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Abstract 
This paper focuses on the grounding methods for distribution systems and the characteristics and 
behavior of earth fault currents. At First different existing grounding methods such as isolated neutral, 
solidly grounded, Resonant grounding, low and high impedance groundings are introduced. 

Secondly, focus is placed on further describing these methods and the viability of each of these methods 
in different scenarios. Then these methods are further analyzed by using equivalent circuit designs. 
Using the equivalent circuit helps to derive the formulations and equations. It is shown that the designing 
of these systems in fact follows basic electrical properties such as voltage dividing and current dividing 
principles. The derived equations are further tested experimentally to prove the characteristics and 
behavior of these methods.  

Finally, the report is concluded by testing some of these methods (isolated neutral and grounding via 
resistor methods) in the laboratory and the results obtained are analyzed with the theoretical results to 
determine the characteristics and behavior of these methods. In this manner it is shown experimentally 
that in case of isolated neutral systems the summation of currents through all the phases (current flow 
through the line model) is zero when there is no earth fault. In case of an earth fault occurring across one 
of the phases the neutral-to-ground voltage becomes equal to the voltage across the faulted phase and 
also the sum of currents passing through the healthy phases is equal to the current flowing through the 
faulted phase. This phenomenon is proved in the second experiment. The third experiment proves the 
relation between the earth fault current and current via the resistor and the currents via the healthy phases 
whereby it is shown that the fault current is equal to the root square summation of currents of resistor 
and healthy phases. This is one of the characteristics of grounded via resistor system. The next 
experimental setup also focuses on the characteristics of grounded via resistor system whereby it is 
shown that the fault current and the total phase current are independent of any external load. The last 
experiment proves the phenomenon that phase-to-phase voltage remains intact during times of earth fault 
and the system continues the operation uninterrupted as it should be in case of isolated neutral grounding 
system. 
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CHAPTER 1: Introduction 
Different types of fault can occur on electrical systems, however infrequently, and at random locations. 
It is impractical to design and build electrical equipment or networks so as to completely eliminate the 
possibility of failure in service.  

There are two main areas where faults can be classified into and they are referred to as “Active” and 
“Passive”. 
 
The “Active” fault occurs when actual current flows from one phase conductor to another (phase-to-
phase) or alternatively from one phase conductor to earth (phase-to-earth). 
The “Active” fault can also be further classified into two areas, namely the “solid” fault and the 
“incipient” fault [1]. 
 
An immediate complete breakdown of insulation would result in a “solid” fault. This might happen due 
to incidents such as bridging conductors, a pick struck an underground cable, etc. or the cable being dug 
by a bulldozer. These circumstances will lead to the fault current being very high, resulting in an 
electrical explosion. Clearing this type of faults is of utmost importance since it can cause danger to 
operating personnel as well as greatly increasing the damage at fault location. The probability of earth 
faults spreading to other phases also increase. The sustained voltage dips resulting in motor instability 
leading to extensive shut-down at the plant concerned and possibly other nearby plants [1]. 
  
The “incipient” fault is a fault that starts off very small such as from some partial discharge (excessive 
electronic activity often referred to as Corona) in a void in the insulation. After increasing and 
developing over an extended period it burns away adjacent insulation, eventually running away and 
developing into a “solid” fault. 
High-resistance joint or contact, along with pollution of insulators causing tracking across their surface 
can be the cause of earth faults. Once tracking takes place, any surrounding air will ionize which will 
then behave like a solid conductor consequently creating a “solid” fault. 
  
Passive faults can be considered more as conditions rather than real faults. They are more of conditions 
that are stressing the system beyond its design capacity, so that ultimately active faults will occur. 
Examples of passive faults are given below: 
  
         Overloading – It leads to overheating of insulation thus deteriorating quality, reduced life and 
ultimate failure. 

         Overvoltage – It is stressing the insulation beyond its limits. 

         Under Frequency- causing plant to behave incorrectly. 

         Power swings – generators going out-of-step or synchronism with each other. 
  
Protection against these conditions are of utmost importance so that the prevention of passive faults can 
be made possible consequently reducing the probability of having active faults. 
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Figure 1.1 Types of Fault on a Three Phase 

Figure 1.1 shows different types of faults that can be found in a typical three phase system. 
 
Types of Fault on a Three-Phase System: 

(A)     Phase-to-earth fault 

(B)     Phase-to-phase fault 

(C)      Phase-to-phase-to-earth fault 

(D)      Three phase fault 

(E)      Three phase-to-earth fault 

(F)      Phase-to-pilot fault 

(G)      Pilot-to-earth fault 
  
For a phase-to-phase fault, the currents will be high, because the fault current is only limited by the 
inherent (natural) series impedance of the power system up to the point of fault. By design, this inherent 
series impedance in a power system is purposely chosen to be as low as possible in order to get 
maximum power transfer to the consumer and limit unnecessary losses in the network itself in the 
interests of efficiency. The magnitude of earth faults currents can be determined in ways in which the 
system neutral is earthed. Solid neutral earthing means high earth fault currents as this is only 
limited by the inherent earth fault impedance of the system. By the use of resistance or impedance in the 
neutral of the system, earth fault currents can be engineered to be at whatever level is desired and are 
therefore controllable. However, this is unattainable for phase faults [1]. 
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CHAPTER 2: Types of systems 
Earth fault occurs when charge flows into the Earth. Every now and then, accidents caused by electrical 
incidents injure many people. Preventing this has been one of the major concerns to people working in 
this field. If excess amount of charge is flowing through a circuit, an earth fault is introduced so that the 
excess charge flows into the Earth. This prevents any damage to the circuit as well as any accidents that 
could prove to be potentially harmful to humans. Due to all these reasons, Earth fault makes for an 
extensive area of research in the field of Electrical Engineering. In this thesis work, emphasis has been 
given on measuring the earth fault current using three phases. This is due to the fact that, if an earth fault 
were not to have any threshold, every time there would be an excess charge flowing through the circuit, 
the power supply would be cut off. This does not seem to be very feasible in terms of efficiency. 
Measuring the Earth fault current gives us the ability to have an estimation of a threshold current that can 
flow through the circuit without damaging it. If that can be made possible, then as long as there will be 
an excess charge flowing through the circuit that is less than the threshold current in the Earth Fault, the 
circuit will not be interrupted or broken. Fire prevention can also be prevented due to this. Usually, the 
most common cause of fire risk is due to the overheating caused by poor coordination between the 
maximum rated current of the cable and the overcurrent protection setting. Thus, if a successful 
measurement of the Earth fault current can be done perfectly, it reduces the risk of any fire damage. 

The extent of the earth fault and the consequences deriving from touching live exposed conductors are 
specifically related to the neutral condition of the power system and to the types� of system earthing. As 
a consequence, to select the proper device for protecting against earth faults, it is necessary to know the 
installation distribution system. The International Standard IEC 60364-3 classifies electrical systems 
with the combination of two letters [2]. 

The letter indicates the relationship of the power system to earth: 

 –  T = direct connection to earth of one point, usually the neutral, in a.c. systems; 

 –  I = all live parts isolated from earth or one point, usually the neutral, connected to earth through an 
impedance. 

 The second letter indicates the relationship of the exposed conductors of the installation to earth:  

 –  T = direct electrical connection of exposed conductors to earth; 

 –  N = direct electrical connection of the exposed conductors to the earthing point of the �power 
system. 

  

  

 Subsequent letters, if any, indicate the arrangement of neutral and protective conductors : 

 –  S = neutral and protective functions provided by separate conductors 

 –  C = neutral and protective functions combined in a single conductor (PEN conductor) [2]. 

 With reference to the definitions above, the main types of power systems are as follows: 
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2 .1 TT System 
In TT systems the neutral and the exposed conductors are connected to electrically independent earth 
electrodes. Therefore, the earth fault current returns to the power supply node through the soil. In this 
type of electrical installation, the neutral is usually distributed and its function is making the phase 
voltage (e.g. 230 V) available for the supply of the single-phase loads of residential installations. Figure 
2.1.1 shows the TT system. 

The main applications of TT Network can be found in domestic installations and similar; small industries 
with LV (Low Voltage) power supply.TT distribution systems are used when assuring the distribution of 
the protective conductor (PE) is impossible and when it is advisable to leave to the user the responsibility 
for the protection against indirect contact [2].  

 

Figure 2.1.1 TT system 

2 .2 TN System 
In TN systems, the neutral is directly earthed, whereas the exposed conductors are connected to the same 
earthing arrangement of the neutral. TN electrical systems can be divided into three types depending on 
whether the neutral and protective conductors are separate or not: 

 TN-S: the neutral conductor N and the protective conductor PE are separated as shown in figure 
2.2.1 below. 

 

Figure 2.2.1 TN-S system 
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 TN-C: the neutral and protective functions are combined into a single conductor, called PEN. 
   This is shown below in figure 2.2.2. 

 

 

Figure 2.2.2 TN-C system 

 TN-C-S: the neutral and protective functions are partially combined into a single PEN conductor 
and partially separated PE + N. Figure 2.2.3 represents a TN-C-S system.  

In TN systems, the earth fault current returns to the power supply node through a direct metal connection 
(PE or PEN conductor) without practically affecting the earth electrode. 

The main applications of TN Network can be found in industries and big installations with MV (Medium 
Voltage) power supply. TN distribution systems are the systems through which power supply is 
distributed to users having their own transformer substation; in these cases, the protective conductor can 
be easily ensured [2][3]. 

 

Figure 2.2.3 TN-C-S System 
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2 .3 IT System 
In IT systems, no direct earthed active parts are available. However, they may have live parts that are 
connected to earth through high impedances. The exposed-conductive-parts those are present separately 
or in a group are connected to an independent earth electrode. Figure 2.3.1 below shows the IT system. 

Through the earthing arrangement of the exposed conductors and the line conductors’ earth capacities, 
the earth fault current returns to the power supply node. 

The main applications of IT Network can be found in chemical and petrochemical industries i.e. plants 
for which service continuity is fundamental. The value of the fault currents is dependent on the size of 
the installation. IT Network system usually suits cases where service continuity has to be made assured. 
This is due to the fact that the presence of a first fault does not cause high currents and/or currents that 
can be potentially dangerous for people. The Earth fault loop impedance in an IT Network System is 
highest in comparison to the other network systems. Apart from these, there is least electromagnetic 
interference. When it comes to safety risks, it is mostly double fault and overvoltage that can cause 
accidents thus making this system less safe in comparison to the other systems. But these can be 
overlooked, since the advantage of this system lies in continuity of operation and cost effectiveness 
[2][3]. 

 

Figure 2.3.1 IT System 
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CHAPTER 3: Grounding methods of distribution networks 
 
The main goals of system grounding are to minimize voltage and thermal stresses on equipment, provide 
personnel safety, reduce communications system interference, and give assistance in rapid detection and 
elimination of ground faults. There are several ways this can be achieved. Some most common methods 
used in distribution network are explained briefly [4]. 
 
3 .1 Isolated neutral or ungrounded system 
 

 

 
                                                          Figure 3.1.1:  An isolated-neutral system. 

A system where all transformer neutrals are unearthed is called an isolated neutral system. Isolated 
neutral or ungrounded system has no dedicated connection to the ground rather; it is connected via line-
to-ground capacitances to the ground as shown in figure 3.1.1. The strength of the capacitance depends 
on the type and length of the circuit. All the individual phase to phase voltages remain same even when 
there is an occurrence of earth fault. However, the system has its performance limitation dependent on 
the magnitude of the fault current due to zero-sequence line to ground and fault resistance factors. The 
system works for low magnitude fall current values due to the fact that the fault current must return 
through line capacitances. The system can remain operational for sustained period of times during low 
magnitude faults provided the loads are connected phase-to-phase. The reasoning behind this 
performance is that the individual phase to phase voltage remains intact [4].  

It is possible to self-extinct the system to ensure that the ungrounded system stops working at low values 
of ground fault current. For larger fall current the transient voltage becomes high so the self-extinction is 
less likely to work in this situation. 

Zero-sequence or three-phase voltage relays can detect ground faults in ungrounded systems. This 
method of fault detection is not selective and requires sequential disconnection or isolation of the feeders 
to determine the faulted feeder [4][5]. 
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In northern Europe the isolated neutral system at 230 V is being gradually replaced due to the risk of it 
being difficult to detect in the event of an earth fault, double ground fault and for having a higher power 
loss than some newer systems [6]. 

3 .2 Effective or solid grounding system 
In this type of grounding system the neutral is directly earthed. In order to be classified as solid 
grounding the system must have a zero-sequence reactance to positive sequence reactance ratio of less 
than or equal to 3 ⁄ 3  and also the zero-sequence resistance to positive-sequence reactance of 
less than or equal to 1 1⁄  [4][7]. 

There are two different practical implementations of solid grounding in medium-voltage distribution 
systems: unigrounded and multigrounded. 

Unigrounded system: It is the system having only  three wires with all loads connected phase-to-phase. 
It can also be a four wired system where all loads are connected phase-to-neutral with an isolated 
neutral. In this four wired setup the load unbalance current returns through the neutral while the ground 
fault current returns through the earth to the substation neutral.  

Multigrounded system: In this system four wires are used and are connected as phase-to-neutral loads. 
The system is grounded at every transformer location along the circuit together with an additional 
grounding at the substation.in this type of system both the load unbalance and the earth fault current 
flows through the neutral conductor and earth. For this reason it is hard to detect high resistance ground 
faults at the relay because both the fault current and the unbalance current flows through the relay. The 
system may produce high magnitude currents which might require tripping the entire circuit and 
interrupt load to customers. In spite of this drawback this system is mostly used throughout the world 
due to its ability to reduce the risk of overvoltage during ground faults. The faults do not shift the system 
neutral. Consequently, it does not require high voltage insulation as is the case for isolated neutral 
system. 

In order to detect the fault current in this system, implementation of directional relays are essential 
because in the case of high impedance ground fault a non-directional relay cannot detect the fault 
because the relay sensitivity must be set to greater than the normal load unbalance. Coordination with 
lateral circuit fuses, primarily sized to carry load, is yet another limiting factor for ground protection 
sensitivity in these systems [4][7]. 
  
3 .3 Low impedance grounding 
It is a grounding system where the system is grounded via a low-impedance resistor or reactor for the 
purpose of limiting the fault current. The current can typically be from tens to hundreds of amperes and 
this ensures that the thermal stresses of the materials used in the wiring are not heavily pressurized.  This 
system is compatible to the solidly grounded method in terms of faults protection methods used [8]. 

3 .4 High impedance grounding 
It is a grounding system where the system is grounded via a high-impedance resistor or reactor with the 
impedance slightly less than or equal to the capacitive resistance of the system. The ground fault current 
is limited to the threshold value of 25 A. unlike the directly earthed system this system ensures that the 
total transient over-voltage remains at safe values during times of earth fault current flows.  The system 
maintains its phase-to phase voltage during occurrences of earth fault thus allowing the system to 
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continue operation uninterrupted during these times. This system is typically used in generator-
transformer unit (primarily in data center where uninterrupted supply is very important) [4][7]. 
 
3 .5 Resonant Grounding 
 

 

                         Figure3.5.1: A Typical Resonant Grounding or compensated system. 

It is a system which is grounded through a high-impedance reactor together with a variable reactor called 
Petersen coil also known as arc-suppression coil or ground fault neutralizer. The system has phase-to-
ground capacitances. In most cases the Petersen coil is connected to the neutral of the distribution 
transformer. This system is also commonly known as compensated system or resonant grounding [4]. 
Figure 3.5.1 shows the resonant grounding or compensated system. 

100 percent tuning or full compensation of the system is achieved by matching the capacitance of the 
system to the inductance of the variable reactor. This is carried out to limit the reactive part of the earth 
fault current through the system. In this way it is possible to determine how much earth fault current 
should be allowed to flow. The system is hardly ever exactly tuned, i.e. the reactive current does not 
exactly equal the capacitive earth fault current of the system. When the inductive current is slightly 
larger than the capacitive earth fault current the system is over compensated and when the induced earth 
fault current is slightly smaller than the capacitive earth fault current it is under compensated. 
 

Resonant grounding a system can reduce the ground fault current to about 3 to 10 percent of that for an 
ungrounded system. For 100 percent tuning, the active coil losses, system harmonics, and system active 
leakage current determine the fault current magnitude [4][9]. Residual current compensation methods 
inject a current through the reactor to the system during the fault, reducing the fault current almost to 
zero [4][10]. 
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CHAPTER 4: Analysis of Grounding Systems 
 

4. 1 Isolated neutral system 
In isolated system fault current must return through line capacitance with high impedance hence the fault 
current is low in this type of system. The fault current is independent on where the fault occurs [6].  
The current in a typical three phase RC circuit can be written as: 
 

I f 
3Vf

Z1Z2 Z3 3Rf
               (4.1.1) 

 
Here Z can be defined as the capacitor impedance.  
 

1( )Zc inpedance jwC  

Hence, 1Z , 2Z and 3Z  are the capacitor impedances of phases A, B and C respectively and fR  is the 

fault resistance. fV here is neutral-to ground potential.  

 
 

 
Figure 4.1.1:  Isolated neutral system 

 
In figure 4.1.1(Isolated neutral system) the abbreviations 1C , 2C , and 3C  represents phase-to-ground 

capacitances. For this analysis it is assumed that there are no internal load to the system, no line 
impedance, resistance, and reactance. For this ideal system the current through the capacitors is 
 

1 2 3
0c c cI I I  

           
(4.1.2) 

 
When a fault occurs at phase A (the phase at c1) the fault current fI  is equal to the current through the 

capacitor 1C . 

 

fI = Ic1
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Since it is known that the fault current returns through the healthy phases so this Fault current passing 
through 1C is equal in amount to that passing through both 2C  and 3C .  

 

1 2 3
( )f c c cI I I I   

          
(4.1.3) 

 
Phasors and Equivalent Circuit 

The figure 4.1.1 can be represented in a thevenin equivalent circuit during fault (phase A) as shown in 
figure 4.1.2.  

 
Figure 4.1.2 : Thevenin equivalent circuit during fault at phase A. 

 
In this thevenin circuit the resistive connections between phase and earth are small enough to be 
neglected. The fault current and neutral point displacement voltage depends only on the phase to earth 
voltage and capacitances [6][11]. Equation 4.1.4 gives the earth fault current. 

 
 
 

3

1 3
pa g

f
g f

V jwC
I

jwC R



                                

(4.1.4) 

 

0 1 3 3
pa f

n
g f g

V I
V V

jwC R jwC

 
  


       

(4.1.5) 

 
3f n gI V jwC

                                        
(4.1.6) 

 

 
The derivation of above equations determines the feeder currents and capacitance voltages. 
 
In a symmetrical unfaulted system the neutral N is at ground potential, NGV  is zero. The system 

asymmetry produces some current which results in the shifting of the ground potential from zero [4]. 
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Figure 4.1.3: voltage phasor diagrams for (figure 4.1.1) the above systems (a)Unfaulted system, 

(b)faulted system. 
 
From the above diagrams in figure 4.1.3 it can be summarized as: 
 

‐ In case of an ideal lossless system the faulted phase and ground potential are equal [figure4.1.3 
b]. 

‐ Phase-to phase and phase-to ground are equal for the remaining two unfaulted phases  
[ ,BG BA CG CAV V V V  ]. 

‐ Neutral-to-ground and negative of source phase-to-neutral voltage are equal [ NG ANV V  ]. 

 
4 .2 Effective or solid grounding system 

 
Figure4.2.1:Solidly Grounded System and phasor diagram. 

A system is solidly grounded when the neutral is directly connected to the ground [4][11]. Figure 4.2.1 
shows the solidly grounded system together with the phasor diagram. When fault occurs in any of the 
phases the line-to-ground voltage of that phase becomes zero. the voltages of the remaining unfaulted  
phases stays same as before since the neutral point does not shift as shown in the phasor diagram of 



  22

figure 4.2.1. A major feature of this system is that the fault current is the summation of current from the 
power source and the charging current. solid grounding is primarily used to keep the system stable by 
limiting the fault current through the use of high circuit impedance [12].  

2 3f c cI I I                  (4.2.1) 

In a three phase system the magnitude of the fault current determines how solidly the system should be 
grounded. The higher the fault current the more solidly the system is grounded.Most of the equipment 
rated 230kV and above are designed to operate on an Effective Grounded System.(Effective Grounded 

system can be defined as a system where 0 1R X  and 0 13X X . Here 0R  is the zero-sequence 

resistace and 0X and 1X  are zero-sequence reactance and positive-sequence reactance respectively.) 

Effective grounding reduces the possibility of line-to-ground voltage transients. In this setup the ratio of 
maximum sustained line-to-ground voltage during fault and the maximum line-to-line operating voltage 
(also known as the coefficient of grounding) is maintained at 0.8 at most. Solid grounding of the source 
without any external impedance may cause the fault current to exceed that the source is able to produce. 
The magnitude of the maximum fault current is limited to a value that is less than the three-phase fault 
current that the source is able to produce by grounding the source through a resistance, reactance or 
Peterson coil. The ratio of ground-fault current to the available three-phase fault current is usually 0.6 for 
effective grounded system [4][12].  

 

Figure 4.2.2 :Thevenin Equivalent circuit during fault at phase A  

The phase-to-ground voltage across the faulted phase A can be calculated using voltage divider law as 
shown below [12]. 

VAG 
VAN ZF
ZF ZA

                   (4.2.2) 

Fault current fI  can be claculated using ohm`s law from the thevenin equivalent circuit of figure 4.2.2. 

AN
f

A F

V
I

Z Z



                        (4.2.3) 
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Where FZ  is the  fault inpedance. Phase-to-ground voltages for B and C are same as phase-to-

neutralvoltage. 

Solidly grounded system is preferred to a lot of other grounding methods due to its ability to retain stable 
phase-to-ground voltage. Some additional advantages of this system are listed below: 

 The neutral point does not shift in this system hence restricting the phase voltage to the line-to-
ground voltage. 

 The high voltages caused by arcing grounds or transient fault currents are eliminated. 

 No interference caused by induced static charges as they are conducted to the ground 
immediately. 

 Reduction in operation and maintenance cost. 

However,  some drawbacks are faced here too as listed below: 

 The necessity to remove the fault current as quickly as possible makes the system to adapt 
multiple points of grounding possibly by grounding at every line pole. 

 The system is able to handle large fault current thus requiring more expensive equipments. 

 
4. 3 High and Low Impedance Grounding system 
High resistance/impedance grounding system is grounded via a high-impedance resistor or reactor with 
the resistance value slightly less than or equal to the system charging capacitance to ground thus making 
the system unsusceptible to large transient overvoltages that an ungrounded system can experience. The 
system maintains its phase-to phase voltage during occurrences of earth fault thus allowing the system to 
continue operation uninterrupted during these times [4][12].   

Resistance grounding is very usual in three-phase industrial applications. The problems that arise that are 
associated with grounded and ungrounded systems can be solved with proper resistance grounding. 
Problems such as point-of fault damage, transient over voltages, risk of an arc flash, personnel exposure 
to voltage can be reduced because of resistance grounding. It also provides adequate current for ground-
fault detection and selective coordination and allows continuity of service with a ground fault. Proper 
sizing of Neutral-Earth Resistor is critical in terms of providing system stability [4]. 

The two levels of resistance grounding are commonly known as high-resistance grounding and low-
resistance grounding. In a typical high-resistance grounding the Neutral-Earth Resistor allows current of 
less than 25A to pass through. On the contrary, in low-resistance grounding the current that is allowed to 
pass through by the Neutral-Earth Resistor is above 100 A. For instance, a 480 V system with a 100 A 
Neutral-Earth Resistor is to be considered low-resistance grounding since it is typical for a 480 V system 
to have a let-through current of 5 A. In a 35 kV system with a 100 A Neutral-Earth Resistor could be 
called a high-resistance grounding. so it is observed that the definitions and parameters of low resistance 
and high resistance systems changes according to system requirements based on the magnitude of 
voltage and current [4][11]. 
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The distinction in low resistance grounding is that the size of the resistor is selected such that the ground 
current flow is typically of the value of 100-800A. The fault current here is of high enough magnitude to 
require its removal from the system as quickly as possible. although it is possible to implement this 
system of grounding to high voltage systems but typically it is implemented in medium voltage systems 
where taking the system offline during occurrences of ground fault is normal even though the resistor is 
included to ensure the safety of the system whereas the high resistance grounding is implemented in 
medium voltage systems via a low voltage resistor and a neutral transformer. Low resistance grounding 
is cheaper than high resistance grounding but still more expensive than a solidly earthed grounded 
system [12][11]. The figure 4.3.1 shows the typical grounding fault in resistance-earthed network 
together with the phasor diagram. 

 

Figure 4.3.1: A typical grounding fault in resistance-earthed network 

The figure 4.3.2 below shows the thevenin equivalent representation of the resistance grounding with 
fault occurring at phase A (Switch S closed).  

 

                     Figure 4.3.2: Thevenin equivalent resistance grounding for phase A. 

The phase-to-ground Voltage AGV can be calculated according to the following equation based on figure 

4.3.2[12]. 
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Z Z R




                          
 (4.3.1) 

The phase current AI is the same as the current RI  flowing through the resistor and is calculated as: 

AN
A R

A F

V
I I

Z Z R
 

 
                  (4.3.2) 

In Addition, from the figure of the resistance grounding system (figure 4.3.1) the current RI  across the 

resistor is also equal to the voltage across the resistor divided by the resistance of the resistor [3]. 

IR 
U0
R

                                              (4.3.3) 

And the total fault current is  

2 2
j R cjI I I                                     (4.3.4) 

 

4. 4 Resonant Grounding 
In	this	method	of	grounding,	 the	system	is	grounded	through	a	high‐impedance	reactor	which	 is	
connected	to	the	overall	 system	phase‐to‐ground	capacitance.	The	variable	 impedance	reactor	 is	
called	a	Petersen	coil.One interesting feature of this system is that the coil is connected directly 
to the neutral of the power source [4][11]. Figure 4.4.1 shows the resonant grounding in three 
phase system.	

	

Figure	4.4.1:	Resonant	grounding	in	three	phase	system.	
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The	 corresponding	 thevenin	 equivalent	 circuit	 is	 shown	 below	 for	 one	 of	 the	 phases	 in	 figure	
4.4.2(it	is	considered	that	earth	fault	is	occurring	in	phase	A).	

	

Figure 4.4.2:Thévenin equivalent of a network with a resonant earthed neutral 

Earth fault current in resonant earthed system consists of capacitive current due to the phase to ground 
capacitances of the system, the inductive current generated in the neutral pointReactor and the resistive 
current due to losses in the reactor parallel to the neutral pointresistor.Typical values of the phase-to-
ground leakage resistances are approximately ten to 20 times the phase-to-ground capacitive reactances 
[13].	
	
In order to study the effects of fault current in a single phase the thevenin equivalent circuit shown above 
is considered. The total earth fault current in a single phase efI is the sum of all the currents passing  

 

0ef Rl r L CI I I I I                                     (4.4.1) 

 
This can be rearranged according to the thevenin circuit as 
 

0
0

0

( ) 1
.(3 )

.
L

ef
L

R R E
I j wC E

R R wL


              (4.4.2) 

	
It is well known that these types of system are hardly ever optimally compensated that is reactive current 
is not exactly equal to the capacitive earth fault current current (it’s almost always either over 
compensated or under compensated) [4]. the fault current is slightly more or less than the total current 
flowing through the two other phases to the ground. So, in these untuned states the following two 
conditions hold for three phase systems. 

ef BG CGI I I        (condition for over compensation) 

ef BG CGI I I        (condition for under compensation) 

In case of optimal compensation or 100 percent tuned state it becomes 

ef BG CGI I I        (Optimal compensation or the system is in parallel resonance) 
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Where BGI and CGI are the current from phases B and C to ground respectively. 

In the optimal compensated state the fault current is solely resistive in nature. So efI from the thevenin 

circuit for a single phase is as follows 

0

0

( )

.
L

ef
L

R R E
I

R R




                                            
(4.4.3) 

(The reactive and capacitive currents cancel out each other) 

But due to the presence of fault resistance fR the earth fault current decreases and it becomes  
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                (4.4.4) 

Where 0

0.
L

e
L
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        and    0

1
3eX wC

wL
  . 

And the resistive earth fault current in optimal compensation state becomes 
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                        (4.4.5) 

So the earth fault current is solely dependent on the relative magnitudes of the resistors and the 
resistance of the peterson coil being used. 

In conclusion it is noted that resonant earthed system has the advantages of being able to detect high 
impedance fault current and to eliminate or reduce the reactive earth fault current although that requires 
costly implementation of relay protection [12]. 
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CHAPTER 5: Protection Mechanism and Relays 
 

5 .1 Protection Mechanism 
In a power system the energy is transferred through a series of devices such as from the power generator 
to the transformers, the switchgears to transmission lines to the distribution network to the home 
apparatus where the power is being used. In effect this system works as a chain where a fault at any point 
in this chain hampers the performance through the whole chain.  

In order to ensure, the smooth performance of this whole chain, several different devices ( relays, 
switchgears etc)are used to provide stability and prevent damage to the expensive devices used in the 
chain. The list below shows some such preventive standard devices together with their numbers[12]. 

Device Number Device Name/definition 
2 Time-delay starting, or closing, relay 
21 Distance relay 
25 Synchronizing, or synchronism-check, device 
27 Undervoltage relay 
30 Annunciator relay 
32 Directional power relay 
37 Undercurrent or underpower relay 
46 Reverse-phase or phase balance current relay 
49 Machine, or transformer, thermal relay 
52 ac circuit breaker 
55 Power factor relay 
59 Overvoltage relay 
60 Voltage balance relay 
92 Voltage and power directional relay 

Table 5.1 Standard Devices Numbers and Definition 

5 .2 Relays 
A relay is an electrical device that is used to isolate part of the electric system or to operate as an alarm 
signal in the case of a fault or some other occurrences which might damage the system. It consists of an 
operating element and a set of contacts where the operating element receives signal in the form of 
current or voltage or a combination of both. It then responds to any change in the input quantity in terms 
of magnitude of current, ratio of phase angles  etc and performs a comparison to determine if something 
is wrong or not and then transfers this information to the contact. Based on this information the contact 
then decides whether to continue operation or break the operation to block current flow to that part. 

Most of the experiments are performed with directional power relay (number 32). The commrcial model 
used is SPAA 120 which is in effect a feeder protection relay that provides protection in case of earth-
fault to radial distribution networks. It also provides circuit breaker failure protection.The SPAA 120 
feeder protection relays continuously measure the two phase currents and the residual current and 
voltage of the protected feeder. When a fault occurs the relay starts and waits a certain period of time to 
see if the fault persists or not, if it does then the relay contact breaks and stops the flow of current [14].  
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Computer programs for fault current estimates are available at major power companies and consulting 
firms in the computer industry. These programs are relatively complicated and beyond the scope of this 
thesis to discuss such computer programs. The purpose of this section is to provide such information  
together with calculation for calculating the earth fault currents at single-phase ground fault for a limited 
part of the network [3]. 

In a practical calculation of earth fault currents in a faulted place at a ground fault on the bus bar the 
following expressions may be used: 

3I
o


3.U
h

X  X  X0

     (kA)           (5.1) 

 

3I
o


3.U
h

2X  X0       

(kA)                  (5.2) 

Where U
h
is the main voltage in kV and X

, X_ and X
0
 are the plus, minus and zero sequence 

reactances in ohms seen from the fault location.  

In equation 5.2 it is assumed the positive and negative sequence reactances are equal. Regarding X
0
is in 

the first place along the network reactance and transformers zero sequence reactance, which makes 
itself-felt. 
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CHAPTER 6: Laboratory Work 
Presence of Earth fault current in power supply transmission always needs to be dealt with precaution. It 
is of paramount importance that proper protection mechanisms are installed in any such power supply 
transmission designs for earth fault current. Failing to do so might result in costly damage to the 
transmission equipment and end devices connected to the power supply. In order to study the behavior of 
earth fault current in overhead line in different scenarios a series of experiments are performed in the 
laboratory. These experiments establish the relationship between the electricity passing through all the 
wires connected to the voltage phases and load resistors connected across the wires. The set up is shown 
below (figure 6.1). The setup performs measurement of earth fault current, ground point voltage and 
symmetrical current flows through the line model to earth fault. A current transformation ratio of 5/1 is 
used by connecting a current transformer across the transmission line. In the first scenario the 
experiment is performed without any fault current as is the case in an isolated neutral system. 

 
                                                     Figure 6.1: Experimental setup. 

 

1. With an input voltage 1U = 230 v together with  0R =  (infinite), and the switch S open the currents  

1I , 2I
, 3I   and  dissI  are measured. The results obtained are given below.  

1I =0.7 A. 

2I = 0.7 A. 

3I = 0.7 A. 

dissI = 0 A. 

0U , ground potential (voltage across 0R ) = 0 V. 
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This experiment results in accordance with the theory that even though there is electricity flow across the 
lines but the summation of 1I , 2I and 3I  is 0 which is shown above with dissI =0. 

The equation (4.1.2) is hence proved. There is no internal load to the system, zero line impedance, 
resistance or reactance. The total current flow through the line model should be 0 according the the 
theory. This is what is being shown experimentally with dissI = 0 A. There can be different amounts of 

current flow through each of the individual lines but the total line model should be 0. 
 

2. This experiment is also performed with an input voltage 1U = 230 v and with 0R = infinite and the 

switch S is close in this situation and the currents 1I , 2I , 3I and dissI  are measured using current 

transformation ratio of 5/1. In this situation jI , the electricity flowing through switch S is also 

measured. 

1I  = 1.15 A. 

2I  = 1.1 A. 

3I = 2.15 A. 

dissI  = 0 A. 

jI  = 2.1 A. 

0U  =  135.23 V. 

0U  Should be equal to the phase voltage and in this situation it is found to be so by measuring the phase 

voltage. Phase voltage is measured to be 135 V. so, 0U  is approximately equal to phase voltage. This 

result is in accordance with the theory given in figure 4.1.3. the fault current jI  is approximately equal 

to the phase current 3I . This result is in accordance with equation (4.1.2).  Also, it is known that the fault 

current returning through the healthy phases 1I  and 2I  should be equal to the amount of current passing 

through 3I   as is stated in equation (4.1.3). Possible causes for the little difference in magnitude could be 

the presence of internal resistance of the switch S, inaccuracy in the ammeter or the internal resistance of 
the wire connecting the ammeter.  
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3. Now, the experimental conditions are exactly same as above except for one additional feature. The 

external resistor 0R  is set at 50 ohm and then the measurements are taken. It is in effect an earthed 

via resistor system. 

1I  = 1.25 A. 

2I  = 0.45 A. 

3I = 3.4 A 

dissI  = 0.52 A 

jI  = 3.3 A. 

0RI  (Electricity flow through 0R ) = 2.6 A 

cjI  = 2.1 A. 

0U  = 134.23 V. 

This experiment proves equation (4.3.3) and (4.3.4).  

Equation (4.3.3) states that 0
R

U
I

R
  which is equal to  134.23/50 = 2.6846 0RI .The equation (4.3.4) 

states that the current  jI  should be equal to the  root square summation of currents cjI  and 0RI . jI  is 

measured to be 3.3 A and calculation shows 

0

2 2 2 22.6 2.1j cjRI I I    = 3.34 A3.3A. 

So the experimental result comes in close approximation to the theoretical result.  

It is also noted that dissI   5 = 2.6 A = 0RI . The explanation for this phenomenon is given at the end of 

this chapter. 
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4.  Now the feeding voltage 1U  is again adjusted to 230 V and the current flow through the lines 1I , 2I  

and 3I  are adjusted to be 2A each by adding another load resistor. In this instance switch S is kept open. 

After 2 A current flows is ensured the switch is closed and resistor 0R  of 50 ohms is connected. Then 

the measurements are noted. 

1I  = 1.6 A. 

2I  = 2.7 A. 

3I = 4.8 A 

dissI  = 0.52 A 

jI  = 3.3 A. 

0RI  (current through Ro) = 2.6 A 

cjI  = 2.0 A. 

0U  = 134.23 V. 

This experiment also proves equation (4.3.3) and (4.3.4) in the same way as experiment number 3. jI  

and dissI  are found to be same as before. This proves that the values of jI  and dissI  are independent of 

any external load. 

 

5. Now the feeding voltage 1U  is again adjusted to 230 V and the current flow through the lines 1I , 2I  

and 3I  are adjusted to be 2A each by adding load. In this instance switch S is kept open. After 2 A 

current flow is ensured the switch is closed. The resistor 0R is disconnected ( 0R  = infinite) and the 

measurements are noted. This in effect becomes an isolated neutral system again.                        

1I  = 1.6 A. 

2I  = 2.7 A. 

3I  = 2.7 A 

dissI  = 0.0 A 
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jI = 2.1 A. 

0RI = 0 A 

cjI  = 2.1 A. 

0U  = 134.23 V. 

Here jI  should be equal to cjI  and it is found to be so.  dissI  should be zero according to equation 

((4.1.1). 

In all the experiments above it is noted that  

0

5
R

diss
I

I   

This is for the fact that a 5:1 current transformer is used when measuring  dissI  but 0RI is measured 

without this ratio. So, when dissI  is measured it is in fact one fifth of the value of 0RI . This value does 

not change even in the presence of any external resistor.  
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CHAPTER 7: Conclusion and Future directions 
 

7. 1 Conclusion 
This thesis is conducted to determine the characteristics and behavior of different grounding systemsfault 
currents. The idea for disposing off fault current in different ways has been in use for decades now. It is 
common practice for engineers to put into place some form of protection mechanism while designing 
electric supply networks. The type of protection to be implemented varies with the purpose for which the 
supply line is going to be used. Each of these different protection mechanisms comes with its own sets of 
advantages and disadvantages. 

Chapter 1 provides an overview of the nature of the faults that usually occurs in electrical networks. 

Chapter 2 introduces the description of different kinds of systems and how these systems work. 

Chapter 3 describes the different Grounding methods of distribution networks together with which 
system is appropriate in what situation as well as what are the advantages and disadvantages of these 
systems. A brief summary of some such systems is given below. 

Isolated neutral or ungrounded systems are connected through line-to-ground capacitances. During earth 
fault the system neutral shifts but the individual phase-to-phase voltage remains same. This system fails 
when low ground fault current flows through the overhead –ungrounded lines. 
 
In solid grounding systems the neutral is directly connected to the ground. Detection of high resistance 
faults in these systems is very difficult because both the load unbalance current and the earth fault 
current flows through the neutral conductor and earth. By using a directional relay it is possible to 
greatly improve the performance by selecting the best directional element to use for each particular fault 
and system condition. 
 
High impedance grounding system ensures that the total transient over-voltage remains at safe values 
during times of earth fault current flows.  The system maintains its phase-to phase voltage during 
occurrences of earth fault thus allowing the system to continue operation uninterrupted during these 
times. The trade off here is that more expensive components are required. 
 
Chapter 4 deals in more details about the science behind each of these grounding methods of distribution 
systems. Here the logic and mathematical equations for calculation are introduced and in depth analysis 
is performed by using thevenin equivalent circuits. 
 
Chapter 5 introduces the concept of system protection and the use of relays in this context. 
 
Chapter 6 provides details about the laboratory experiments and the results obtained from the analysis of 
these results. Here various characteristics and equations  that are given in previous chapters are proved.      
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7. 2 Future Directions 
In connection to the work that is being done a lot of paths come into visibility to continue working to 
improve and further carry the study. One such path is to study the earth fault current behavior by using 
directional relay elements which is extensively used in practical circuits. 

Another improvement can be achieved by conducting extensive digital simulation testing.  
Laboratory testing of ground faults in solidly- and low-impedance-grounded systems can be carried out 
by using directional elements to provide ground-fault protection and to study the line tripping effects due 
to the production of high current level.  

Work can also be carried on for ground fault detection methods for compensated systems using the 
wattmetric method. In this method relay elements are used which responds to the in-phase (real) 
component of the zero-sequence current with respect to the zero-sequence voltage V0. The requirement 
of V0 detection limits the sensitivity of the wattmetric method for high-resistance faults.The sensitivity 
of the detection depends on the information gathered on all feeders and/or some sort of control on the 
Petersen coil or current injection. So, using this method, it is possible to determine how sensitive the 
earth fault detection is experimentally in a lab environment. 
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Appendix 
The real time scenario during the performance testing can be seen in Figure 5.4.2, Figure 5.4.3, 
Figure 5.4.4, Figure 5.4.5 and Figure 5.4.6. 

 
Figure 5.4.2 Real Scenario of an Earth Fault Circuit 1 

 
Figure 5.4.3 Real Scenario of an Earth Fault Circuit 2 
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Figure 5.4.4 Real Scenario of an Earth Fault Circuit 3 

 
Figure 5.4.5 Real Scenario of an Earth Fault Circuit 4 

 
Figure 5.4.6 Real Scenario of an Earth Fault Circuit 5 
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