 52: Load flow calculation
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Expanding Bus Sh, and SD4-132 as in figure 27and 28,

Sh
132.6
1.01
all 40.0
5.1
0.175
N ™
s
&
75
0475 40.0
| 256

Figure 53: Bus Sh Load flow diagram before fault.

(Transposed Network)

SD4 - 132 o
= s

130.2
0.99
L7 116.4 75.0
5.2 18.8
0.516 0.343
Line 16
51.6
w_©
J"EO,' 0 Has
~ o
Figure 54: Bus SD4-132 Load flow diagram before fault.
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Figure 55: Bus SD2-132 load flow diagram before fault.
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(Transposed Network)

The flow diagram indicates bus voltages of Sh, SD4-132, and SD2-132 before fault as
1.01p.u, 0.99p.u and 0.98p.u respectively. The grid has a total generation of 520MW with the
external infeed of 268MW to give a total generation of 788MW, a total load of 775.0MW,
and an imbalance of 13.30MW because of Losses. See Appendix figure B1 for details.

Condition for deciding Overvoltage.

Voltages greater than 1.01p.u at bus Sh after a single-line ground fault is regarded as an
Overvoltage.

Voltages greater than 0.99p.u at bus SD4-132 after a single-line to ground fault are
considered an overvoltage.

Voltages above 0.98p.u at bus SD2-132 after a single-line to ground fault is taken to be an
overvoltage.

These boundary conditions are important in determining the overvoltage in the subsequent
sections.

5.2 Maximum single phase fault currents calculation.

This is done using the command prompt known as ComShc. Complete method for a single line
to ground fault on phase A on all the buses at break time of 0.1second, fault clearing time of
1second, resistance and reactance of fault as 0 ohms respectively. Short circuit calculation of
Appendix figure B2 shows the maximum fault current of radial study networks 1 and mesh
study network 2 of an isolated network model of figure 45 are 129A and 109A respectively as
shown in Appendix table B1. This is further used in calculating for the inductive reactance of
the Peterson coil.

Table 14: Maximum fault current of study network 1 and 2.

Study Networks Maximum fault current(A)
1(Radial Network) 129
2 (Mesh Network) 109

5.3 Peterson Coil Inductive Reactance Calculation.

For the Peterson coil to be able to compensate for the zero-sequence capacitance (Cyy), the
neutral grounding inductive reactance (X,,) of the coil needs to be known, assuming the parallel
resistance (R,,) is equal to zero since we are not interested in fault detection. It is advised to
overcompensate the network at 5% to avoid the network going into resonance when one
line/cable is disconnected during maintenance.

The formula for the calculation of the inductive reactance is given below in the equation---

X, = —

3(1)CON

(5.1)
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(Transposed Network)
Where:

X,, = Peterson coil inductive reactance (ohms)
Con= zero sequence capacitance (farad)
w= angular frequency = 2rf and f= 50Hz

But,
C — ICF
ON~ S ¥ (5.2)
©T3
Where:

I.r= capacitive fault current(kA)
V= line-line voltage (kV)

w= angular frequency = 2rf (rad s 1)

5.3.1 Forthe 129A capacitive fault current (I.r) of the radial study
networkl

14
ICF = BwCON E

Con = Icp _ 129 _ 129
oN Sw% 3 X(an)x% 3><(2><1r><50)><13j3kv
Cony = 1.80% 10~®Farad
But,
1 1
X, = = X, = 5910hm

3wCopN 3X(2Xmx50)%x1.80x1076’

5% overcompensation of X,, will be equal to 6200hm

5.3.2 For the 109A capacitive fault current (I.r) of the mesh study

network?2
_ \%4
_Iep _ 109 _ 109
CON - 14 132kV

- vV = 22
3“’@ 3X(271’f)><£ 3><(2><7><50)><

V3

Coy = 1.50% 10~®Farad
But,
1 1
X, = = X, =7070hm

3wCon 3x(2x%x50)x1.50x10‘6’

5% overcompensation of X,, value will be equal to 742ohm.
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(Transposed Network)

5.4 Overvoltage in a compensated centralized Peterson coil.

The essence of this simulation in Powerfactory is to ascertain the effect of overvoltage in a
centralized compensated network of an extended 132kV network designed in figure 45.

The network has a total transmission line length of 450km with fault currents of 129A and
109A on both study networks, see table 14.

A bolted single-line to ground fault was initiated at the middle and end of the radial line of
study network 1 as well as the end of the mesh study network 2. The Simulation results of
chapters 5 and 6 are made up of two parts: transient and steady part. The transient part is
because of the initiation caused by the simulation and that the compensation is near to the
resonance point, while the RMS overvoltage value measured over ground potential is taken
from the steady part of the simulation results.

5.4.1 Bolted single-line to ground fault at the middle of the radial study
network 1.
Single-phase to ground fault was initiated at 80% length distance of line 6 feeder (Phase A)

with centralized overcompensated Peterson coil of 620 ohms at transformer T3 as in figure 56.
The measured three-phase line to neutral voltages at the bus Sh is shown in figure 57.

|
SD3- 132 : ol

1265 g
098 n n "
03 Sh

1999 853 -1049 1326
5 1.01

50.1 128 144
R 4 7 47
0.92 0.38 0475 47 400

Figure 56: Single-line to ground fault at line 6 feeder with centralized Peterson coil at T3.
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0.208s
2220p.u 0271s
1.760 pu

YAV VYYD

VAV

-6.00
-0.1000 0.0200 0.1400 0.2600 0.3800 s 0.5000
s S Line-Neutral Voltage A
Sh: Line-Neutral Voltage B
e Sh: Line-Neutral Voltage C

Figure 57: Bus Sh Line-Neutral voltages for Centralized Peterson grounding (fault at middle
radial line).

Table 15: Overvoltage and fault current of centralized Peterson grounding (fault at middle
radial line).

Overvoltage (p.u) Fault current (kA) Short circuit power (MVA)

1.76p.u 0.003 0.244

The fault current values are shown in Appendix table B2.

5.4.2 Bolted single-line to ground fault at the ends of a radial study
network 1.

Single-line to ground fault was initiated at the end of the radial line bus BD, and its overvoltage
impact at bus Sh was measured as in figure 58.
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Figure 58: Bus Sh Line-Neutral voltages for Centralized Peterson grounding (fault at end of
radial line).

Table 16: Overvoltage and fault current of centralized Peterson grounding (fault at end of
radial line).

Overvoltage (p.u) Fault current (kA)

1.712 0.003

5.4.3 Overvoltage measured at the receiving end of the radial line.

The overvoltage value at the receiving end bushar SD2-132 overvoltage is shown in figure 59.
The reduction in overvoltage compared to 1.76pu measured at the sending end of bus Sh might
be because of the Ferranti effect.

Table 17: Overvoltage and fault current of centralize Peterson grounding (measured at the
receiving end SD2-132)

Overvoltage (p.u) Fault current (kA)

1.692 0.003
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SD2 -132: Line-Neutral Voltage A

SD2 -132: Line-Neutral Voltage B

SD2 -132: Line-Neutral Voltage C

Figure 59: Bus SD2-132 Line-Neutral voltages of centralized compensation at the receiving
end.

5.4.4 Bolted single-line to ground fault at the end of the mesh study
network 2.

A single line to ground fault was introduced at the bus Ha with Peterson coil
overcompensation of 742ohm at the central transformer station T5 of the mesh network of
figure 60.
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Figure 60: single-phase to ground fault at bus Ha with a Peterson coil inductive reactance at
T5.
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Figure 61: Bus SD4-132 Line-Neutral voltage (fault at end of mesh study network 2, bus Ha)

Table 18: Overvoltage and fault current of centralized Peterson grounding (fault at end of
mesh line).

Overvoltage (p.u) Fault current (kA)

1.726 0.007
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(Transposed Network)
See Appendix table B3 for the fault current detail.

5.5 Overvoltage in a compensated distributed Peterson coil.

Distributed compensation in a radial system is achieved with Peterson coil inductive reactance
value being distributed into several distribution transformers in the radial network. Practically,
for an equivalent 620 ohms Peterson inductive coil, two parallel neutral grounding inductive
reactance of equal values of 1240 ohms are set in parallel with the line earth capacitance. The
result of the simulation for 0.5seconds is shown below in figure 62.

4.00

-6.00
-0.1000 0.0200 0.1400 0.2600 0.3800 [s] 0.5000
— Sh: Line-Neutral Voltage A
Sh: Line-Neutral Voltage B
Sh: Line-Neutral Voltage C

Figure 62: Bus Sh Line-Neutral voltage of distributed Peterson coil compensation.

Table 19:Overvoltage and fault current of distributed Peterson coil grounding.

Overvoltage (p.u) Fault current (kA) Short circuit power (MVA)

1.735 0.003 0.234

See Appendix table B4 for details.
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5.6 Overvoltage in Directly grounded at the central transformer
station.

This is carried out for faults in the middle of the transmission line. Transformer T3 is directly
grounded at the low voltage side during a single phase to ground fault at line 6 feeder. The
simulation result is as shown below:

-6.00
-0.1000 0.0200 0.1400 0.2600 0.3800 [s] 0.5000

Sh: Line-Neutral Voltage A
Sh: Line-Neutral Voltage B
e Sh: Line-Neutral Voltage C

Figure 63: Bus Sh Line-Neutral voltage for centralized direct grounding (fault at middle radial
line)

Table 20: Overvoltage and fault current for centralized direct grounding.

Overvoltage (p.u) Fault current (kA)

1.307 1.126

The result shows a reduced overvoltage of 1.307p.u on the healthy phases of B and C, and a
drastic increase in the earth fault current of 1126A. Appendix table B5 shows the detailed fault
current.
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5.7 Overvoltage in Directly grounded distributed in a radial
system.

For a directly grounded network distributed in a radial transformer, the simulation result shown
in figure 64 is for two transformer stations directly grounded as a single line to ground fault
was carried out.
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Figure 64: Bus Sh Line -Neutral voltages of a direct distributed grounding in a radial network.
There is no overvoltage in this case scenario because the voltage value 0.977<1.01 p.u.
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6 Simulations and Results (Un-transposed
Network)

The un-transposed network creates an unbalanced voltage and current in the steady-state
operation of the system[38]. The following simulation was carried out on the 132kV network
to ascertain the effect of an un-transposed line on the overvoltage due to events of single-
phase to ground faults for a compensated and direct grounding centralized and distributed as
follows.

1. Compensated Peterson coil located centrally in the main transformer station.
2. Compensated Peterson coil distributed in a radial system.

3. Directly grounded located at the central transformer station.

4. Direct grounding distributed in a radial system.

6.1 Overvoltage in a centralized compensated Peterson coil
grounding.

The simulations were carried out for a single-line ground fault at the middle and end of a
radial line of study network 1. Study network 2(mesh) was also studied for overvoltage that
occurs at its end.

6.1.1 Single-line to ground fault at the middle of the radial study network
1.

Compensating an un-symmetrical system of 129A earth fault current with a neutral inductive
reactive Peterson coil of 620 ohms on Powerfactory gave the simulation result below during a
single-phase to ground fault at 80% length distance of line 6 feeder.

w ;
| / / l'l’l'l'l’ 'l'l |

20,1000 00200 0.1400 02600 03800 2] 0.5000

s

— S,

Figure 65: Bus Sh Line-Neutral voltage for centralized Peterson coil grounding (fault at
middle of a radial line).
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The result shows an unbalance in the voltages of the phases before the short circuit event and
the recorded overvoltage and fault current are as seen in table 21.

Table 21: Overvoltage and fault current for centralized Peterson coil grounding (fault at
middle radial line).

Overvoltage (p.u) Fault current (kA)

1.729 0.006

Fault current table is shown in Appendix table B7

6.1.2 Single-line to ground fault at the end of a radial study network 1.

The overvoltage measured at bus Sh for a single-phase to ground fault at the end of a radial
line bus BD is shown in figure 66.
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Figure 66: Bus Sh Line-Neutral voltage for centralized Peterson coil grounding (fault at end
of a radial line).
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(Un-Transposed Network)

Overvoltage (p.u) Fault current (kA)

1.757 0.006

A fault that occurs at the end of a radial line of an un-transposed transmission line gives a
higher overvoltage of 1.757p.u relative to 1.729p.u when a fault was at the middle of the
radial line with a fault current of 0.006kA of Appendix B6.

6.1.3 Single-line to ground fault at the end of the mesh study network 2.

The simulation result is shown below, however unsymmetrical line increases the earth fault
current (0.008kA) for faults at the end of a mesh network as seen in Appendix table B7 with
an overvoltage of 1.732pu

SD4 - 132: Line-Neutral Vol
SD4 - 132: Li tral Vol

Figure 67: Bus SD4-132 of study network 2 (fault at end of mesh line).

6.2 Overvoltage in a distributed compensated Peterson coil
grounding.

Distributed compensation with Peterson coil simulation for an unsymmetrical line is achieved
as shown in the diagram below.

70



6. Simulations and Results
(Un-Transposed Network)
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Figure 68: Bus Sh Line-Neutral voltage for distributed compensated Peterson coil.

Distributed Peterson coil reduces the Overvoltages on the healthy phase irrespective of the
Network being transposed or not however, the major difference between the transposed and
un-transposed is that the unsymmetrical transmission lines double the earth fault current of a
compensated Peterson coil grounded system.

6.3 Overvoltage in a directly grounding located at the central
transformer.

The result simulation is as shown in figure 69, with only the main transformer station directly
grounded in the event of a single line to ground fault at the end of the line 6 feeder.
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Figure 69: Bus Sh Line-Neutral voltage for un-transposed direct grounding located at the
central transformer.

From figure 42 above, it is evident that there is not any unbalance in the phase voltages
before the fault when the network is directly grounded. There is also a reduced overvoltage
when the system is directly grounded compared to compensated Peterson coil grounding. In
addition to the above-mentioned advantages of using direct centralized grounding for an un-
transposed transmission line, the earth fault current is 1.136kA compared to the 1.126kA
earth fault current recorded when the electrical network is directly grounded in the central
transformer for a transposed line. See Appendix table B4 and table B8. That is to say that the
effect of a non-symmetry transmission line has a minimal effect on the earth fault current
when directly grounded compared to compensated grounding, where the earth fault current is
doubled.

6.4 Overvoltage in a directly grounding distributed in a radial
system.

Two transformer stations were directly grounded in a radial system to achieve a distributed
direct grounding during a single-phase to ground fault at line6. The bus Sh voltages at the end
of the simulation for 0.5 seconds are shown in figure 70 below.
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Figure 70: Bus Sh Line-Neutral voltage for un-transposed direct grounding distributed in a
radial network.

The result indicated that there is no overvoltage in the healthy phase for a direct grounding
distributed in a radial network.
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8. Conclusion

7 Discussions

To maintain robustness and operational safety of the Vestfold and telemark region, there is a
need to strengthen the grounding systems of the transmission/distribution network. This
chapter discusses the impact of an additional load on compensated Peterson coil grounding
and Direct grounding in terms of the following:

7.1 Overvoltage and fault current.

The overvoltage and fault current in simulation results of chapters 5 and 6 are analyzed for
both transposed and un-transposed transmission lines.

7.1.1 Centralized compensated Peterson coil versus Centralized Direct
grounding (transposed line).

Plot of overvoltage and ground current in centralized
peterson and direct grounding.

1.76
2 133 g
1.5 '
1
0.5 ’ 0.003 /
0
Overvoltage (p.u) Earth Fault current(kA)
Centralized Peterson Centralized Direct

Figure 71: Overvoltage and earth fault current plot for both centralized Peterson coil and
direct grounded.

The research result shows that a compensated Peterson coil shows a higher overvoltage
increase of about 80% line to the neutral voltage on the heathy phases, which is close to the
worst-case scenario of 1.8p.u that can be recorded with Peterson coil grounding, with a
reduced fault current of 0.003kA whereas a centralized direct grounded overvoltage increases
of about 30% with an increased fault current of 1.126kA as shown in figure 71 above. It is
presumed that at 50 Hz, the capacitance in parallel with the coil provides a zero-sequence
impedance that is theoretically limitless[34]. For a reduced network of ours, there is a
possibility of extinguishing the fault arc and fault isolated by distance protection within the
shortest time < 200ms. Another advantage of resonant grounding using Peterson coil over
the direct grounding method is that the line voltages of the healthy phases B and C are
maintained at 132.723kV and 132.717kV respectively, as seen in Appendix Table B2. Thus,
there will be a continuous operation of the network load between 1-2 hours. However, for an
earth fault current of 50A and above in a large network, this may be dangerous for both
personnel and system components if the fault is not isolated within the shortest time.
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8. Conclusion
7.1.2 Distributed compensated Peterson coil versus distributed Direct
grounding (transposed line).

PLOT OF OVERVOLTAGE AND GROUND
CURRENT IN DISTRIBUTED PETERSON

AND DIRECT GROUNDING.

3 2.839

Overvoltage ga.u) o Earth Fault current(kA)
Distributed Peterson Distributed Direct

Figure 72: Plot of overvoltage and ground current in distributed Peterson and direct
grounding.

Distributing direct grounding to two transformer stations increased the fault current by two
with no overvoltage on the healthy phase, whereas the overvoltage on healthy phases as well
as the fault current for a compensated system was reduced, as seen in figure 47. This is to say
that the fault current value of a distributed direct grounding is directly proportional to the
number of transformer stations. Disconnection of any compensation coil in the network will
not affect the performance of the entire network; however, this can lead to an increase in the
cost of maintenance and installation of such a network. To limit the earth fault current in

distributed direct grounding, it is advised to reduce the number of directly grounded
transformer stations.

7.1.3 Comparison between centralized compensated Peterson coil
grounding and distributed compensated Peterson grounding (radial
transposed line).

The result analysis of table 22 indicates that distributing Peterson coil grounding to one or
more transformer stations has a minimal significant effect on the overvoltage with no effect
on the fault current. Similarly, the short circuit power tends to reduce when the Peterson coil
is distributed. The reduced value of the short circuit power Sk (MVA) could be to the
reduction in the active and reactive earth fault currents and active losses due to the increase in
length of the cable in a radial network. Centralized compensation poses a problem to increase
in active losses as the cable length increases. To solve this challenge, distributed
compensation is preferred, perhaps comparing the smaller test networks (1 and 2) to a more
realistic network model would have revealed more significant differences, and such a survey
could be used as part of future research.
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Table 22: Centralized Peterson coil grounding versus Distributed Peterson coil grounding.

Overvoltage (p.u) | Fault current (kA) | Short circuit power (MVA)

Centralized 1.760 0.003 0.244

Distributed 1.735 0.003 0.234

7.1.4 Comparing centralized compensated Peterson coil(transposed) with
centralized compensated Peterson coil (un-transposed line).

This capacitive and inductive unbalance for the un-transposed transmission line is most
visibly in a compensated Peterson coil grounding. The plot below shows the result analysis of
the earth fault current for both transposed and un-transposed lines for compensated Peterson
coil.

Earth Fault current(kA)

transposed)
Compensated Peterson ( transposed)
0 0.0010.0020.0030.0040.0050.006

Figure 73: Compensated Peterson coil grounding(transposed) versus compensated Peterson
coil grounding(un-transposed).

The fault current doubles for a compensated Peterson coil when the transmission lines are un-
symmetrical to when the lines were transposed.

7.1.5 Comparing centralized direct grounding (transposed) with centralized
direct grounding (un-transposed line).

An un-symmetrical line creates no voltage unbalance for a directly grounded system but
shows a small increase in fault current as in table 23. This could be because of the absence of
inductive/capacitive reactance effect in direct grounding.
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Table 23: Overvoltage and fault current for both direct grounding (transposed and un-

transposed).
Overvoltage (p.u) Fault current (kA)
Transposed 1.307 1.126
Un-transposed 1.300 1.136

7.1.6 Overvoltage at the middle of a radial line verses end of a radial line
for a compensated Peterson coil (transposed line).

Overvoltage at the end of the radial line for a resonant grounded system is lower than that at
the middle of the radial line, as shown in table 24.

Table 24: Overvoltage and fault current (fault at middle and end of radial line).

Overvoltage (p.u) Fault current (kA)
Middle of radial line 1.760 0.003
End of the radial line 1.712 0.003

Capacitance tends to increase with an increase in the length of the transmission line, which in
turn reduces the line to neutral voltages at the end of the radial line.

7.1.7 Overvoltage at the end of a mesh network for a compensated
Peterson coil grounding (study case 2 transposed line)

The overvoltage for fault at the end of a mesh network is seen to be higher than that at the
end of a radial network in table 25, with a high fault current value of 0.007kA compared to
that at the end of the radial line in table 24.

Table 25: Comparison between overvoltage and fault current (for fault at end of mesh and

radial lines).

Overvoltage (p.u)

Fault current (kA)

End of a mesh network

1.726

0.007

End of a radial network

1.712

0.003
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8. Conclusion
7.2 Touch and Step Voltages.

These voltages play a very important role in the designing of the grounding system due to the
rise in earth potential during ground faults. The earth's potential is a product of the resistance
to the ground and the earth's current. The tower impedance determines the grounding
system's resistance to ground in the case of steel towers [27]; thus, a reduced earth current
and resistance to the ground will invariably reduce the touch and step voltages.

The potential ground rise of a compensated Peterson coil grounding in chapter 5 for a fault at
line 6 feeder of tower type D gave a maximum ground current of 0.003kA, assuming the
ground resistance to be 12Q.

GPR = IGmax X RG (71)
GPR=0.003kAx12 = 36volts

Similarly, the Ground potential for a directly grounded system of chapter 5 will give a GPR
value of:

GPR = I;pmax X R

GPR=1.126kAx12 = 13,512volts
Comparing the two, compensated Peterson grounded system has a lower touch and step
voltage after being compensated with the Peterson coil and can only last for the time duration
of seconds. The direct grounded system shows a high touch/step voltage which can last for
more than 10seconds if not isolated within the shortest time. This poses a danger to both
personnel and the system equipment within the vicinity. Touch- and step-voltages can be
lowered by putting extremely resistive surface layers on the ground around towers, such as
bedrock, or by properly connecting the tower footing to highly conductive soil layers with
ground electrodes, lowering the total neutral to ground impedance [27].
Tower D of a single circuit with double earth wire has multiple parallel resistance to ground
and will give rise to a reduced total equivalent resistance to ground. This has a more reduced
touch/step voltage compared to towers G, H, C, and K.

7.3 Fault detection.

Lower fault currents below 50A can easily be disconnected using a distance relay by comparing
the total line impedance with the measured total positive sequence impedance. For a
compensated Peterson coil of a small network like ours, the fault current of 3A will easily be
detected by the distance relay and overcurrent relay without the tripping of the circuit breaker
within the shortest time duration for fault currents that are less than the load current. However,
a permanent ground-fault current of 50A and above will remain until the fault is isolated
manually by the control center. Assuming a tower line without a ground wire, it will be difficult
for the distance relay to operate. Tripping. In direct grounding, the fault current is cleared with
the help of non-directional and directional overcurrent relays.

7.4 Compensation Degree.

Changes in network topology, on the other hand, alter total shunt capacitance and capacitive
earth fault current; therefore, coil inductance should be changeable to maintain the
compensation degree constant [39]. The degree of compensation (K) can be mathematically
stated in the equation 7.2.
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Where:
K = Degree of compensation

I, = Inductive current of the Peterson coil in Amperes

I.= Capacitive current component of the fault current in Amperes

K> 1 = overcompensation.

K< 1 = undercompensation.

8. Conclusion

(7.2)

K = 1 = Resonance, so to avoid overvoltage that can lead to system breakdown due to

oscillation between the inductance and capacitance, K = 1 + 5%.

The degree of compensation affects the residual earth’s current value. Analysis of this is shown
in table 26 and graph plot of figure 74.

Table 26: Degree of compensation verses fault current (transposed and un-transposed).

% Compensation

Fault current for transposed
line (A)

Fault current for un-
transposed line (A)

100 9 15
101 8 16
102 7 17
103 5 18
104 4 19
105 3 20
106 2 20
107 1 21
108 0 22
109 1 23
110 2 24
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Degree of compensation verse fault current
(transposed and un-transposed lines)
30
25
20
15

—@— Transposed line
10

fault current (A)

—@— Un-transposed line

98 100 102 104 106 108 110 112

compensation degree (%)

Figure 74: Compensation degree plot against earth fault current.

The analysis supports that the residual earth current of a transposed line decreases as the
degree of compensation increases, and this can affect the touch and step voltage if not being
checked. At 8%, the Peterson coil compensates all the capacitive current of infinite zero
sequence impedance to result in zero amperes of fault current, which is contrary to what we
know about resonance at 100 % compensation; the fault current is zero given symmetrical
capacitances. However, this shift in resonance maybe because of power losses of 13.30MW
in the system and the impact of the zero-sequence impedance of the transformer with
reference to [40]. Based on this development, the operating compensation through the
calculations of the designed 132kV network is:105 % / 108 % = 97,2 %. For an un-
transposed line, the fault current increases as the compensation degree increase invariably.
This will be a treat to both personnel and system equipment if not checked.
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8 Conclusion

A summary of the research analysis done on the 132kV network has proven the following

point:

That a centralized Peterson coil grounded, the system shows a higher overvoltage of
1.76, which is the line RMS voltage over ground potential during single-phase fault
when the impact from capacitances is neglected and reduces the fault current
drastically than a centralized direct grounded system of 1.30 overvoltage with an
increased fault current.

The fault current value of a distributed direct grounding is directly proportional to the
number of transformer stations.

Distribution of compensated Peterson coil to two or more transformer stations shows
a minimal effect on the overvoltage with no effect on the fault current.
Un-transposition of the transmission line doubles the earth fault current of a
centralized Peterson coil grounding with little or no effect on overvoltage and fault
current in a directly grounded network.

Overvoltage recorded at the middle of a radial line in a compensated Peterson coil
grounding is higher than that at the end of the radial line considering the capacitance-
voltage relationship for a transposed line.

A mesh network shows an increased fault current of 7A compared to that of a radial
line of 3A.

Peterson coil resonant grounding has a lower touch and step voltage and can only last
for a time duration of seconds, while the Direct grounded system shows a high
touch/step voltage which can last for more than 10seconds for fault currents less than
50A.

Detection of fault in compensated resonant grounding is always difficult due to the
reduced fault current, unlike in the direct grounded network.

Overcompensation in a Peterson coil resonant grounding reduces the earth current for
transposed transmission lines, whereas the case is different for an un-transposed line.

8.1 Further work

The following has been proposed as further work on this topic based on some limitations:

The overvoltage effect on the proposed Network for other frequency harmonics
should be considered for further research.

Safety issues and impacts from system grounding (resonant and direct) onto
operational security should be investigated.

The overvoltage impact on both distributed and centralized Peterson coil grounding
should be investigated using a more realistic network model.

Shift in resonance at 100% compensation in resonance grounding should be
investigated for networks with and without losses.
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Appendices A

Appendices

132kV Network Configurations - Given by
Gunne J.Hegglid

Example Network .

Main Grid - 420 / 300 kV.

Bus MG420 - Short circuit infeed capacity 20 kA / Sk3 = 15.000 MVA.

Bus MG-300 - Short circuit infeed capacity 10 kA / 5000 MVA.

Transformers.
MG420 bus 1
MG420 bus 1
MG300 bus 2
MG300 bus 2
MG300 bus 2
Lines
1 SD1-132
2 Fl
3 SD1-132
4 KS
5 Mn
6 SD2-132
7 Ng
8 GfA
9 Af
10 SD3-132
11 AmaA
12 Ha
13 AmB
14 SD3-132
15 Nd
16 SD4-132
17 Kb

Data power plants.

Transformer

Sn

MVA
Fi 4 200
Af 11 27
GfB 17 37
Ha 15 150
Nd 18 150
Kb 20 100
Sh 12 70

SD1-132 bus 3
MG300 bus 2
SD2-132 bus 8
SD3-132 bus 13
SD4-132 bus 19

Unl
kv

132
132
132
132
132
132
132

MVA

600
2000
200
400
250

FI
BD
KS

Mn

SD2-132

Ng
GfA
Af

GfB

Unl

420
420
300
300
300

Un2
kv

1
11
11
11
11
11
sl

Un2

132
300
132
132
132

132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132
132

ek

11%
11%
11%
11%
11%
11%
11%

—
oloinn@ine oo o oo |olx|T|T|TiE

Connection

Ynd
Ynd
Ynd
Ynd
Ynd
Ynd
Ynd

Nup
16
0
16
16
16
L
86
25
4
6
14
22
30
5
42
65
10
10
18
54
13
20
26
Generator
Sn
MVA
200
27
37
150
150
100
70

Q (FeAl) or conductor wire

Ndwn

16
0
16
16
16

329
253
329
253
150
120
120
120
120
131
253
253
150
150
150
253
253

Un
kv

11
11
11
11
11
11
1

dN

1%
0
1%
1%
1%

R-A
R-B

Loads
Un
kv MW

132
300
132
132
132

200
150
150
200
75

cosfi

Grd W or earth wire

No
FeAl 150
FeAl 120
FeAl 50

St 50
St 50
St 50
St 50

95

120

120

No

95

95
2 %95
2x95

xd'
pu

0.25
0.25
0.25
0.25
0.25
0.25
0.25

Pmax

150
23
32

120

130
80
60

85

0.97
0.97
0.97
0.97
0.97
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Appendices B
132kV Network Model

Grid: Summary Grid L
Generation = 520.00 MW 20.99 Mvar 520.42 MVA
External Infeed = 26830 MW 246.22 Mvar 364.15 MVA
Inter Area Flow = 0.00 MW 0.00 Mvar
Load P(U) = 775.00 MW 19423 Mvar 798.97 MVA
Load P(Un) = 775.00 MW 19423 Mvar 798.97 MVA
Load P(Un-U) = 0.00 MW 0.00 Mvar
Motor Load P = 0.00 MW 0.00 Mvar 0.00 MVA
Losses = 13.30 MW 72.97 Mvar
Line Charging = -33.55 Mvar
Compensationind. = 0.00 Mvar
Compensation cap. = 0.00 Mvar
Installed Capacity = 595.68 MW
Spinning Reserve = 75.68 MW
Total Power Factor:
Generation = 1.00 []
Load/Motor = 0.97/0.00 []
Figure B 1:Grid Summary
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Figure B 2: Short circuit calculation
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Table B 1: Maximum fault current of study network 1(red color) and study network 2 (green color).

Project(li study Case, Complete'/ Max. Short-Circuit Currents

Break Time Fault Clearing Time (Ith)

0.10s 1.00s

Resistance, Rf Reactance, Xf

0.00 Ohm 0.00 Ohm

Terminal| Grid | Operation Rated Voltage Phase |Fault Voltage |Fault Voltage | c- Sk" 1k" | Ik" Angle Ik. Ik. Angle | ip Ib ib

Scenario (kV) (kV) Angle Factor | (MVA) (kA) (deg) (kA) (deg) | (kA) | (kA) | (kA)

Af Grid 132.000 A 0.000 0.000 1.000{9.388 0.123 91.512 0.123] 91.501| 0.272| 0.123| 0.202
B 133.403 -148.384 0.000 0.000 0.000 0.000 0.000{ 0.000{ 0.000| 0.000
C 134.028 152.703 0.000 0.000 0.000 0.000 0.000{ 0.000{ 0.000| 0.000

SD4 -

132 Grid 132.000 A 0.000 0.000 1.000(8.282 0.109 91.394| [Om09| 91.394]| 0.290| 0.109| 0.252
B 130.865 -148.490 0.000 0.000 0.000 0.000 0.000{ 0.000{ 0.000| 0.000
(e 130.933 151.851 0.000 0.000 0.000 0.000 0.000{ 0.000{ 0.000| 0.000

Sh Grid 132.000 A 0.000 0.000| 1.000(9.797 0.129 93.219 - 93.195| 0.297| 0.129| 0.296
B 135.562 -146.334 0.000 0.000 0.000 0.000 0.000| 0.000 0.000| 0.000
C: 136.360 155.199 0.000 0.000 0.000 0.000 0.000| 0.000/ 0.000| 0.000

Table B 2: Fault current after centralized compensated Peterson coil (radial network).

p—
Project Project(1)
Study Case Study Case
Method complete
Single Phase to Ground / Max. Short-Circuit Currents
Short-Circuit Duration  Break Time Fault Clearing Time (Ith)
0.10s 1.00s
Fault Rf R Xf
0.00 Ohm 0.00 Ohm
Use Selection 44> M
Terminal Grid Operation Scenario Rated Voltage Phase Fault Voltage Fault Voltage Angle c-Factor Sk* k" Ik" Angle
- - v (kV) hd hd (kV) v (deg) v - (MVA) (kA) - (deg) -
P 52 [~ Sh | %% Grid | 132.000(A 0.000} 0.000} 1.000 0.243 -78.081
59 | B 132.723 -145.245 0.000] 0.000[ 0.00C
| 60] | | [ c 132717 154.716) 0.000) 0.000] 0.00¢
Table B 3: fault current after centralized Peterson coil compensation ( mesh network).
Terminal | Grid | Operation | Rated Voltage | Phase | Fault Voltage | Fault Voltage Angle | c-Factor Sk" 1k" 1k" Angle Ik. Ik. Angle ip b ib
(k) () (deg) (Mva) (ka) (deg) | (<A) | (deg) | (k&) | (kA) | (kA)
KS Grid 132.000 A 0.000 0.000 1.000/8.932 0.117 88.565 0.117 88.565 0.305 0.117| 0.206
B 130.142 -151.385 0.000 0.000] 0.000] 0.000 0.000 0.000; 0.000| 0.000
C 130.200 148.829| 0.000 0.000 0.000| 0.000 0.000 0.000 0.000| 0.000
SD4-132 |Grid 132.000 A 0.000 0.000] 1.000/0.540 10.007| 87.428 0.007| 87.428 0.019 0.007| 0.016
B 130.264 -148.308| 0.000 0.000 0.000 0.000 0.000 0.000| 0.000| 0.000
C 130.272 151.714 0.000 0.000] 0.000| 0.000! 0.000] 0.000; 0.000| 0.000
Sh Grid 132.000 A 0.000 0.000 1.000/9.797 0.129 93.219 0.129 93.195 0.297 0.129| 0.296
B 135.562 -146.334 0.000 0.000] 0.000| 0.000] 0.000 0.000; 0.000| 0.000
C 136.360 155.199 0.000 0.000 0.000 0.000 0.000 0.000 0.000| 0.000
Table B 4: Short circuit power of a distributed compensated Peterson coil.
Terminal | Grid |Operation | Rated Voltage | Phase |Fault Voltage |Fault Voltage Angle | c-Factor Sk 1Kk" Ik" Angle Ik. Ik. Angle ip Ib ib
() (kv) (deg) va) | gea) (deg) | (kA) | (deg) | (k) | (kA) | (iA)
SD1-132 Grid 132.000 A 0.000 0.000 1.000(0.218 0.003 -79.985 0.003 -79.985) 0.008, 0.003 0.008
B 129.812 -151.178| 0.000 0.000 0.000 0.000 0.000 0.000 0.000( 0.000
C 129.813 148.818 0.000 0.000 0.000 0.000 0.000 0.000 0.000(  0.000
sD2-132  |Grid 132.000 A 0.000 0.000 1.000(0.218 0.003 -80.996 0.003 -80.996 0.007 0.003 0.005
B 128.782 -151.969| 0.000 0.000 0.000 0.000 0.000 0.000 0.000( 0.000
C 128.783 148.024 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sh Grid 132.000 A 0.000 0.000 l.UUU’_- 0.003 -75.167 0.003 -75.167 0.007 0.003 0.007
B 132.724 -145.247| IUDDD 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C 132.722 154,714 IU.DDD 0.000 0.000 0.000 0.000 0.000 0.000| 0.000
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Table B 5: Fault current for a centralized direct grounding at the middle of the radial line.

Appendices

Terminal| Grid Operation | Rated Voltage | Phase | Fault Voltage | Fault Voltage Angle | c-Factor Sk" k" 1k" Angle 1k. 1k. Angle ip b ib
(kv) (kv) (deg) (MVA) (kA) (deg) (kA) (deg) (kA) | (kA) | (kA)
SD3 - Grid 132.000 A 0.000 0.000;] 1.000/8.088 0.106 90.140 0.106 90.139 0.281| 0.106| 0.236
B 129.286 -149.864 0.000 0.000| 0.000 0.000 0.000| 0.000] 0.000{ 0.000
C 129.349 150.374 0.000 0.000| 0.000| 0.000 0.000| 0.000] 0.000{ 0.000
SD4 - Grid 132.000 A 0.000 0.000 1.000/8.282 0.109 91.394 0.109 91.394 0.290| 0.109| 0.252
B 130.865 -148.490] 0.000 0.000 0.000| 0.000 0.000| 0.000] 0.000{ 0.000
C 130.933 151.851' 0.000 0.000 0.000 0.000 0.000 0.000 0.000{ 0.000
Sh Grid 132.000 A 0.000 0.000; 1.000|85.843 m -68.196| 1.116 -68.148 2.604| 1.117| 2.584
B 103.867 -137.900 0.000 04000| 0.000| 0.000 0.000| 0.000{ 0.000{ 0.000
C 108.079 144.533 0.000 04000| 0.000]| 0.000 0.000]| 0.000] 0.000| 0.000
Table B 6: fault current of a distributed direct grounding.
Terminal | Grid | Operation Rated Phase | Fault Voltage | Fault Voltage Angle |c-Factor Sk" 1Kk" k" Angle 1k. 1k. Angle ip b ib
Scenario Voltage (kv) (deg) (MvA) (kA) (deg) (kA) (deg) (kA) (kA) (kA)
SD3 - 132 |Grid 132.000 A 0.000 0.000| 1.000|8.088 90.140 0.106 90.139| 0.281 0.106 0.236
B 129.286 -149.864 0.000 0.000 0.000 0.000{ 0.000 0.000{ 0.000|
C 129.349 150.374 0.000 0.000 0.000 0.000{ 0.000 0.000 0.000:
SD4-132 |Grid 132.000 A 0.000 0.000{ 1.000(8.282 91.394 0.109 91.394| 0.290 0.109| 0.252]
B 130.865 -148.490 0.000 0.000 0.000 0.000{ 0.000 0.000 0.000
& 130.933 151.851 0.000 0.000 0.000 0.000{ 0.000 0.000{ 0.000
Sh Grid 132.000 A 0.000 0.000| 1.000{216.354 3¢ -76.437 2.778 -76.138| 6.562 2.783 6.465
B 77.084 -110.476 0.000 .OOﬁi 0.000 0.000 0.000{ 0.000 0.000 0.000|
€ 71.093 122.237 0.000 0.000J 0.000 0.000 0.000{ 0.000 0.000{ 0.000]
Table B 7: fault current for an un-transposed network 1for a centralized Peterson coil grounding.
Terminal| Grid Operation | Rated Voltage | Phase | Fault Voltage |Fault Voltage Angle | c-Factor Sk" k" 1k" Angle 1k. Ik. Angle ip Ib ib
5 i (kV) (kv) (deg) (MVA) (kA) (deg) (kA) (deg) (kA) (kA) | (kA)
SD2 -132|Grid 132.000 A 0.000 0.000 1.000/0.435 0.006 -7.790] 0.006 -7.790 0.014| 0.006] 0.012]
B 128.584 -151.814 0.000 0.000 0.000 0.000] 0.000 0.000] 0.000] 0.000|
C 128.785 147.916 0.000 0.000 0.000 0.000] 0.000 0.000] 0.000] 0.000|
Sh Grid 132.000 A 0.000 0.000 1.000/0.459 0.006] -7.212 0.006/ -7.212| 0.014| 0.006 0.014
B 133.195 -145.368 0.000 0.000] 0.000] 0.000 0.000] 0.000| 0.000| 0.000
C 132.676 154.876 0.000 0.000 0.000 0.000] 0.000 0.000] 0.000| 0.000|
Table B 8:fault current for a single ground fault at the end of a mesh study network 2(Unsymmetrical).
Terminal | Grid | Operation [Rated Voltage| Phase | Fault Voltage | Fault Voltage Angle | c-Factor Sk" k" 1k" Angle Ik. Ik. Angle ip Ib ib
i (kv) (kv) (deg) (MVA) (kA) (deg) (kA) (kA) (kA) (kA)
SD2-132 Grid 132.000 A 0.000 0.000 1.000/9.088 0.119, 85.189 0.119, 85.189 0.297, 0.119, 0.249
B 129.134 -152.115 0.000 0.000 0.000 0.000 0.000 0.000, 0.000
C 129.465 148.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000
SD3-132 Grid 132.000 A 0.000 0.000 1.000/0.620 0.008, 68.360 68.360 0.022 0.008, 0.018
B 128.962 -149.720 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C 128.832 150.308 0.000 0.000 0.000 0.000 0.000 0.000 0.000
SD4 - 132 Grid 132.000 A 0.000 0.000 1.000/0.647 0.008 69.068! 69.068 0.023 0.008, 0.020
B 130.039 -148.270 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C 130.309 151.609 0.000 0.000| 0.000 0.000 0.000| 0.000| 0.000
Table B 9: fault current for a directly grounded at the central station. (unsymmetrical).
Terminal | Grid Operation |Rated Voltage| Phase | Fault Voltage | Fault Voltage Angle |c-Factor| Sk" k" |Ik" Angle| k. Ik. Angle | ip Ib ib
Scenario (kv) (kv) (deg) (MVA) (kA) (deg) (kA) (deg) (kA) (kA) (kA)
SD3-132  |Grid 132.000 A 0.000 0.000 1.000|8.150 0.107| 88.986 0.107| 88.985| 0.284 0.107 0.238]
B 129.361 -149.851 0.000 0.000 0.000 0.000 0.000{ 0.000 0.000 0.000
C 129.287 150.394 0.000 0.000 0.000 0.000 0.000{ 0.000 0.000 0.000|
SD4-132  |Grid 132.000 A 0.000 0.000 1.000|8.334 0.109| 89.898 0.109| 89.898| 0.292 0.109 0.254]
B 130.638 -148.453 0.000 0.000 0.000 0.000 0.000{ 0.000 0.000 0.000
€ 130.975 151.747 0.000 0.000 0.000 0.000 0.000{ 0.000 0.000 0.000]
Sh Grid 132.000 A 0.000 0.000 1.000{86.603 [17136| -68.281 1.126| -68.241| 2.627 1.127 2.606
B 104.921 -138.166 0.000 0.000 0.000 0.000 0.000{ 0.000 0.000 0.000
c 107.253 144.101 0.000 0.000/ 0.000/ o0.000/ 0.000/ 0.000/ 0.000/ 0.000
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