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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. 
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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. 
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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 

1. The grid resistance (𝑅𝐺) is assumed to be 12ohm. 

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

3. The sag of the transmission lines is neglected. 

4. The soil is a homogenous mixture.  

5. Skin and proximity effect likewise permeability of FeAl is neglected. 

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

 

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. 
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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]. 

 

Figure 1: Classification of Fault 

 

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. 

 

(a)                                   (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 Va1, Vb1, Vc1. 

     

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

2.2.3  Zero sequence 

They are three phasors of equal magnitude but zero-degree phase angle where 𝐼𝑎𝑜 = 𝐼𝑏𝑜 =
𝐼𝑐𝑜 = 𝐼𝑜 and 𝑉𝑎𝑜 = 𝑉𝑏𝑜 = 𝑉𝑐𝑜 

     

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 + 𝑉𝑎2       (2.1) 

𝑉𝑏 =𝑉𝑏𝑜 + 𝑉𝑏1 + 𝑉𝑏2       (2.2) 

𝑉𝑐 = 𝑉𝑐𝑜 + 𝑉𝑐1 +  𝑉𝑐2                                    (2.3) 

Using the operator, a = 1< 120°= - 
1

2
+ 𝑗

√3

2
 

    𝑎2 = 1< 240° =  −
1

2
− 𝑗

√3

2
 

                               𝑎3 =1< 360° = 1 

 

[15] 

Thus, the sequence element of an unbalanced system is given as: 
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𝑉𝑎1 =  
1

3
[𝑉𝑎 + 𝑎𝑉𝑏 + 𝑎2𝑉𝑐]       (2.4) 

𝑉𝑎2 =  
1

3
[𝑉𝑎 + 𝑎2𝑉𝑏 + 𝑎𝑉𝑐]       (2.5)  

 𝑉𝑎0 =  
1

3
[𝑉𝑎 + 𝑉𝑏 + 𝑉𝑐]       (2.6) 

It is importantant to know that there is no zero sequence in a balanced three phase system  
since : Va + Vb + Vc = 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. 

 

  

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. 

Ib =  Ic = 0  and Va =  ZfIa 

3. Using the transformation matrix 𝐴−1to change current and voltage from step 2 from a-

b-c to 0-1-2. 

 

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

Iao = Ia1 = Ia2 =
1

3
Ia        (2.7) 

Then, Ia= If =3Ia1 where If = fault current. 

And the voltage at phase a: 
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𝑉𝑎 = 𝑍𝑓𝐼𝑎  =3𝑍𝑓𝐼𝑎1.        (2.8) 

Using the symmetrical component properties: 

 𝑉𝑎 = 𝑉𝑎0 + 𝑉𝑎1 + 𝑉𝑎2 = 3𝑍𝑓𝐼𝑎1      (2.9) 

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

 
5. Because the sequence voltage adds up to give 𝑍𝑓𝐼𝑎1, an external impedance that 

represents the fault impedance must be added. 

 

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. 

  Iao = Ia1 = Ia2 = If =
𝑉𝑓

𝑍𝑎𝑜+ 𝑍𝑎1+𝑍𝑎2+3𝑍𝑓
      (2.10) 

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

   Vao = −ZaoIao      (2.11) 

   Va1 = Van − Za1Ia1      (2.12) 

   Va2 = −Za2Ia2      (2.13) 

The healthy phase voltages are calculated using the formular below: 

    

   Where Va = 3 ZfI𝑎1      (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 𝑟𝐴, 𝑟𝐵,𝑎𝑛𝑑  𝑟𝐶 with horizontal distance of  

𝐷𝐴𝐵,𝐷𝐵𝐶,𝐷𝐶𝐴, as shown in figure 8. 

 

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

 

Where D>r and 𝐼𝐴,𝐼𝐵,𝐼𝐶 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. 

 ∅𝐴𝑃 =  ∅𝐴𝐴𝑃+ ∅𝐴𝐵𝑃 + ∅𝐴𝐶𝑃      (2.15) 

Where: 

∅𝐴𝐴𝑃 = flux produced by current 𝐼𝐴, on conductor A at point P  

∅𝐴𝐵𝑃 = flux produced by current 𝐼𝐵,  on conductor A at point P  

∅𝐴𝐶𝑃 = flux produced by current 𝐼𝐶, on conductor A at point 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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∅𝐴𝐴𝑃= 
𝜇0

2𝜋
𝐼𝐴 ln (

𝐷𝐴𝑃

𝐺𝑀𝑅𝐴
)   [𝑊𝑏/𝑚]      (2.16) 

∅𝐴𝐵𝑃= 
𝜇0

2𝜋
𝐼𝐵 ln (

𝐷𝐵𝑃

𝐷𝐴𝐵
)    [𝑊𝑏/𝑚]      (2.17) 

∅𝐴𝐶𝑃= 
𝜇0

2𝜋
𝐼𝐶 ln (

𝐷𝐶𝑃

𝐷𝐴𝐶
)    [ 𝑊𝑏/𝑚]       (2.18) 

 

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

           𝜆𝐴𝑃 =  𝜆𝐴𝐴𝑃 + 𝜆𝐴𝐵𝑃 + 𝜆𝐴𝐶𝑃      (2.19) 

        𝜆𝐴𝐴𝑃 =  
𝜇0

2𝜋
𝐼𝐴 ln (

𝐷𝐴𝑃

𝐺𝑀𝑅𝐴
)    [𝑊𝑏/𝑚]      (2.20) 

                    𝜆𝐴𝐵𝑃 = ∫ 𝐵𝐵𝑃𝑑𝑃 =
𝐷𝐵𝑃

𝐷𝐴𝐵
 

𝜇0

2𝜋
𝐼𝐵 ln (

𝐷𝐵𝑃

𝐷𝐴𝐵
)    [𝑊𝑏/𝑚]   (2.21) 

                    𝜆𝐴𝐶𝑃 = ∫ 𝐵𝐶𝑃𝑑𝑃 =
𝐷𝐶𝑃

𝐷𝐴𝐶
 

𝜇0

2𝜋
𝐼𝐶 ln (

𝐷𝐶𝑃

𝐷𝐴𝐶
)    [𝑊𝑏/𝑚]   (2.22) 

𝜆𝐴𝑃 = total flux linkage of conductor A at point P  

𝜆𝐴𝐴𝑃 = flux linkage from magnetic field of conductor A on conductor A at point P  

𝜆𝐴𝐵𝑃 = flux linkage from magnetic field of conductor B on conductor A at point P  

𝜆𝐴𝐶𝑃 = 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    

  𝜆𝐴𝑃= 
𝜇0

2𝜋
 [𝐼𝐴 ln (

1

𝐺𝑀𝑅𝐴
) + 𝐼𝐵 ln (

1

𝐷𝐴𝐵
) +  𝐼𝐶 ln (

1

𝐷𝐴𝐶
)] + 

𝜇0

2𝜋
[𝐼𝐴 ln(𝐷𝐴𝑃) + 𝐼𝐵 ln(𝐷𝐵𝑃) +

𝐼𝐶 ln(𝐷𝐶𝑃) ]       (2.23) 

According to natural logarithm law and the shifting of point P to infinity such that 𝐷𝐴𝑃 =
 𝐷𝐵𝑃 = 𝐷𝐶𝑃,  Thus the flux linkage of A conductor becomes: 

 

𝜆𝐴= 
𝜇0

2𝜋
 [𝐼𝐴 ln (

1

𝐺𝑀𝑅𝐴
) +  𝐼𝐵 ln (

1

𝐷𝐴𝐵
) +  𝐼𝐶 ln (

1

𝐷𝐴𝐶
)][Wb/m]    (2.24) 

Similarly flux linkage on conductor B and C will be: 

𝜆𝐵= 
𝜇0

2𝜋
 [𝐼𝐵 ln (

1

𝐷𝐵𝐴
) +  𝐼𝐵 ln (

1

𝐺𝑀𝑅𝐵
) + 𝐼𝐶 ln (

1

𝐷𝐵𝐶
)] [Wb/m]   (2.25) 

𝜆𝐶= 
𝜇0

2𝜋
 [𝐼𝐶 ln (

1

𝐷𝐶𝐴
) +  𝐼𝐵 ln (

1

𝐷𝐶𝐵
) +  𝐼𝐶 ln (

1

𝐺𝑀𝑅𝐶
)]  [Wb/m]   (2.26) 

Placing equation 2.24 to 2.26 in matrix form, 
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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= 𝐷𝐴𝐵 = 𝐷𝐵𝐶=𝐷𝐶𝐴 𝑎𝑛𝑑  𝐼𝐴 + 𝐼𝐵+ 𝐼𝐶 = 0. 

                                            𝐿𝑝ℎ𝑎𝑠𝑒 =  
𝜇0

2𝜋
ln (

𝐷

𝐺𝑀𝑅𝑝ℎ𝑎𝑠𝑒
) [ 𝐻/𝑚]    (2.27) 

2.5.2 Capacitance in a three-phase line. 

A balanced three phase line of conductor radii 𝑟𝐴,𝑟𝐵𝑎𝑛𝑑 𝑟𝑐, distance between the conductors 

as 𝐷𝐴𝐵 , 𝐷𝐵𝐶 and 𝐷𝐴𝐶 . 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. 

       (2.28) 

     (2.29) 

Where: 

    휀 = permittivity = 휀0휀𝑟 

   휀0= permittivity of free space. 

   d= phase conductor diameter (m) 

   h = geometric mean conductor height above the ground = √ℎ𝑎ℎ𝑏ℎ𝑐
3   (𝑚)  

   𝐷𝑚𝑒𝑎𝑛 = geometric mean distance between the phases = ∛𝐷𝐴𝐵𝐷𝐵𝐶𝐷𝐴𝐶 (m) 

   𝐷𝑚𝑒𝑎𝑛
′ = geometric mean distance between mirror charge and phase= ∛𝐷𝐴𝐵

′ 𝐷𝐵𝐶
′ 𝐷𝐴𝐶

′  (m) 

   𝐷𝐴𝐵 , 𝐷𝐵𝐶 and 𝐷𝐴𝐶  = 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 (ZSI), 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. 

  (2.30) 

Where: 

Ri is resistance of conductor in ohms 

µ is relative permeability 

f is line frequency in hertz 

Derc is earth return path i.e., Derc=1.309125. ∆; ∆ 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. 

    (2.31) 
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Where: 

 𝑑𝑖𝑗 is the distance between the two conductors in km 

Derc is earth return path i.e., Derc=1.309125. ∆; ∆ 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: 

𝑍1 = 𝑅1 + 𝑗𝑋1          (2.32) 

where: 

𝑋1 - positive sequence reactance 

𝑅1 - 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]. 

  𝑋1 =  𝜔𝐿1 = (
𝜔𝜇0𝑎

2𝜋
) (𝑙𝑛

𝐷𝑀

𝑟𝐵
+  

1

4𝑛2
) [Ω/𝑘𝑚]    (2.33) 

 Where: 

𝜔 - angular frequency = 2 p f [Hz] 

𝐿1 - positive sequence inductance [H/km] =(
µ𝑜𝑎

2𝜋
) (𝑙𝑛

𝐷𝑀

𝑟𝐵
+

1

4𝑛2
) 

a -   conductor length [km] 

𝐷𝑀 - geometric mean distance 

µo - constant of magnetic field = 4𝜋 × 10−7[H/km] 

 𝑟𝐵 − bundle conductor equivalent radius 

and  

 

 𝐷𝑀 = ∛( 𝐷𝐵𝐶 . 𝐷𝐶𝐴. 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: 

  𝑍𝑂𝑆
′ =  𝑅0 + 𝑗𝑋0

′ = 
𝑅1

′

𝑛2
+  

3

4
𝑓𝜇0𝜋 + 𝑗𝑓𝜇0 (3𝑙𝑛.

𝛿

√𝑟𝐵
3 .𝐷𝑀

2 +
𝜇𝑇

4𝑛2
) [Ω/𝑘𝑚]  (2.34) 

Where: 

 

𝑅1
ʹ  - conductor resistance per unit length 

𝑛2 - number of sub conductors 

f- frequency of the system [Hz] 

DM - geometric mean distance 

µ𝑇 - permeability of conductor (aluminium µ𝑇 =1) 

𝛿- return depth of earth current [km] = 
1.85

√2𝑓µ𝑜𝜋/𝜌2  

B. Single circuit with one earth wire 

The zero-sequence self and mutual impedance, since there is a return circuit to the ground, 

are given as follows:     

  𝑍𝑂𝑆1𝐸
′ =  𝑍0𝑆

′  -  
3(𝑍𝐶𝐸

′ )2

𝑍𝐸𝐸
′  [Ω/𝑘𝑚]     (2.35) 

While the mutual impedance is as shown below: 

      𝑍𝐶𝐸
′ = 𝑓𝜇

𝜇0

4
 + 𝑗𝑓𝜇0𝑙𝑛

𝛿

𝐷𝑀𝐸
 [Ω/𝑘𝑚]    (2.36) 

Where: 

  𝐷𝑀𝐸 = ∛( 𝐷𝐵𝐶 . 𝐷𝐶𝐴. 𝐷𝐴𝐵) 

 𝐷𝑀𝐸  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: 

  𝑍𝑂𝑆2𝐸
′ =  𝑍0𝑆

′  -  
3𝑍𝐶𝐸

′ 2

𝑍′
𝐸1𝐸2

 [Ω/𝑘𝑚]     (2.37) 

Mutual Impedance equation is as shown below: 

  𝑍𝐸1𝐸2
′  = 

𝑅𝐸
′

2
+  𝑓𝜇

𝜇0

4
+ 𝑗𝑓𝜇0 (𝑙𝑛.

𝛿

√𝑟𝐸𝐷𝐸1𝐸2
+

𝜇𝐸

8
) [Ω/𝑘𝑚]  (2.38) 

  

D. Double Line with two earth wire 

  𝑍𝑂𝐷2𝐸
′ =  𝑍0𝐷

′  -  
6(𝑍𝐶𝐸1𝐸2

′ )2

𝑍𝐸𝐸
′  [Ω/𝑘𝑚]     (2.39) 

And,  

           𝑍𝐶𝐸1𝐸2
′ =  𝑓. 𝜇.

𝜇0

4
+  𝑗𝑓. 𝜇0. 𝑙𝑛 (

𝛿

𝐷𝑀2𝐸
) [Ω/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. 

   

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]. 

  𝜌 =  
2𝜋𝐿𝑅𝐸

𝑙𝑛
(4𝐿)

𝑑

        (2.41) 

Where:  

 𝜌 = soil resistivity 

𝑅𝐸= 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 (𝛿) 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]. 

 

Earth penetration depth decreases as the soil resistivity increases; this can be represented 

mathematically in the equation 2.42. 

          (2.42) 

where: 

δ - equivalent earth penetration depth, m 

μ - permeability of free space (= 4π × 10−7), H.m−1 

ρ - soil resistivity, Ωm 

but earth return Path 𝐷𝑒𝑟𝑐 =  𝛿 . 1.309125 

 𝐷𝑒𝑟𝑐 = 
1.851

√
𝜇.𝜔

𝜌

 . 1.309125 

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

below for analysis, 

 

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

         (2.43) 

Where: 

𝑍𝑄𝐿 = the mutual impedance between earth wires. 

𝑍𝑄𝑄= 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 1000Ω, 

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 × 𝑅𝐺      (2.44) 

Where:  

 𝐼𝐺= maximum grid current(A) 

 𝑅𝐺= 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. 

 

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 figure13. 
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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_𝑡𝑜𝑢𝑐ℎ50
= (1000 + 1.5𝜌𝑠𝑐𝑠). 0.116/√𝑡      (2.45) 

    

𝑉𝑝𝑒𝑟𝑚𝑖𝑠𝑠𝑖𝑏𝑙𝑒_𝑡𝑜𝑢𝑐ℎ70 = (1000 + 1.5𝜌𝑠𝑐𝑠). 0.157/√𝑡    (2.46) 

    

𝑉𝑝𝑒𝑟𝑚𝑖𝑠𝑠𝑖𝑏𝑙𝑒_𝑠𝑡𝑒𝑝50 = (1000 + 6𝜌𝑠𝑐𝑠). 0.116/√𝑡      (2.47) 

 

𝑉𝑝𝑒𝑟𝑚𝑖𝑠𝑠𝑖𝑏𝑙𝑒_𝑠𝑡𝑒𝑝70 = (1000 + 6𝜌𝑠𝑐𝑠). 0.157/√𝑡     (2.48) 

Where:  

 𝜌𝑠= resistivity of material surface  [Ω𝑚] 

 𝑐𝑠= 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 figure15 below shows a forward transposed conductor of a circuit. 

 

 

 

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:

 

    

 

 

 

 

 

Thus, total voltage drops across the three-line are given as shown below:  E  

(2.49) 
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Where ZPhase = [

ZS ZM ZM

ZM ZS ZM

ZM ZM ZS

] 

 And  

 ZS = 
1

3
(Ztt + Zmm + Zbb)  ZM =  

1

3 
(Ztm + Zmb + Zbt)           (2.50) 

Introducing an identity matrix for computer analysis, 

T = [
0 0 1
1 0 0
0 1 0

] ,  T−1 =  Tt =  T2 =  [
0 1 0
0 0 1
1 0 0

] 

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

 

By multiplying  Zsection−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 Tt with Zsection−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 =  H−1ZphaseH 

                  

Where:  

 (2.51) 

 

 (2.52) 

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

 

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]. 

 

 

Figure 16: Typical double-circuit lines with perfect within circuit transposition [18]. 

 

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

 

Where: 

 

The series mutual impedance between the two circuits of the three sections of the line is 

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

 

Where: 

 

Thus, combining matrix ZAA and ZAB to get the series phase impedance of the double 

circuit line of the three phases (𝑍𝑝ℎ𝑎𝑠𝑒) is given below as a 6× 6 matrix. 
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Looking at the 𝑍𝑝ℎ𝑎𝑠𝑒 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,  

 

 𝑍𝑃𝑁𝑍 =  𝐻𝑑𝑐
−1 . 𝑍𝑝ℎ𝑎𝑠𝑒 . 𝐻𝑑𝑐 

 

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

 

 

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 figure18. 

 

 

 

 

 

 

 

 

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. 

Figure 18: Grounding system [27]. 
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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. 

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]. 

 

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. 

 

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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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. 

 

 

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. 

 

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. 

 

 

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. 

 

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. 

 

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. 

 

 

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. 

 

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 

 

 

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. 

 

 

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

 

 

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

 

 

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. 

 

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. 

 

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. 

 

 

 

 

 

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

 

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. 

 

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

3 SD1-132 

4 FI 

5 BD 

6 KS 

7 Mn 

8 SD2-132 

9 Ng 

10 GfA 

11 Åf 

12 Sh 

13 SD3-132 

14 ÅmA 

15 Ha 

16 ÅmB 

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-∆ 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-∆ 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-∆ 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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4.1.3 Generators. 

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 ZSI) of the 

transmission line in PowerFactory. 

Table 3: FeAl cable data sheet 
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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. 

 

 

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 

• The height of the 132kv tower is 14m. 

• The phase distance is 4.5m. 

• The average sag is 4.3m. 

• 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. 

• 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. 

• Minimum vertical distance when phase conductor has not swung out: 1,5 m = length 

of insulator chain. 

• Width of a tower at lowest phase conductor – 1,5 m. 

• 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 11.75 9.5 7.25 

 

Table 5: Earth wire coordinates of tower C. 

 X Y 

Earth conductor 1 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. 

 X1 X2 X3 Y1 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. 

 

 

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

 X1 X2 X3 Y1 Y2 Y3 

Circuit 1  4.25 2 6.5 11.75 9.5 9.5 

Circuit 2 -4.25 -2 -6.5 11.75 9.5 9.5 

 

Table 9:Earth wire coordinates of tower G. 

 X Y 

Earth conductor 1 0 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. 

 

Figure 50: Double circuit tower type H. 

 

Table 10: Conductor coordinates of tower H. 

 X1 X2 X3 Y1 Y2 Y3 

Circuit 1  2 4.25 6.5 11.75 11.75 11.75 

Circuit 2 -2 -4.25 -6.5 11.75 11.75 11.75 

 

 

Table 11: Earth wire coordinates of tower H. 

 X Y 

Earth conductor 1 0 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. 

 

 

Figure 51: Double circuit tower type K. 

 

Table 12: Conductor coordinates of tower K. 

 X1 X2 X3 Y1 Y2 Y3 

Circuit 1  2 4.25 6.5 11.75 9.5 7.25 

Circuit 2 -2 -4.25 -6.5 11.75 9.5    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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5.1 Load flow calculation. 

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

 

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

 

Figure 53: Bus Sh Load flow diagram before fault. 

 

 

 

Figure 54: Bus SD4-132 Load flow diagram before fault. 

 

Figure 55: Bus SD2-132 load flow diagram before fault. 
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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 (𝐶0𝑁), the 

neutral grounding inductive reactance (𝑋𝑛) of the coil needs to be known, assuming the parallel 

resistance (𝑅𝑛) 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--- 

𝑋𝑛 =  
1

3𝜔𝐶0𝑁
          (5.1) 
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Where: 

 𝑋𝑛 = Peterson coil inductive reactance (ohms) 

 𝐶0𝑁= zero sequence capacitance (farad) 

 𝜔= angular frequency = 2𝜋𝑓 and f= 50Hz 

But, 

𝐶0𝑁=  
𝐼𝑐𝐹

3𝜔
𝑉

√3

       (5.2) 

Where:  

 𝐼𝑐𝐹= capacitive fault current(kA) 

V= line-line voltage (kV) 

𝜔= angular frequency = 2𝜋𝑓 (rad s – 1) 

5.3.1 For the 129A capacitive fault current (𝐼𝑐𝐹) of the radial study 
network1 

𝐼𝑐𝐹 = 3𝜔𝐶0𝑁
𝑉

√3
 

𝐶0𝑁 = 
𝐼𝑐𝐹

3𝜔
𝑉

√3

 = 
129

3 ×(2𝜋𝑓)×
𝑉

√3

 = 
129

3×(2×𝜋×50)×
132𝑘𝑉

√3

   

 𝐶0𝑁 = 1.80× 10−6𝐹𝑎𝑟𝑎𝑑 

But, 

 𝑋𝑛 =  
1

3𝜔𝐶0𝑁
=  

1

3×(2×𝜋×50)×1.80×10−6,  𝐗𝐧 = 𝟓𝟗𝟏𝐨𝐡𝐦 

5% overcompensation of Xn will be equal to 620ohm 

5.3.2 For the 109A capacitive fault current (𝐼𝑐𝐹) of the mesh study 
network2 

𝐼𝑐𝐹 = 3𝜔𝐶0𝑁
𝑉

√3
 

𝐶0𝑁 = 
𝐼𝑐𝐹

3𝜔
𝑉

√3

 = 
109

3 ×(2𝜋𝑓)×
𝑉

√3

 = 
109

3×(2×
22

7
×50)×

132𝑘𝑉

√3

  

 𝐶0𝑁 = 1.50× 10−6𝐹𝑎𝑟𝑎𝑑 

But, 

 𝑋𝑛 =  
1

3𝜔𝐶0𝑁
=  

1

3×(2×
22

7
×50)×1.50×10−6

,  𝐗𝐧 = 𝟕𝟎𝟕𝐨𝐡𝐦 

5% overcompensation of Xn value will be equal to 742ohm. 
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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. 

 

Figure 56: Single-line to ground fault at line 6 feeder with centralized Peterson coil at T3. 
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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 busbar 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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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. 

 

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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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. 

 

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: 

 

 

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.  

 

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. 

 

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. 

 

Figure 66: Bus Sh Line-Neutral voltage for centralized Peterson coil grounding (fault at end 

of a radial line). 
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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

 

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. 
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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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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). 

 

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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7.1.2 Distributed compensated Peterson coil versus distributed Direct 
grounding (transposed line). 

 

 

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. 

 

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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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 12Ω.  

GPR = 𝐼𝐺𝑚𝑎𝑥 × 𝑅𝐺       (7.1) 

 GPR= 0.003kA×12 = 36volts 

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

value of: 

GPR = 𝐼𝐺𝑚𝑎𝑥 × 𝑅𝐺  

 GPR= 1.126kA×12 = 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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K =  
𝐼𝐿

𝐼𝑐
          (7.2) 

Where: 

K = Degree of compensation 

 𝐼𝐿= Inductive current of the Peterson coil in Amperes 

 𝐼𝑐= Capacitive current component of the fault current in Amperes 

K > 1 = 𝑜𝑣𝑒𝑟𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛. 

K< 1 = 𝑢𝑛𝑑𝑒𝑟𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛. 

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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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 
 

132kV Network Configurations - Given by 
Gunne J.Hegglid 
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Appendices B 

132kV Network Model  

 

Figure B 1:Grid Summary 

 

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). 

 

 

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

 

 

Table B 3: fault current after centralized Peterson coil compensation ( mesh network). 

 

 

Table B 4: Short circuit power of a distributed compensated Peterson coil. 
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Table B 5: Fault current for a centralized direct grounding at the middle of the radial line. 

 

 

Table B 6: fault current of a distributed direct grounding. 

 

 

Table B 7: fault current for an un-transposed network 1for a centralized Peterson coil grounding. 

 

 

Table B 8:fault current for a single ground fault at the end of a mesh study network 2(Unsymmetrical). 

 

 

Table B 9: fault current for a directly grounded at the central station. (unsymmetrical). 
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