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ABSTRACT 

 

There are many stator ground faults protection schemes available in the industry. 

These schemes relatively perform well in detecting the faults in the stator winding. The 

protection of the neutral point vicinity is the challenge because of the low voltage induced 

in that area. The 100% stator protection concept has been around for a long time. However, 

these schemes sometimes have limitations. The fact that stator ground fault detection in 

generators depends on many factors like the generator design, the generator loading, and 

the equivalent capacitance of the generator’s windings and the apparatus connected to it, 

occasionally caused these schemes to fail to detect the winding faults near the neutral or 

to miss-operate during normal system disturbance. In this dissertation, an electromagnetic 

analysis of the synchronous generators stator winding ground faults is presented. A 

mathematical model for the synchronous generator under stator winding fault is being 

derived. In addition, a study is conducted using 2D FEA simulation and verified using 

experimental testing on the third harmonic ratio under-voltage protection scheme. Another 

study focuses on finding a unique signature for the stator ground fault using wavelet 

transform. This analysis is an attempt to understand this phenomenon from the machine 

design point of view by looking at the generator terminal and neutral voltages. The 

analysis presented in this dissertation shows that the protection schemes perform 

positively in detecting stator ground fault. However, it does not show reliable performance 

under system disturbances. On the other hand, the wavelet method shows better 

performance and it reflects robustness against these disturbances. 
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1. INTRODUCTION AND LITERATURE REVIEW  

 

1.1 Introduction 

 

The purpose of this literature review is fourfold. First, synchronous generators will 

be briefly discussed, with an emphasis on the principles as well as physical characteristics 

of these machines. Second, types of faults in synchronous generators originating from 

ground faults will be evaluated. Third, methods of protecting against ground faults in 

various components of synchronous generators (in particular, the windings and stator) will 

be discussed. Fourth, a meta-analysis of statistical data pertaining to ground faults will be 

presented. A brief conclusion will summarize the findings of the literature review. 

The protection of generators from internal ground faults, as well as from damage 

originating from other points of fault, is an important concern in the engineering literature 

[1]. Many faults as well as protection mechanisms have been described [2]. Recently, 

particular attention has been paid to hybrid grounding approaches as a promising means 

of reducing ground fault damage to synchronous generators [3]. Because of the promise 

of hybrid approaches [4], they will receive particular attention in the literature review, but 

other protective approaches will be considered as well.  

Finally, several independent works regarding protective relaying for power 

generation systems and the advantages and disadvantages of third-harmonic schemes will 

be examined in-depth. These articles explain just how these schemes work, as well as their 
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technical limitations. By analyzing these articles, it is possible to understand, with greater 

precision, the applications of some of these systems.  

 

1.2 Brief overview of synchronous generators  

 

A synchronous generator takes its name from the relationship between mechanical 

rotational speed and the electrical frequency produced [5]. The relevant formula is as 

follows: 

𝑓𝑒 =  
𝑝

120
 𝑛𝑚                                              (1.1) 

Where: 

fe = supply frequency, Hz 

nm = rotor speed of the machine 

p = number of poles 

The equation can be rewritten as: 

𝑛𝑚 =
(120)𝑓𝑒

𝑝
                                                (1.2) 

 

In a synchronous generator with a given number of poles, the relationship between 

fe and nm is perfectly linear.  

A synchronous generator is thus a machine in which mechanical input is used to 

generate electrical output based on the formula presented above. A synchronous machine 

can also function as a motor if electrical input is converted to mechanical output [6]. In 

either case, the machine is synchronous if it obeys the formula presented above. 
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There are numerous components in a synchronous generator [7]. Figure 1.1 below 

depicts a two-pole synchronous generator with common components.  

 

 

Figure 1.1. Components of a 2-pole synchronous generator.  

 

This depiction of a synchronous generator is particularly useful in envisioning 

some of the ground fault damage and component-specific protection scenarios discussed 

later in the literature review. 

Figure 1.2 shows that synchronous generators became much more widespread in 

the middle of the 20th century. As a result, the amount of power generated from them 

increased almost exponentially during this period as the following graph will help to 

demonstrate. Today, nearly all power is generated via synchronous generators.  
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Figure 1.2. Percentage power generated by synchronous generators 

 

One feature of synchronous generators is that they can operate in parallel, which 

is why they are often found in interconnected power systems [8, 9]. This feature of 

synchronous generators is particularly important when considering grounding faults that 

can affect interlinked systems [10]. However, when they operate as stand-alone units, 

synchronous generators remain vulnerable to ground faults in numerous ways [11]. 

Having provided a brief overview of synchronous generators, it remains to consult 

the literature on (a) ground faults and (b) means of protecting the components of 

synchronous machines from ground faults.    
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1.3 Overview of grounding faults and issues 

 

Grounding is capable of causing anywhere from mild to irreparable damage to 

synchronous generators [12]. In order to understand how these damages can occur, it is 

necessary to provide a systematic overview of both the phenomenon of grounding and of 

the specific approaches to grounding. There is some conceptual overlap between 

discussing grounding approaches and examining means of protecting synchronous 

generators from grounding flaws, the topic of the third section of the literature review. 

However, while some means of protecting synchronous generators can be inferred from 

the second section of the literature review, the third section will contain a more focused 

discussion of issues related to generator design.   

 

1.3.1 Ground faults 

 

A ground fault occurs when, rather than traveling across its intended path, 

electricity travels to the ground [13]. There are various faults that can arise from the way 

in which a system is grounded or ungrounded. 

 

1.3.2 Low-resistance grounding 

 

A low-resistance grounded system is one in which resistors keep the ground fault 

current within a limit, often in the range of 200-600 A [14]. When the ground fault current 
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is low, total fault damage is limited. Such an approach is oftentimes utilized when working 

with common bus-connected generators [15]. Fault current magnitudes can be kept high 

enough for relaying with feeders and also bus-tie breakers but low enough to keep over-

voltages and associated damages limited [16]. The low-resistance grounded approach also 

allows other sources to be added into the system with much added complexity or cost. 

Low-resistance grounding approaches not only reduce damage at the point of system fault 

but also reduce the destructive power of stray currents and reduce heat-related and 

mechanical stress on equipment [17].  

Low-resistance grounded systems can have disadvantages that can result in flaws. 

One problem is that, if there are multiple sources, the total ground fault current becomes 

higher, which in turn creates the potential for more damage if the sources are not 

appropriately managed (as with the use of the right kinds of surge arresters) [18]. If, for 

example, each generator in a 4-generator system has a maximum ground fault current of 

500 A, then the maximum fault current is actually 2,000 A [19]. 

Another, more specific problem that can arise in low-resistance grounded systems 

is the burning out of generator stator iron laminations in the presence of ground fault 

currents of sufficient magnitude [20]. Once there is a ground fault inside a generator’s 

stator winding, the generator will persist in feeding the ground fault until the field 

excitation of the generator dwindles [21]. In such a scenario, the generator will become 

substantially damaged. Additionally, when there are variations in fault current, there can 

be coordination problems within the system [22].  
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1.3.3 Single-point grounding 

 

 Single-point grounding involves the grounding of only one source. Such 

an approach does not require only one generator in the system. Existence of a single 

ground source is a natural limit on ground fault current which will be much higher in 

scenarios of multiple point grounding. Single-point grounding eases the process of relay 

coordination by reducing ground current variation. Regardless of how many generators 

there are, single-point grounding can draw upon neutral isolators to connect only one 

resistor to the system at a given time [23]. This approach to single-point grounding has its 

own disadvantages. The use of isolator switches can add complexity to the system, and 

transferring can also be difficult [24].  

Another approach to single-point grounding is to connect neutrals to each other, 

meaning that there is a single return path for the ground fault [25]. In this approach, 

complexity arises when third harmonic currents have to be circulated through the neutrals 

[26]. Because connection of the neutrals raises their potential, regardless of whether a 

generator is connected or otherwise, safety issues can arise. The use of an artificial neutral 

can alleviate these concerns [27]. However, some general limitations and risks of single-

point grounding remain. Perhaps the main disadvantage of single-point grounding is the 

vulnerability of the system to the single grounded power source.  
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1.3.4 Multiple-point grounding 

 

Multiple-point grounding is often utilized in conjunction with low-resistance 

grounding. In multiple-point grounding, the neutral terminals of transformers and 

generators alike are grounded separately through resistors. In this scenario, control can be 

exercised over the ground fault current associated with each source [28]. Combined with 

low-resistance grounding, a multiple-point ground is a viable means of ensuring that a 

system remains perpetually grounded, which in turn means the elimination of an important 

safety hazard [29]. 

However, multiple-point grounding also presents several challenges. One 

challenge of multiple-point grounding is that choosing resistors can be complicated, 

another challenge involves the stator winding of the generator. If the point of fault is within 

the stator winding, a fault current continuing uninterrupted can lead to substantial damages 

in the windings of the stator [30].     

 

1.3.5 High-impedance grounded system 

 

In a high-impedance grounded system, the neutral terminal of the generator is 

connected to the ground through an impedance. In such a system, there is much lower 

current at the point of fault than in other systems [31]. High-impedance systems also allow 

for operational continuity [32]. However, to achieve these benefits, a high-impedance 

grounded system must be able to detect ground faults at a high level of sensitivity. High-
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impedance grounded systems can also be unsuited to an environment with many 

generators.  

 

1.3.6 Hybrid approach 

 

In a hybrid system, high- and low-impedance systems are merged. This system is 

particularly relevant in light of damage to a generator as the point of fault because it is 

based on deploying low resistance for external ground faults and deploying a high-

impedance grounded system in case the point of fault is the generator [33].  

If a ground fault takes place within the generator’s stator winding, then the hybrid 

system could limit the ground fault current until isolating the generator from the supply. 

At this point, the generator would shut down while the ground fault would be limited to a 

very low level such as 10 A. As the generator remains in a high-impedance state, any 

damage to the generator’s stator windings is reduced [34].  

A best practice in hybrid design would be to configure the system so that maximum 

ground fault current never exceeds the magnitude of 400A or thereabouts even if there are 

many generators connected to the system. In doing so, the system’s ground fault current 

would be reduced.  
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1.4 Methods of protection 

 

There are numerous ways in which stators and the larger systems in which they 

inhere can be protected against ground faults. Some of the major methods will be discussed 

here. 

In conventional fault protection, an overvoltage relay detects faults and protects 

between 90 and 95% of the stator winding [32]. The bottom 5 to 10% of the stator winding 

is not protected by the conventional method of stator ground fault protection [35]. This 

method has the clear disadvantage of not being able to protect the entire stator winding. 

Conventional fault protection depends on the combination of the following components 

[36]: 

 Percentage phase differential protection (device 87) 

 Ground differential protection (device 87GN) 

 Ground time-overcurrent protection (device 51G) 

 Instantaneous ground overcurrent protection (device 50G) 

 Wye-broken-delta ground overvoltage protection (device 59G) 

 Stator winding zero-sequence neutral overvoltage protection (device 59GN) 

The output voltage of generators is not perfectly sinusoidal. Harmonic components 

distort the output voltage. The third harmonic voltage is greater than other stages in the 

triple harmonic, leading to certain regularities. For example, when ground faults occur at 

points that are close to neutral, the third harmonic voltage at the terminal point is the total 

of the third harmonic generator yield [35]. On the other hand, when a ground fault unfolds 
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at or near the terminal point in the generator, the third harmonic voltage at the neutral 

point equals the sum of the third harmonic voltage produced by the generator [35]. 

Knowledge about the third harmonic voltage can be used to protect against ground faults.  

The third harmonic neutral under voltage approach involves detection of the 

absence of third harmonic voltage at the neutral of the generator, which in turn suggests 

that there is a ground fault close to the neutral. For this approach to work fully, however, 

the 59G relay must pick up [37].       

In the book "Protective Relaying for Power Control Systems," by Donald Reimert, 

the concept of these third-harmonic schemes are examined in depth [38]. According to 

him, harmonic voltage is divided between the neutral end and the terminal end shunt 

impedances according to the zero-sequence network. One of the keys here is that, at some 

point during the stator winding, third-harmonic voltage is equal to zero. The generator 

harmonics model is used to approximate the value of the voltage harmonics at the neutral 

and at the generator terminals. Most of the available 100% stator protection schemes are 

working based on that approximation. The author in [38] explains the split capacitance 

model of the generator stator windings (shown in Figure 1.3). Where Cs represents the 

stator winding capacitance, which is the largest element of the system capacitance. Ct 

represents all the shunt capacitance at the generator terminals including the capacitance of 

the primary windings of the connected transformer. Splitting the impedances causes the 

voltage harmonics to split between the terminals and the neutral (Figure 1.3). When the 

ground faults happen close to neutral, the capacitive impedance close to the neutral and 

the neutral impedance Zg are shorted, the 3rd harmonic voltage in the same area will 
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reduce. Therefore, all voltage harmonics will appear at the terminals. In contrast, when 

the ground faults occur close to terminal, the capacitive impedance close to the terminal 

is shorted and the 3rd harmonic voltage in the same area will reduce. Therefore, all voltage 

harmonics will appear at the neutral. In summary, the change in the harmonics ratio 

between the neutral and the terminals is the base where the relay senses the fault. 

 

 

Figure 1.3. Split capacitance model of synchronous generator. 

 

The article [38] also stresses the importance of third-harmonic voltage created by 

the generator and the operations presented by the book necessitate the use of these 

voltages. The article finds that, across all load levels and operation modes, about 1 percent, 

as a minimum, of third-harmonic voltage is produced by the protected machine. However, 

the third-harmonic voltage produced is tied directly to the design of the generator itself, 

meaning that these values have the potential to vary greatly, usually between 1 and 10 

percent.  

Another key method of protective relaying is the voltage ratio scheme. Essentially, 

this voltage ratio scheme involves the division of the third-harmonic voltage produced by 

the generator between the terminals. Furthermore, the impedances of the zero-sequence 
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circuit, in theory, alleviates that ratio of third-harmonic terminal voltage allowing it to 

maintain neutral voltage during normal operation.  

The key benefit of this particular voltage ratio scheme is that it allows the detection 

of ground faults at the neutral, as well as at the terminal end of the stator winding. To 

accomplish this, a 60 Hz 59GN overvoltage relay is utilized, providing fault detection near 

the null points in the stator winding.  

Finally, the neutral injection scheme is another key method of providing 100 

percent ground fault protection. However, one difficulty with this method is that the 

individual designs of the neutral injection scheme tend to vary between manufacturers. 

The basics, however, are that an AC voltage signal is applied at the neutral using an 

injection transformer along with the grounding transformer. The signal, which is encoded, 

creates a 15 Hz current which is monitored by an overcurrent element at the secondary of 

the injection transformer. If a stator ground fault manages to make it through the winding 

capacitance, the current will be increased, tripping the device. In some references this 

method is called the sub-harmonic injection method and is based on the early detection of 

stator ground faults through the use of an injection module that generates a square wave 

pulse of 20 Hz (and a magnitude of +/- 26V) straight into the stator winding [40, 41]. As 

the injection module tracks the magnitude and the frequency of the signal that it generates, 

it can determine whether a ground fault has occurred in the stator winding and take 

advantage of a critical-fail relay.  
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1.5 Meta-analysis of literature 

 

The meta-analysis of the literature was carried out in studies of stator winding 

faults from the engineering literature. The inclusion criteria for the meta-analysis were as 

follows (Note: Original graphic based on meta-analysis of literature.): 

 Publication date: 2000-2015. 

 Source: Peer-reviewed journal or accredited industry publication. 

 Content: Stator fault descriptions, system fault descriptions, cost of failure data. 

 Total cost data, meaning costs that take business causes into account. 

 

1.5.1 Costs of failure 

 

 

Figure 1.4. Cost of system failure associated with stator failure. 
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Figure 1.4 shows the mean cost of a stator failure that was associated with a system 

failure was $326,470.5 (SD = $176,479). Figures 1.5 and 1.6 indicate that the failure costs 

of Roebel bar stator types was highest, followed by the failure costs of hybrid stator types. 

In addition, single-point and low-resistance systems had the highest associated costs.  

  

 

Figure 1.5. Cost of system failure associated with specific stator types. 
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Figure 1.6. Cost of system failure associated with specific system grounding. 

 

1.5.2 Causes of stator failure and nature of system failures 

 

Causes of stator failures were examined in two ways. First, the meta-analysis 

disclosed the respective percentages of stator failures ascribable to insulation failure, 

unknown short-circuit causes, and polarization failure (Figure 1.7). Next, by dividing the 

prevalence of stator types by system faults, the adjusted contribution of stator types to 

system faults was derived (Figure1.8), which indicates that both random-wound stators 

and hybrid stators make a disproportionate contribution to system failures.  On the other 

hand, most system failures were multiple-point in nature (Figure 1.9). 
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Figure 1.7. Stator failures as contributors to system failure. 

 

 

Figure 1.8. Stator types as contributors to system failure. 

 

0
1

0
2

0
3

0
4

0

%
 o

f 
A

ll 
S

ta
to

r 
F

a
ilu

re
s

Insulation Failure Short-Circuit (Cause Unknown) Polarization Failure



 

18 

 

 

Figure 1.9. Adjusted contribution of stator type to system failure. 

 

1.6 Motivation and proposed work 

 

From the previous section, we can say that synchronous generators are an 

important element of the power system as they are the main source of power that feeds 

both the residential sector and industrial sector. As a result, the reliability of its protection 

scheme against faults is a major issue these days. In this thesis, we will focus more on 

internal faults in high-impedance grounded (HIG) systems, especially the stator ground 

fault which can occur due to electro-mechanical stresses and deterioration of the stator 

windings insulation [38].  

The 100% stator protection schemes utilizing third-harmonic schemes are used in 

many places but are most widely used in the United States, largely as a means of providing 
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stator ground fault protection within the stator winding. However, it should be noted that 

these third-harmonic schemes have a number of drawbacks that keep them from reaching 

complete salience, even within the United States. There are many reports showing that the 

100% stator protection schemes are not secure enough. Many incidents of false tripping 

and other issues have been reported for such schemes. There is an article which cites some 

of the critical elements of these 100% stator ground fault protection schemes [39]. The 

author of this article stated that third-harmonic schemes are utilized predominantly in 

stator windings that have a great deal of third-harmonic that is actually present. That is to 

say, generators which have very little third-harmonic are not used as predominantly. 

Third-harmonic schemes are also heavily used when the greater the MW and MVAR 

output of the generator is in question. Essentially, an increased MW load in a generator 

necessitates third-harmonic schemes because the third-harmonic voltage generally 

increases along with it, meaning that higher power necessitates third-harmonic schemes 

to a greater degree. Similarly, reactive generator output is also directly correlated with the 

third-harmonic; the unpredictability of this is another key application of third-harmonic 

schemes. 

It is worthwhile to mention that third-harmonic schemes work most effectively in 

stator ground fault protection that is not 100%. That is to say, implementing third-

harmonic schemes into stator ground fault protection that is 100% will cause the third-

harmonic schemes either to not function altogether or have severe drawbacks that more 

than outweigh the advantages of using them in the first place.  
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Another important drawback of third-harmonic schemes which is considered a 

disadvantage that makes their implementation, on a more widespread basis less practical, 

is a tendency for false tripping during load rejection. Essentially, this means that when a 

hydro unit is rejected at full load, it is possible for the generator to increase speed up to 

twice the normal rate. The key problem here is that this causes the generator's terminal 

frequency to be increased by the same amount, potentially doubling it as well. This will 

cause the third harmonic in the generator neutral to have a value that is double the 180Hz 

traditional value. This will cause a false-operation because the neutral overvoltage of third 

harmonic relays are designed to detect at the normal 180 Hz frequency, causing a failure 

to trip. 

Another drawback to third-harmonic schemes is that they have severe limitations 

when applied to the operation of synchronous condensers. More specifically, the level of 

third harmonic in a synchronous condenser must be determined via field measurements 

for the operating mode. This means that, in many cases, the27TN element had to be 

blocked due to too low a level of third-harmonic, preventing a secure setting for the 

operating mode. This precludes the generation of 100% stator ground fault protection.  

On a similar note, performance of third harmonic schemes on parallel generators 

is lacking as well. That is to say, creating a secure 27TN setting between two generators 

operating in parallel using third harmonic schemes is extremely difficult. As a result, 

protections for these would, in some cases, have to be blocked when both of these 

generators are operating simultaneously, and potentially jeopardizing safety.  
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From the perspective of cross compound and large generator applications of third 

harmonic schemes, the key disadvantage here deals with the detection of faults in areas 

outside of the winding. More simply, there are areas of winding in cross compound steam 

units, common in nuclear plants with parallel stator windings, that are missed by using the 

27TN relay. As a result, this creates "gaps" in the ability of third harmonic schemes to 

effectively detect ground faults in the stator winding. 

Another drawback of these schemes lies in their application within gas turbines. 

The primary drawback here is a discrepancy between calculated values and measured 

values in regard to third harmonic voltage at the generator neutral level. The drop, between 

20 to 30 MW, can cause the 27TN to falsely operate, leading to potential errors. 

Furthermore, this problem persists in other gas turbines as well, with third harmonic 

dropping dramatically at specific VAR outputs leading to false tripping. As a result, 

implementation of third harmonic schemes within these gas turbines necessitates a 

thorough field study be conducted on the gas turbine generator first, increasing the time 

and cost involved in implementation.  

Thus, in this dissertation the problem has been looked at from the machine 

electromagnetic prospective. The machine voltages will be analyzed searching for a 

unique signature of the stator winding faults. 
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1.7 Conclusion 

 

Synchronous generators provide power for many applications and are 

indispensable applications of technology in the modern world. Nonetheless, synchronous 

generators remain vulnerable to ground faults. While there are many viable means of 

defending stator windings against the damage created by ground faults, generators are 

complex machinery that can fail at various points. Indeed, the literature has documented 

various failures of generators originating in ground fault damage to the stator windings. 

Such failures are complex in that they can represent an inherent weakness in the stator 

windings themselves, a failure of detection and protection mechanisms, or both.  

Stator winding damage is expensive. Failures require the purchases of new 

hardware, the dedication of man-hours for replacement and analysis, and, perhaps most 

importantly, the disruption of larger, more expensive systems such as power plants. When 

all the costs are taken into account, ground faults that impact stator windings are very 

expensive indeed.    

The main contribution of this literature review was the identification and meta-

analysis of data related to ground fault damage of stator windings. The meta-analysis 

resulted in a number of relevant insights: 

 The mean cost of a stator failure that was associated with a system failure was 

$326,470.5. 

 The failure costs of Roebel bar stator types was highest, followed by the failure costs 

of hybrid stator types. 
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 Single-point and low-resistance systems had the highest associated costs.   

 Most system failures were multiple-point in nature. 

 Both random-wound stators and hybrid stators make a disproportionately high 

contribution to system failures. 

 Low-resistance ground failures were more expensive than multiple-point grounding 

failures. 

 Single-point ground failures were more expensive than high-impedance grounded 

failures. 

 Single-point ground failures were more expensive than hybrid grounded failures. 

   

These findings offer some insight into the nature of ground protection involving 

stator findings. First, random-wound and hybrid stators appear to be particularly 

vulnerable to ground faults. Replacement with other types of stators might be appropriate. 

Second, multiple-point systems appear to be the most vulnerable to failure. Hybrid 

systems were the least susceptible to failure. A best practice in protecting stator windings 

from ground faults might be to take advantage of the protection methods noted earlier in 

the literature review while also giving extra thought to (a) the design of the larger system 

in which the stator operates and (b) the stator winding types used within the stator. Taking 

a top-down as well as bottom-up approach to stator windings could be effective.      

Furthermore, the reviewed literature cast a more realistic light upon the capabilities 

and drawbacks of many of these technologies. Most importantly, third-harmonic schemes 

have been examined and written about numerous times by various sources, and this one 
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in particular states that third-harmonic schemes have a number of limitations. Learning 

and adapting to these limitations is key for the long-term success of these technologies. 

Understanding the intricacies of protective relaying for power generation systems is also 

crucial. Ultimately, understanding the details of these machines allows for the creation of 

new and improved ways to maintain and operate them. It also allows for the creation of 

more effective safety measures, particularly in regard to third-harmonic schemes.  
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2. MODELING LARGE SYNCHRONOUS GENERATORS 

 

2.1 Introduction 

 

One of the very important features of this work is the existence of a lab prototype 

emulating real plants. Very high costs associated with real data collection in high power 

stations and unwillingness of generating units to lend their facilities even for a short period 

of time, always create the challenge of providing field data for protection schemes. In 

order to overcome this issue, an experimental test bed containing the required synchronous 

machine was modified to model a real generation unit which consists of transmission and 

distribution transformers, stator windings terminal and neutral measurement potential 

transformers (PTs), data collection unit, load, etc. In this Section, a detailed explanation 

is provided for the experimental test bed and a comparison between the experimental 

results and the 2-D finite element analysis (FEA) for the same synchronous generator. 

 

2.2 Generator design and parameters 

 

The generator characteristics are shown in Table 2.1. Figure 2.1 shows the stator 

core after removing the winding from its slots, the outer frame, rotor and rotor winding of 

the synchronous generator. The detailed generator characteristics are shown in the 

Appendix. 
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Table 2.1. Synchronous generator parameters 

Rated power 5 kVA 

Number of poles 4 

Rated voltage 240 V 

Rated current 12 A 

Power factor 0.8 

Number of winding layers per stator slot 2 

Number of turns per coil 24 

Number of coils per phase 4 

 

 

 

 

 

The generator windings consist of 4 coils connected in series for each phase. Each 

coil has 24 turns which create a 96 turn coil per phase. The turns contain 4 strands of 

Figure 2.1. Synchronous generator stator and rotor. 
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copper wire gauge #17. The winding layout is shown in Figure 2.2. It is clear that the 

phase belt of the stator winding is equal to 4 and the coil span is equal to 9 which affects 

the harmonics content of stator windings. That effect will be discussed more in Section 4. 

 

 

Figure 2.2. Stator winding layout. 

 

On the other hand, the rotor winding includes four coils connected in series with 

560 turns per coil (i.e. per pole). The pole arc of the rotor is equal to 73o.  

 

2.3 Stator winding tabs layout 

 

The original stator windings were pulled out of the slots and rewound to host 

certain tabs at different positions across the winding where the manual faults are applied 

(see Figure 2.3). 

 

 

Figure 2.3. Stator windings’ tabs. 
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 In the vicinity of neutral, tabs are placed every 3 turns whereas towards the 

terminal end, tabs are used in every 12 turns. This is due to higher priority given to the 

study of faults at or in the vicinity of neutral point. Figure 2.4 shows the tabs connections 

in the stator windings. At the fault location, which is after specific turns (3 turns here), the 

wire is simply twisted and marked. After laying all the stator windings in the appropriate 

slots, the tabs leads are soldered to the twisted area and brought out of the machine. The 

machine stator was varnished after windings and tabs were placed to increase the coupling 

capacitance of the machine. This capacitance plays a major role in the third harmonic ratio 

protection scheme as we will discuss in Section 4.   

 

 

Figure 2.4. Main windings and tabs connection. 
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2.4 Experimental set-up 

 

The experimental test bed contains synchronous machine, transmission and 

distribution transformers, stator windings terminal and neutral measurement PTs, data 

collection unit, and resistive load. An overview of such system is shown in Figure 2.5. 
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Figure 2.5. Overall system schematic. 

 

The setup can be divided into three categories - power system apparatus, 

measurement devices and fault simulation components. The power system apparatus 

includes the prime mover which is a DC motor, the synchronous generator with its 

excitation DC power supply, 240/120 V generator neutral distribution transformer, 240 

VΔ/480 V Y step up transformer, 480 VY/240 VY step down transformer and the load. 
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The measurement devices include the 240 VY/5 VY potential transformers (PT’s), voltage 

sensors, and LABVIEW platform. The fault simulation components include fault resistors 

and the switches that connect the inserted winding tabs to the fault resistors and after that 

to the ground. Figure 2.6 shows the power system apparatus and the fault simulation 

components. The silver box in the left bottom corner is the system ground point. Figure 

2.7 shows the measurement devices. The sensor circuit is designed to produce output 

voltage of range ±1.5 V which suits both the LABVIEW and DSP controller. Figure 2.8 

is an example of the terminal and neutral voltages of the generator displayed by the 

LABVIEW interface. 
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Figure 2.6. Power system and fault simulation circuit. 
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Figure 2.7. Measurement devices. 

 

 

Figure 2.8. Generator voltages waveforms. 
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2.5 Finite element modeling of synchronous generators 

 

Finite Element Analysis (FEA) software packages are very effective tools to study 

different types of electrical machines. These software packages enable the users to 

understand the transient and steady state behaviors of these machines by solving the 

electromagnetic equations that describe their dynamics. In order to explore the behavior 

of the synchronous generator under stator winding faults, a 2D transient model of the 

salient pole synchronous generator was created as shown in Figure 2.9. 

 

 

Figure 2.9. FEA model of the SG’s stator and rotor with mesh loops. 

 

In FEA software we assigned every slot layer to a coil so every slot layer has 6 

turns. Thus, in total we have 96 turns per phase. In addition, the coupling capacitance 

between the windings and the ground was added to the machine model circuit. In order to 
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simulate the ground fault, the fault location is shorted through a resistor of 50Ω (see Figure 

2.10).  

 

 

Figure 2.10.  Circuit model coupled with FEA simulation. 

 

The generator is simulated under full resistive load (12A) and the fault was applied 

at tf = 0.062 s on phase ‘a’.  The three phase and neutral output voltages of the simulated 

machine operating at rated conditions are shown in Figure 2.11. 

 

 

Figure 2.11. Three phase and neutral voltages before and after fault. 

Fault resistance = 50 Ω 
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Figure 2.12 shows phase ‘a’ voltage of a simulated generator and an actual one. It 

is clear that both waveforms are very close to each other. The only difference is the 

presence of high order harmonics in the simulated waveform. That is because the 2-D 

model of the generator is not accounting for the rotor skew (7.5 degrees) which eliminates 

higher order voltage harmonics. 

 

 

Figure 2.12. Simulated and experimental voltage of synchronous generator. 
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3. SYNCHRONOUS GENERATOR MATHEMATICAL MODEL 

 

3.1 Introduction 

 

Machines are tools to convert energy based on magnetic fields interaction between 

stationary windings placed on stator and the rotating windings placed on rotor. This 

interaction creates a rotating magnetic field distribution in the air gap that separates the 

stator from the rotor [42]. It is easier to simplify the problem of machine modeling by 

considering a coupled magnetic circuits approach instead of a magnetic fields approach 

which is used in FEA software. This approach is called Modified Winding Function 

(MWF) and is described by the authors in [42].  This approach is based on calculating the 

machine winding inductance considering the winding physical layout, the saliency of the 

rotor and considering the rotating flux of the machine. In this Section, self and mutual 

inductances of a synchronous machine mentioned in Table 1 will be calculated for both 

healthy machine and machine under stator winding ground fault. This calculation includes 

the saturation effects and slot harmonic effects of the air gap function of the machine.  

 

3.2 Inductance calculations 

 

The steps needed to calculate the magnetizing and mutual inductances of the 

machine are mentioned in [42]. They can be summarized as follows: 
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1. Reference mechanical angle φ should be chosen and according to the turn 

functions of the stator phases and the rotor can be expressed in Fourier series 

using (3.1) to (3.6). 

2. With same reference mechanical angle the inverse air gap function of the machine 

can be expressed in Fourier series using (3.7) to (3.9). 

3. Finally, (3.10) and (3.11) are used to compute the windings magnetizing and 

mutual inductances. 

According to the stator winding distribution shown in Figure 2.2 the turn functions 

of the three phases na, nb and nc can be found from (3.1) to (3.4). 

 

𝑛𝑎 = ∑ 𝑁ℎ ∗ cos (
𝑝

2
∗ ℎ ∗ (𝜃 − 𝜑))

𝑛

ℎ=𝑜𝑑𝑑

                                                                (3.1) 

𝑛𝑏 = ∑ 𝑁ℎ ∗ cos (
𝑝

2
∗ ℎ ∗ (𝜃 − 𝜑 −

𝜋

3
))

𝑛

ℎ=𝑜𝑑𝑑

                                                        (3.2) 

𝑛𝑐 = ∑ 𝑁ℎ ∗ cos (
𝑝

2
∗ ℎ ∗ (𝜃 − 𝜑 +

𝜋

3
))

𝑛

ℎ=𝑜𝑑𝑑

                                                        (3.3) 

𝑁ℎ = (−1)
ℎ−1
2 ∗

4𝑁𝑡

𝑝𝜋ℎ
∗ 𝑘ℎ                                                                                         (3.4) 

 

Where: p is number of poles and it equals 4 here, Nt is total number of turns in 

each stator phase winding (96 in this case), kh is the harmonic winding factor. For our 

stator winding layout, the harmonic winding factor is shown below: 



 

37 

 

𝑘ℎ =
sin (

ℎ𝑞𝛾
2 ∗

𝑝
2)

𝑞 sin (
ℎ𝛾
2 ∗

𝑝
2)

∗ cos [ℎ(𝑞 − 1)
𝛾

2
∗

𝑝

2
]                                                           (3.5) 

 

Where: q is phase belt and it equals 4 here, 𝛾 is stator slot pitch which equals 7.5o. 

Figure 3.1 shows the turn functions of the stator windings in our machine.  

 

 

Figure 3.1. Stator windings turn functions.  

 

Figure 3.2 shows the winding functions of the machine which are calculated by 

simply subtracting the turn function averages. Turns average of phase a is zero, turns 

average of phase b is Nt/p, and turns average of phase c is –Nt/p. 
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Figure 3.2. Stator windings functions. 

 

Similarly, the rotor field turns function Fourier series can be calculated, as shown 

in (3.6). However, rotor winding is moving with respect to the stator reference angle. 

Therefore, rotor turn function will shift on the mechanical angle  axes 𝜃𝑚 as the rotor is 

turning.  

 

𝑛𝑓 = ∑
𝑁𝑓

2 ∗ 𝜋 ∗ ℎ
∗ sin (ℎ ∗

𝛽

2
) ∗ cos(ℎ ∗ (𝜃 − 𝜃𝑚))

𝑛

ℎ=𝑜𝑑𝑑∗2

                                (3.6) 

 

Where Nf is the rotor number of turns (560 turns) and β is rotor half pole arc 

(36.5o). Figure 3.3 shows the rotor turn and winding functions at  𝜃𝑚 = 0.0. 

 

 



 

39 

 

 

Figure 3.3. Rotor turn and winding functions. 

 

The inverse air gap function of the salient synchronous machine can be expressed 

in Fourier series as follows:  

 

𝑔−1(𝜑, 𝜃𝑚) = 𝑎0𝑔 + ∑ 𝑘𝑔ℎ ∗ cos (
𝑝

2
∗ ℎ ∗ (𝜑 − 𝜃𝑚))

𝑛

ℎ=𝑒𝑣𝑒𝑛∗2

                          (3.7) 

𝑎0𝑔 =
2

𝜋
(

1

𝑔𝑚𝑖𝑛
∗ 𝜃𝑚𝑖𝑛 +

1

𝑔𝑚𝑎𝑥
∗ 𝜃𝑚𝑎𝑥)                                                                (3.8) 

𝑘𝑔ℎ =
4 ∗ (

1
𝑔𝑚𝑎𝑥

−
1

𝑔𝑚𝑖𝑛
)

𝜋ℎ
∗ (−1)

ℎ+4
2  ∗ sin(ℎ𝜃𝑚𝑎𝑥)                                         (3.9) 

 

Where gmin and gmax are the minimum and maximum effective air gap due to 

saliency (gmin = 0.5 mm, gmax = 5.5 mm). 𝜃𝑚𝑖𝑛 and 𝜃𝑚𝑎𝑥 are the arc angles associated with 
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the minimum and maximum effective air gap. The air gap function waveform is shown in 

Figure 3.4. 

 

 

Figure 3.4. Air gap function. 

 

After finding the windings functions and the air gap functions, we can calculate 

the magnetizing inductances and mutual inductances using (3.10) and (3.11) respectively.  

 

𝐿𝑗𝑗(𝜑, 𝜃𝑚) = 𝜇𝑟𝑙 ∗
2𝜋

𝑁
∑(𝑁𝑗(𝜑))2 ∗ 𝑔−1(𝜑, 𝜃𝑚)

𝑁

𝑛=1

                                                (3.10) 

𝐿𝑖𝑗(𝜑, 𝜃𝑚) = 𝜇𝑟𝑙 ∗
2𝜋

𝑁
∑ 𝑁𝑖(𝜑) ∗ 𝑁𝑗(𝜑) ∗ 𝑔−1(𝜑, 𝜃𝑚)

𝑁

𝑛=1

                                      (3.11) 

 

Where µ is air permeability, r is stator inner radius (87.5 mm), and 𝑙 is the stack 

length (97.35 mm). Figures 3.5 to 3.8 show the magnetizing inductances of the three 
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phases, the mutual inductances between the stator phases, the mutual inductances between 

the stator and rotor windings, and finally the rotor magnetizing inductance. 

 

 

Figure 3.5. Stator windings magnetizing inductance. 

 

 

  Figure 3.6. Stator mutual inductances. 
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Figure 3.7. Stator winding to rotor winding mutual inductances. 

 

 

Figure 3.8. Rotor windings magnetizing inductances. 

 

The inductances waveforms shown are calculated without accounting for the 

saturation. The saturation effects are discussed in the coming section.  
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3.3 Saturation effects modeling 

 

Saturation is a well-known feature in electrical machines which affects their 

performance. Because of the saturation, harmonics start to show up in the machine flux. 

As a result, harmonic currents are induced in the stator windings. Even though they are 

small, their effects show up in the developed torque and increase the machine losses [43]. 

The main parts of the machine that saturate are stator and rotor core and slot teeth. 

However, since the core has more iron than teeth, the saturation appears more on the teeth 

[43]. For our model here, the core saturation is ignored and most of the saturation 

calculation is focused on teeth. The implementation of saturation effects in the generator 

model is done by modifying the air gap function to accommodate the change in the air gap 

flux due to the teeth saturation. Teeth saturation leads to the reduction of the iron path 

permeability and, as a result, the teeth reluctances increase which alter the air gap flux. 

This variation can be represented as an air gap reluctance variation, hence air gap length 

variation [43]. 

Based on the authors in [44] the air gap function of salient pole machine under 

Saturation can be represented by the following equation: 

 

𝑔𝑠𝑎𝑡(𝜑, 𝜃𝑚) = 𝑔(𝜑, 𝜃𝑚) + 𝑔𝑚𝑖𝑛 ∗ (𝐾𝑠𝑎𝑡 − 1) ∗ cos(𝑝 ∗ (𝜑 − 𝜃𝑚))                 (3.12) 
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Where Ksat is the saturation factor and it equal to the ratio between full-load air 

gap voltage and no-load air gap voltage [45] (here Ksat = 1.026). Figure 3.9 is showing the 

inverse air gap function with and without the saturation effect. 

 

 

Figure 3.9. Inverse air gap function with and without saturation. 

 

Since saturation increases the reluctance of the flux path which reduces the flux on 

that path, we expect the inductances to decrease. That occurred in this model and Figure 

3.10 shows how the magnetizing inductance of phase ‘a’ decreases due to saturation. 

 

 

Figure 3.10. Magnetizing inductance with and without saturation. 
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3.4 Stator slot harmonics effects 

 

The sources of Stator slot harmonics in ac machines are from the MMF harmonics 

induced in the stator, the variation of stator slot permeance and the inherent machine 

asymmetry [46]. The level of these harmonics is highly dependent on the saturation and, 

as a result, the air gap function. Slot harmonics order in the machine is based on the 

number of stator slots and number of poles. Usually the rotor or stator are skewed to some 

degree to reduce the amplitude of these harmonics, especially the higher order harmonics. 

Stator slot harmonics order in any machine can be found using the following equation: 

 

ℎ𝑠𝑙𝑜𝑡 = 1 + 2 ∗ 𝑚 ∗ 𝑞 ∗ 𝑐         ,        𝑐 = 0,±1, ±2,±3,……                                (3.13) 

 

Where m is the number of phases (here m=3) and q is the machine slot per pole 

per phase (here q= 4). For the machine under study the positive harmonics order available 

are 25, 49, 73, 97, 121, 145, etc. 

Since slot harmonics depends on saturation, the slot effects are modeled by 

multiplying the permeance variation caused by the slots by the inverse air gap function as 

shown below [47]: 

 

𝑔𝑠𝑙𝑜𝑡
−1 (𝜑, 𝜃𝑚) = 𝑎0𝑔 [𝑔−1(𝜑, 𝜃𝑚) ∗ (

1

𝑘𝑐𝑠
+ 𝐺𝑠𝑙𝑜𝑡)]                                                 (3.14) 
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𝐺𝑠𝑙𝑜𝑡 = − ∑ 𝛽 ∗

𝑁

ℎ=1,2,3,…
(

 
4

ℎ𝜋
∗

(

 0.5 +
(
ℎ ∗ 𝑂
𝑡𝑑

)
2

0.78 − 2 ∗ (
ℎ ∗ 𝑂
𝑡𝑑

)
2

)

 ∗ sin (1.6 ∗ 𝜋 ∗
ℎ ∗ 𝑂

𝑡𝑑
)

)

 

∗ cos(ℎ ∗ 𝑆 ∗ 𝜑)                                                                                   (3.15) 

 

Where Kcs is the slot Carter’s Coefficient (here Kcs = 1.07), td is the tooth width 

(11.5 mm), O is the slot opening (3 mm), β is a flux density factor, see [47], and S is 

number of stator slots (48 slots). Figure 3.11 shows the inverse air gap function with and 

without the slot harmonics effect. 

 

 

Figure 3.11. Inverse air gap function with and without slot effect. 

 

This slot effect created ripples in the mutual inductance between the rotor and 

stator. Figure 3.12 shows the slot effect on mutual inductance between phase ‘a’ and field 

winding. 
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Figure 3.12. Rotor and phase 'a' mutual inductance with and without slot effect. 

 

The slot effect on the generator under study is very minimal because of the rotor 

being skewed by one slot with respect to the stator (skewed by 7.5o). This skewing 

eliminates slot harmonics of 49 and above. 

 

3.5 Stator winding ground fault modeling 

 

Modeling AC machines with internal faults is not similar to modeling them under 

external faults. Internal faults create imbalance in the winding of the machine. This 

imbalance in windings will lead to imbalance in the mutual and magnetizing inductances 

of the machine [48]. Hence, the balance of the generator terminal voltage will be altered 

leading to an increase in neutral voltage. According to the fault location in the stator phase 

winding, the turn function of that phase should be changed. The faulted winding will be 
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split into two windings - faulty winding and unfaulty winding.  Since the focus of the work 

here is on faults close to neutral, a 6% fault is adopted here. Figures 3.13 and 3.14 show 

the faulted winding physical location and how the faulted windings look in vector space, 

respectively. 

 

 

 

 

Phase A healthy

Rf

Rn

Phase A faulty

Rn

Phase A faulty

 

Figure 3.14. Machine stator phases vectors. 

  

Faulted winding 6% 

Figure 3.13. Faulted winding location. 
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It is clear from the previous figure that the faulted portion of phase ‘a’ has its own 

turns function. That function vector is shifted due to the faulted winding physical location. 

The phase ‘a’ faulted and healthy winding turn functions are shown in Figure 3.15. 

 

 

Figure 3.15. Phase a faulted and un-faulted turns functions. 

 

The calculation of inductances is carried as before, except we are introducing a 

new winding (faulted winding) which increases the number of windings in the system to 

5 instead of 4 in a healthy machine. With the adjustment in the phase ‘a’ turns function 

after the fault the 5 windings are: phase ‘a’ un-faulted, phase ‘a’ faulted, phase ‘b’, phase 

‘c’, and the field windings. In Figure 3.16, it can be noticed that the mutual inductance 

between phase ‘a’ and phase ‘b’ dropped after fault due to the reduction in the phase ‘a’ 

turns function average. In the same manner, other inductances will be affected by the 

change in phase ‘a’. That change will be reflected in the voltage balance of the generator 
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output which will produce the familiar stator winding fault characteristics. The machine 

dynamic model under fault and machine voltage output will be discussed in next section. 

 

 

Figure 3.16. Mutual inductance between phase a and b before and after fault. 

 

3.6 Dynamic model of synchronous generator under stator ground fault  

 

In this section, the inductances of the salient pole synchronous generator, 

developed by MWF calculations, will be used to calculate the generator terminal and 

neutral voltages for both cases - healthy and under stator winding ground fault. Using the 

stator and rotor circuit voltage loops, the differential equations of the machine voltages 

will be developed. From [42], for a healthy case, the generator terminal voltages can be 

expressed as shown in (3.16). The only change made is replacing the currents by the 

division of voltage over the path resistance in order to solve for the voltages.  
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[

𝑉𝑎

𝑉𝑏

𝑉𝑐

𝑉𝐹

] =

[
 
 
 
 
 
 
 
 
−𝑅𝑎−𝜔𝑟𝑚(

𝑑𝐿𝑎𝑎
𝑑𝜃𝑟

)

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑎𝑏
𝑑𝜃𝑟

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑎𝑐
𝑑𝜃𝑟

𝑅𝐿

𝜔𝑟𝑚
𝑑𝐿𝑎𝐹
𝑑𝜃𝑟

𝑅𝐹

−𝜔𝑟𝑚(
𝑑𝐿𝑏𝑎
𝑑𝜃𝑟

)

𝑅𝐿

−𝑅𝑏−𝜔𝑟𝑚
𝑑𝐿𝑏𝑏
𝑑𝜃𝑟

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑏𝑐
𝑑𝜃𝑟

𝑅𝐿

𝜔𝑟𝑚
𝑑𝐿𝑏𝐹
𝑑𝜃𝑟

𝑅𝐹

−𝜔𝑟𝑚(
𝑑𝐿𝑐𝑎
𝑑𝜃𝑟

)

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑐𝑏
𝑑𝜃𝑟

𝑅𝐿

−𝑅𝑐−𝜔𝑟𝑚
𝑑𝐿𝑐𝑐
𝑑𝜃𝑟

𝑅𝐿

𝜔𝑟𝑚
𝑑𝐿𝑐𝐹
𝑑𝜃𝑟

𝑅𝐹

−𝜔𝑟𝑚(
𝑑𝐿𝐹𝑎
𝑑𝜃𝑟

)

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝐹𝑏
𝑑𝜃𝑟

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝐹𝑐
𝑑𝜃𝑟

𝑅𝐿

𝑅𝐹+𝜔𝑟𝑚
𝑑𝐿𝐹𝐹
𝑑𝜃𝑟

𝑅𝐹 ]
 
 
 
 
 
 
 
 

∗ [

𝑉𝑎

𝑉𝑏

𝑉𝑐

𝑉𝐹

] +

 

[
 
 
 
 
 
 
−𝐿𝑎𝑎

𝑅𝐿

−𝐿𝑎𝑏

𝑅𝐿
−

𝐿𝑎𝑐

𝑅𝐿

𝐿𝑎𝐹

𝑅𝐹

−𝐿𝑏𝑎

𝑅𝐿

−𝐿𝑏𝑏

𝑅𝐿

−𝐿𝑏𝑐

𝑅𝐿

𝐿𝑏𝐹

𝑅𝐹

−𝐿𝑐𝑎

𝑅𝐿

−𝐿𝑐𝑏

𝑅𝐿

−𝐿𝑐𝑐

𝑅𝐿

𝐿𝑐𝐹

𝑅𝐹

−𝐿𝐹𝑎

𝑅𝐿

−𝐿𝐹𝑏

𝑅𝐿

−𝐿𝐹𝑐

𝑅𝐿

𝐿𝐹𝐹

𝑅𝐹 ]
 
 
 
 
 
 

∗

[
 
 
 
 
 
𝑑𝑉𝑎

𝑑𝑡
𝑑𝑉𝑏

𝑑𝑡
𝑑𝑉𝑐

𝑑𝑡
𝑑𝑉𝐹

𝑑𝑡 ]
 
 
 
 
 

− [

1
1
1
0

]𝑉𝑛                                                                 (3.16)  

 

𝑉𝑛 =
𝑅𝑛

𝑅𝐿
𝑉𝑎 +

𝑅𝑛

𝑅𝐿
𝑉𝑏 +

𝑅𝑛

𝑅𝐿
𝑉𝑐                                                                                         (3.17) 

 

Where Ra, Rb, and Rc are the phases resistances (R=0.6). RF is the field resistance 

(28 Ω), RL is the load resistance (30Ω). Rn is the neutral resistance (1 kΩ). Vn is neutral 

voltage. VF is the field voltage which equals 60 V. ωrm is the mechanical angular velocity 

in rad/s which at synchronous speed equals 1/p synchronous speed. 

In case of the faulted machine, KVL for the faulted phase will be different from 

the other phases. Figure 3.17 illustrates the faulted phase circuit. (3.18) and (3.19) are the 

KVL of that circuit. 
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La

Rn Rflt

Lflt
Vflt

Va

Vn Raf Ra

Ia+Iflt

Iflt

Ia

 

Figure 3.17. Faulted phase circuit. 

 

𝑉𝑛 + 𝑅𝑎𝑓(𝐼𝑎 + 𝐼𝑓𝑙𝑡) +
𝑑𝜆𝑓𝑙𝑡

𝑑𝑡
+ 𝑉𝑓𝑙𝑡 = 0                                                                    (3.18) 

𝑉𝑓𝑙𝑡 + 𝑅𝑎𝐼𝑎 +
𝑑𝜆𝑎

𝑑𝑡
+ 𝑉𝑎 = 0                                                                                        (3.19) 

𝑉𝑓𝑙𝑡 = −𝑉𝑛 − 𝑅𝑎𝑓(𝐼𝑎 + 𝐼𝑓𝑙𝑡) −
𝑑𝜆𝑓𝑙𝑡

𝑑𝑡
                                                                        (3.20) 

𝑉𝑎 = −𝑅𝑎𝐼𝑎 −
𝑑𝜆𝑎

𝑑𝑡
− 𝑉𝑓𝑙𝑡                                                                                            (3.21) 

 

Substituting (3.20) and (3.21) in (3.16) yields:  
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[
 
 
 
 
𝑉𝑎
𝑉𝑏

𝑉𝑐
𝑉𝐹

𝑉𝑓𝑙𝑡]
 
 
 
 

=  

[
 
 
 
 
 
 
 
 
 
 
 
 −𝑅𝑎−𝜔𝑟𝑚(

𝑑𝐿𝑎𝑎
𝑑𝜃𝑟

+
𝑑𝐿𝑎𝑓𝑙𝑡

𝑑𝜃𝑟
)

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑎𝑏
𝑑𝜃𝑟

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑎𝑐
𝑑𝜃𝑟

𝑅𝐿

𝜔𝑟𝑚
𝑑𝐿𝑎𝐹
𝑑𝜃𝑟

𝑅𝐹

−𝜔𝑟𝑚

𝑑𝐿𝑎𝑓𝑙𝑡

𝑑𝜃𝑟

𝑅𝑓𝑙𝑡

−𝜔𝑟𝑚(
𝑑𝐿𝑏𝑎
𝑑𝜃𝑟

+
𝑑𝐿𝑏𝑓𝑙𝑡

𝑑𝜃𝑟
)

𝑅𝐿

−𝑅𝑏−𝜔𝑟𝑚
𝑑𝐿𝑏𝑏
𝑑𝜃𝑟

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑏𝑐
𝑑𝜃𝑟

𝑅𝐿

𝜔𝑟𝑚
𝑑𝐿𝑏𝐹
𝑑𝜃𝑟

𝑅𝐹

−𝜔𝑟𝑚

𝑑𝐿𝑏𝑓𝑙𝑡

𝑑𝜃𝑟

𝑅𝑓𝑙𝑡

−𝜔𝑟𝑚(
𝑑𝐿𝑐𝑎
𝑑𝜃𝑟

+
𝑑𝐿𝑐𝑓𝑙𝑡

𝑑𝜃𝑟
)

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑐𝑏
𝑑𝜃𝑟

𝑅𝐿

−𝑅𝑐−𝜔𝑟𝑚
𝑑𝐿𝑐𝑐
𝑑𝜃𝑟

𝑅𝐿

𝜔𝑟𝑚
𝑑𝐿𝑐𝐹
𝑑𝜃𝑟

𝑅𝐹

−𝜔𝑟𝑚

𝑑𝐿𝑐𝑓𝑙𝑡

𝑑𝜃𝑟

𝑅𝑓𝑙𝑡

−𝜔𝑟𝑚(
𝑑𝐿𝐹𝑎
𝑑𝜃𝑟

+
𝑑𝐿𝐹𝑓𝑙𝑡

𝑑𝜃𝑟
)

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝐹𝑏
𝑑𝜃𝑟

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝐹𝑐
𝑑𝜃𝑟

𝑅𝐿

𝑅𝐹+𝜔𝑟𝑚
𝑑𝐿𝐹𝐹
𝑑𝜃𝑟

𝑅𝐹

−𝜔𝑟𝑚

𝑑𝐿𝐹𝑓𝑙𝑡

𝑑𝜃𝑟

𝑅𝑓𝑙𝑡

−𝑅𝑎𝑓−𝜔𝑟𝑚(
𝑑𝐿𝑓𝑙𝑡𝑎

𝑑𝜃𝑟
+

𝑑𝐿𝑓𝑙𝑡𝑓𝑙𝑡

𝑑𝜃𝑟
)

𝑅𝐿

−𝜔𝑟𝑚

𝑑𝐿𝑓𝑙𝑡𝑏

𝑑𝜃𝑟

𝑅𝐿

−𝜔𝑟𝑚

𝑑𝐿𝑓𝑙𝑡𝑐

𝑑𝜃𝑟

𝑅𝐿

𝜔𝑟𝑚

𝑑𝐿𝑓𝑙𝑡𝐹

𝑑𝜃𝑟

𝑅𝐹

−𝑅𝑎𝑓−𝑅𝑓𝑙𝑡−𝜔𝑟𝑚

𝑑𝐿𝑓𝑙𝑡𝑓𝑙𝑡

𝑑𝜃𝑟

𝑅𝑓𝑙𝑡 ]
 
 
 
 
 
 
 
 
 
 
 
 

∗

[
 
 
 
 
𝑉𝑎
𝑉𝑏

𝑉𝑐
𝑉𝐹

𝑉𝑓𝑙𝑡]
 
 
 
 

+  

[
 
 
 
 
 
 
 
 
 

−𝐿𝑎𝑎−𝐿𝑎𝑓𝑙𝑡

𝑅𝐿

−𝐿𝑎𝑏

𝑅𝐿
−

𝐿𝑎𝑐

𝑅𝐿

𝐿𝑎𝐹

𝑅𝐹

−𝐿𝑎𝑓𝑙𝑡

𝑅𝑓

−𝐿𝑏𝑎−𝐿𝑏𝑓𝑙𝑡

𝑅𝐿

−𝐿𝑏𝑏

𝑅𝐿

−𝐿𝑏𝑐

𝑅𝐿

𝐿𝑏𝐹

𝑅𝐹

−𝐿𝑏𝑓𝑙𝑡

𝑅𝑓

−𝐿𝑐𝑎−𝐿𝑐𝑓𝑙𝑡

𝑅𝐿

−𝐿𝑐𝑏

𝑅𝐿

−𝐿𝑐𝑐

𝑅𝐿

𝐿𝑐𝐹

𝑅𝐹

−𝐿𝑐𝑓𝑙𝑡

𝑅𝑓

−𝐿𝐹𝑎−𝐿𝐹𝑓𝑙𝑡

𝑅𝐿

−𝐿𝐹𝑏

𝑅𝐿

−𝐿𝐹𝑐

𝑅𝐿

𝐿𝐹𝐹

𝑅𝐹

−𝐿𝐹𝑓𝑙𝑡

𝑅𝑓

−𝐿𝑓𝑎−𝐿𝑓𝑙𝑡𝑓𝑙𝑡

𝑅𝐿

−𝐿𝑓𝑙𝑡𝑏

𝑅𝐿

−𝐿𝑓𝑙𝑡𝑐

𝑅𝐿

𝐿𝑓𝑙𝑡𝐹

𝑅𝐹

−𝐿𝑓𝑙𝑡𝑓𝑙𝑡

𝑅𝑓 ]
 
 
 
 
 
 
 
 
 

∗

[
 
 
 
 
 
 
 

𝑑𝑉𝑎

𝑑𝑡
𝑑𝑉𝑏

𝑑𝑡
𝑑𝑉𝑐

𝑑𝑡
𝑑𝑉𝐹

𝑑𝑡
𝑑𝑉𝑓𝑙𝑡

𝑑𝑡 ]
 
 
 
 
 
 
 

−  

[
 
 
 
 
0
1
1
0
1]
 
 
 
 

𝑉𝑛 − 

[
 
 
 
 
1
0
0
0
0]
 
 
 
 

𝑉𝑓𝑙𝑡                            (3.22)                      

 

Rearranging the equations to solve for the machine voltages yields:   

 

[
 
 
 
 
 
 
 
 
 
 
𝑑𝑉𝑎

𝑑𝑡
𝑑𝑉𝑏

𝑑𝑡
𝑑𝑉𝑐

𝑑𝑡
𝑑𝐼𝐹
𝑑𝑡

𝑑𝑉𝑓𝑙𝑡

𝑑𝑡 ]
 
 
 
 
 
 
 
 
 
 

=  (𝐿)−1 ∗

(

 
 
 

(𝐴 ∗ 𝑒𝑦𝑒(5)) ∗

[
 
 
 
 
𝑉𝑎

𝑉𝑏

𝑉𝑐

𝑉𝐹

𝑉𝑓𝑙𝑡]
 
 
 
 

+

[
 
 
 
 
0
1
1
0
1]
 
 
 
 

𝑉𝑛 +

[
 
 
 
 
1
0
0
0
0]
 
 
 
 

𝑉𝑓𝑙𝑡

)

 
 
 

                        (3.23) 

 

Where: 
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𝐿 =

[
 
 
 
 
 
 
 
 
 
 
 

−𝐿𝑎𝑎−𝐿𝑎𝑓𝑙𝑡

𝑅𝐿

−𝐿𝑎𝑏

𝑅𝐿

−
𝐿𝑎𝑐

𝑅𝐿

𝐿𝑎𝐹

𝑅𝐹

−𝐿𝑎𝑓𝑙𝑡

𝑅𝑓

−𝐿𝑏𝑎 − 𝐿𝑏𝑓𝑙𝑡

𝑅𝐿

−𝐿𝑏𝑏

𝑅𝐿

−𝐿𝑏𝑐

𝑅𝐿

𝐿𝑏𝐹

𝑅𝐹

−𝐿𝑏𝑓𝑙𝑡

𝑅𝑓

−𝐿𝑐𝑎 − 𝐿𝑐𝑓𝑙𝑡

𝑅𝐿

−𝐿𝑐𝑏

𝑅𝐿

−𝐿𝑐𝑐

𝑅𝐿

𝐿𝑐𝐹

𝑅𝐹

−𝐿𝑐𝑓𝑙𝑡

𝑅𝑓

−𝐿𝐹𝑎−𝐿𝐹𝑓𝑙𝑡

𝑅𝐿

−𝐿𝐹𝑏

𝑅𝐿

−𝐿𝐹𝑐

𝑅𝐿

𝐿𝐹𝐹

𝑅𝐹

−𝐿𝐹𝑓𝑙𝑡

𝑅𝑓

−𝐿𝑓𝑎 − 𝐿𝑓𝑙𝑡𝑓𝑙𝑡

𝑅𝐿

−𝐿𝑓𝑙𝑡𝑏

𝑅𝐿

−𝐿𝑓𝑙𝑡𝑐

𝑅𝐿

𝐿𝑓𝑙𝑡𝐹

𝑅𝐹

−𝐿𝑓𝑙𝑡𝑓𝑙𝑡

𝑅𝑓 ]
 
 
 
 
 
 
 
 
 
 
 

                                                  (3.24) 

𝐴 = 

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 −𝑅𝑎 − 𝜔𝑟𝑚 (

𝑑𝐿𝑎𝑎

𝑑𝜃𝑟
+

𝑑𝐿𝑎𝑓𝑙𝑡

𝑑𝜃𝑟
)

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑎𝑏

𝑑𝜃𝑟

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑎𝑐

𝑑𝜃𝑟

𝑅𝐿

𝜔𝑟𝑚
𝑑𝐿𝑎𝐹

𝑑𝜃𝑟

𝑅𝐹

−𝜔𝑟𝑚

𝑑𝐿𝑎𝑓𝑙𝑡

𝑑𝜃𝑟

𝑅𝑓𝑙𝑡

−𝜔𝑟𝑚 (
𝑑𝐿𝑏𝑎

𝑑𝜃𝑟
+

𝑑𝐿𝑏𝑓𝑙𝑡

𝑑𝜃𝑟
)

𝑅𝐿

−𝑅𝑏 − 𝜔𝑟𝑚
𝑑𝐿𝑏𝑏

𝑑𝜃𝑟

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑏𝑐

𝑑𝜃𝑟

𝑅𝐿

𝜔𝑟𝑚
𝑑𝐿𝑏𝐹

𝑑𝜃𝑟

𝑅𝐹

−𝜔𝑟𝑚

𝑑𝐿𝑏𝑓𝑙𝑡

𝑑𝜃𝑟

𝑅𝑓𝑙𝑡

−𝜔𝑟𝑚 (
𝑑𝐿𝑐𝑎

𝑑𝜃𝑟
+

𝑑𝐿𝑐𝑓𝑙𝑡

𝑑𝜃𝑟
)

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝑐𝑏

𝑑𝜃𝑟

𝑅𝐿

−𝑅𝑐 − 𝜔𝑟𝑚
𝑑𝐿𝑐𝑐

𝑑𝜃𝑟

𝑅𝐿

𝜔𝑟𝑚
𝑑𝐿𝑐𝐹

𝑑𝜃𝑟

𝑅𝐹

−𝜔𝑟𝑚

𝑑𝐿𝑐𝑓𝑙𝑡

𝑑𝜃𝑟

𝑅𝑓𝑙𝑡

−𝜔𝑟𝑚 (
𝑑𝐿𝐹𝑎

𝑑𝜃𝑟
+

𝑑𝐿𝐹𝑓𝑙𝑡

𝑑𝜃𝑟
)

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝐹𝑏

𝑑𝜃𝑟

𝑅𝐿

−𝜔𝑟𝑚
𝑑𝐿𝐹𝑐

𝑑𝜃𝑟

𝑅𝐿

𝑅𝐹 + 𝜔𝑟𝑚
𝑑𝐿𝐹𝐹

𝑑𝜃𝑟

𝑅𝐹

−𝜔𝑟𝑚

𝑑𝐿𝐹𝑓𝑙𝑡

𝑑𝜃𝑟

𝑅𝑓𝑙𝑡

−𝑅𝑎𝑓 − 𝜔𝑟𝑚 (
𝑑𝐿𝑓𝑙𝑡𝑎

𝑑𝜃𝑟
+

𝑑𝐿𝑓𝑙𝑡𝑓𝑙𝑡

𝑑𝜃𝑟
)

𝑅𝐿

−𝜔𝑟𝑚

𝑑𝐿𝑓𝑙𝑡𝑏

𝑑𝜃𝑟

𝑅𝐿

−𝜔𝑟𝑚

𝑑𝐿𝑓𝑙𝑡𝑐

𝑑𝜃𝑟

𝑅𝐿

𝜔𝑟𝑚

𝑑𝐿𝑓𝑙𝑡𝐹

𝑑𝜃𝑟

𝑅𝐹

−𝑅𝑎𝑓−𝑅𝑓𝑙𝑡 − 𝜔𝑟𝑚

𝑑𝐿𝑓𝑙𝑡𝑓𝑙𝑡

𝑑𝜃𝑟

𝑅𝑓𝑙𝑡 ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

                                                                                                                    (3.25) 

𝑉𝑛 =
𝑅𝑛

𝑅𝐿
𝑉𝑎 +

𝑅𝑛

𝑅𝑓
𝑉𝑓 +

𝑅𝑛

𝑅𝐿
𝑉𝑏 +

𝑅𝑛

𝑅𝐿
𝑉𝑐                                                                         (3.26) 

 

The differential equations in (3.23) were solved in Matlab Simulink using code 

script linked to an integrator in a SIMULINK environment. The step size was set to be 

very small to assure the convergence of the integrator output. The generator model output 

voltages are shown in Figure 3.18. Figures 3.19 to 3.22 show a comparison between the 

results obtained from FEA and results of the coupled magnetic circuit (CMC) model. 
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Figure 3.18. Generator voltages using CMC model. 

 

 

Figure 3.19. Phase a voltage in CMC model and FEA. 

 

 



 

56 

 

 

Figure 3.20. Phase b after fault. 

 

 

Figure 3.21. Phase a magnetizing inductance obtained from CMC model and FEA. 
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Figure 3.22. Mutual inductance between phase a and c obtained from CMC model 

and FEA. 

 

3.7 Summary and conclusion 

 

In this Section, a synchronous generator model was developed by considering a 

coupled magnetic circuits approach instead of a magnetic fields approach. Modified 

Winding Function (MWF) approach was adopted to calculate the generator inductances 

during healthy and faulted operation. Based on these inductances, the generator dynamic 

differential equations were arranged to output the generator voltages. In comparison with 

the FEA analysis, the results obtained from the model matched the FEA results. 
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4. AVAILABLE PROTECTION SCHEME ANALYSIS 

 

4.1 Introduction 

  

Stator ground fault is a common type fault in synchronous generators. It occurs 

because of the stresses and weakening of the stator windings insulation. In industry, many 

protective schemes have been applied to detect stator ground faults. One of the well-

known and wide spread schemes in industry is the 100% stator ground protection scheme 

which is based on two elements - the neutral over voltage element and the voltage third 

harmonic ratio element. The neutral over voltage element covers the range 10% to 100% 

of the windings. The third harmonic ratio element protects the rest of the winding 0 to 5%. 

However, the third harmonic ratio scheme faces many challenges that cause it to lose 

reliability. Many incidents of miss-tripping were reported regarding this scheme. These 

incidents were investigated and reached the conclusion that the machine third harmonic 

was affected by many other factors besides the stator ground faults. These factors included 

the machine voltage third harmonic level, the loading of the machine, the operation power 

factor, and the machine coupling capacitance between the windings and the ground. In this 

Section, we will shed some light on these factors. In addition, modeling large generators 

in the lab to test the third harmonic ratio scheme was a big challenge because of those 

factors. As a result, many adjustments were done to the setup generator to simulate the 

behavior of large generators under stator winding ground faults. 
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4.2 Effect of Third harmonic level 

 

The presence of harmonics in AC machines has a negative impact on their 

performance. Harmonics are the cause of torque pulsation and they increase machine 

losses. Therefore, current machine design focuses on eliminating harmonics to reduce 

losses and consequently increase machine efficiency. On the other hand, for the accurate 

operation of the third harmonic ratio protection scheme, the third harmonic of the machine 

single phase should be in the range of 2-10% of the phase voltage fundamental [49]. Since 

the machine design is directed toward eliminating harmonics, this protection will be 

valuable as long as the old generators are still in operation.  

 

 

Figure 4.1. Generator third harmonic model. 

 

From the machine third harmonic model shown in Figure 4.1, we can conclude 

that the third harmonic level of the machine, represented by a voltage source in the model, 

should be sufficient to produce enough third harmonic current to pass through the 

winding-ground coupling capacitance. Having the third harmonic current follow through 

the capacitances will result in having the stator ground fault characteristics which, as 
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mentioned in Section One, reduce the third harmonic voltage at the fault location and 

increase the third harmonics voltage in the other side of the winding.  

The original windings of the setup generator and winding harmonics spectrum are 

shown in Figure 4.2.  

 

 

Figure 4.2. Generator original windings and windings factor. 
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It is clear that this stator windings layout (no overlap) does not have a third 

harmonic which led to a very low third harmonic in the generator terminals and neutral 

voltages. Also, the stator ground fault characteristics did not show up when the fault was 

applied on 6% of the windings. Figures 4.3 and 4.4 show the third harmonics response of 

6% fault acquired using LABVIEW. Vp is the sum of all three phases 3rd harmonics and 

Vn is the neutral 3rd harmonic.   

 

 

Figure 4.3. Neutral and terminals third harmonic voltage at 6% fault. 

 

The level of phase third harmonic voltage was approximately 2.25V which is 1.4% 

of the fundamental voltage. The winding to ground coupling capacitance is very small (18 

nF) which creates a high impedance path for the third harmonic current. Therefore, we did 

not observe the fault characteristics easily. One solution for that problem was to increase 
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the level of the generator’s third harmonic voltage by changing the stator winding layout. 

A new stator winding layout with one slot overlap (shown with green rectangles in Figure 

4.4) and higher third harmonic factor was implemented. 

 

 

 

Setup results illustrated in Figure 4.5, showed an increase in the third harmonic 

voltage level from 2.25 V/phase to 8 V/phase which equals 6% of the phase fundamental 

voltage. In this case, the percentage of the generator’s third harmonic voltage matches the 

requirement for detecting the stator ground fault. Unfortunately, we still did not observe 

 

Figure 4.4. New winding layout and winding factor. 
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the fault characteristics. From Figure 4.5 it can be noticed that although the terminal third 

harmonic voltage increased, the third harmonic voltage in the neutral side was still low. 

This means that the third harmonic voltage is not distributed evenly between the terminals 

and neutral. Investigating the setup led to the fact that there was no capacitive current 

following from the windings to the ground through the coupling capacitance. Despite the 

increase in the third harmonic voltage level, the coupling capacitance of the winding is 

still small and creates a high impedance path compared to the neutral path. Adding larger 

capacitors manually to the winding was implemented. This will be discussed in the next 

section.  

 

 

Figure 4.5. Neutral and terminal third harmonic voltages with 6% fault. 
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4.3 Effect of winding to ground coupling capacitance 

 

Coupling capacitance that we are going to discuss here is the capacitance between 

the stator winding and the machine body. The electrical field from the winding creates 

different potentials between the winding and the machine frame. With the existence of the 

winding insulation the frame stores opposite electric charges like a capacitor. When the 

machine frame is grounded, capacitive current will flow to ground. 

In order to modify the lab generator to act like a large generator, the machine’s 

third harmonic voltage model shown in Figure 4.1 was studied and the voltage transfer 

function was derived. 

 

𝑉𝑛3

𝑉𝑇3
= 

𝐶𝑇

𝐶𝑁
(

𝑠

𝑠 +
1

𝑅𝑛𝐶𝑛

)                                                                                             (4.1) 

   

From the transfer function, to increase neutral third harmonic voltage (Vn3), we 

needed to increase terminal capacitance to neutral capacitance ratio. In other words, 

capacitance should be added at the terminal side.  As a result, one large capacitor of value 

1µF was added to each phase terminal as shown in Figure 4.6. The new topology was 

simulated in FEA as shown in Figure 4.7. The change made in topology led to a significant 

increase in neutral third harmonic voltage and we began to see the stator ground fault 

characteristics at 6% fault and through 50 Ω fault resistance. The experimental results are 

also shown in Figure 4.8. 
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Figure 4.6. Capacitors added to the machine terminals. 

 

 

Figure 4.7. 2D FEA simulation for 6% fault. 

 



 

66 

 

 

Figure 4.8. Experimental results of 6% fault. 

 

Where Vp is the sum of all three phases third harmonics and Vn3 is the neutral third 

harmonic. The difference between the simulated and experimental results is due to 2D 

FEA errors. 2D simulation does not take account of the end winding effect and rotor 

skewing.   
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4.4 Power factor and loading effects 

 

One of the attractive features of synchronous generators is the ability to change the 

power factor of their output. Synchronous machines sometimes are used as a condenser to 

correct the power factor of the electrical system. That can be done by adjusting the 

machine excitation field so they operate in over-excited mode with a leading power factor. 

However, over-exciting the synchronous generators as well as loading them will saturate 

the machine which will change the reluctance of the rotor core and increase the harmonics 

generation in the machine.  Therefore, third harmonic amplitude in the machine will be 

affected by changing the power factor and loading. Figures 4.9 and 4.10 show how the 

third harmonic levels of the terminal and neutral voltages varies with the variation in the 

power factor and loading. The data was collected by doing several tests on the generator 

test bed.  

 

 

Figure 4.9. Terminal 3rd harmonic voltage with load and power factor variations. 
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Figure 4.10. Neutral 3rd harmonic voltage with load and power factor variations. 

 

The previous two graphs illustrate that the third harmonics are at maximum when 

the machine is fully loaded and over-excited (leading PF). In this condition, the machine 

is highly saturated. On the other hand, the third harmonics do not change much with 

different loading conditions when the PF is highly lagging.  In this case, the generator is 

consuming reactive power rather than generating it. 

 

4.5 Experimental results 

 

 In order to tune the experimental setup, many tests were performed for 

different fault locations, different load conditions and different power factors. The 

terminal and neutral third harmonic voltages were collected and applied to third harmonic 
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ratio protection scheme algorithm used in industry. This algorithm will detect fault [50] 

if:  

 

|𝑉𝑛3̃ − 𝜌𝑉𝑡3̃|  > 64𝐺2𝑝                                                                                              (4.2) 

𝜌 = [
1

𝑀
∑ 𝑉𝑡3̃

𝑀

𝑖=1

(𝑖)]

−1

[
1

𝑀
∑𝑉𝑛3̃

𝑀

𝑖=1

(𝑖)]                                                                     (4.3) 

 

Where 64G2p is the relay restrain value and M is number of samples taken to 

calculate 𝜌. The relay manufacturer recommends gathering field data of the third harmonic 

voltage magnitudes at different generator operation conditions  to calculate 64G2p and 𝜌 

[50].  The data should be collected for different loading conditions and different power 

factors. After performing the recommended tests on setup generators the value for 64G2p 

was set to 5 and 𝜌 to 0.8. The following figures show different faults data recorded and 

the protection scheme response for such faults. Most of these faults were performed at the 

neutral point vicinity where the reliability for the scheme is questionable.   

 

 

Figure 4.11. Fault at neutral point, PF= 0.85 lagging. 
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Figure 4.12. Fault at 6%, PF= 0.85 leading. 

 

Where ΔV3 in the graph is the change in Vn3/Vp3 ratio and β3 is the restrain value 

64G2p. From the previous two graphs it is clear that the protection scheme detects the 

faults which mean that the change in the neutral third harmonics ratio is sufficient to rise 

above the restrain value β3. That proved the availability of the scheme. In order to test the 

reliability of the scheme, a disturbance in the system was created by reducing the output 

of the measurement potential transformers to 50% (neutral side) which simulated PT’s 

failure. The response of the scheme was recorded as shown in Figure 4.13. 

 

 

Figure 4.13. Protection scheme response under system disturbance. 
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Due to the disturbance, the neutral third harmonic voltage was reduced and the 

terminal third harmonic voltage remained constant. As a result, the third harmonic ratio 

changed to a value above the restrain value β3 which triggered the protection scheme. If 

such a case happened in the real world, a generator would trip leading to unnecessary 

losses. Such a reliability problem has encouraged many protections companies to look for 

an option to make the scheme more adaptive or look for other more secure schemes. Many 

new adaptive schemes have been published but they are still in the verification stage and 

have not been adopted in industrial relays yet.  

 

4.6 Summary and conclusion 

 

The third harmonic ratio scheme faces many challenges that lead it to lose 

reliability. The machine third harmonic is affected by many other factors besides stator 

ground faults. These factors include the machine voltage third harmonic level, the loading 

of the machine, the operation power factor, and the machine coupling capacitance between 

the windings and the ground. 

 The third harmonic level of the machine should be sufficient to produce enough 

third harmonic current to pass through the winding-ground coupling capacitance. That 

level depends on the machine design and stator winding layout hence winding factor.  

In addition, winding-to-ground coupling capacitance value has a major effect on 

the stator ground fault. The value of capacitance controls the capacitive current flowing 

from the winding to ground. The generator third harmonic model transfer function 
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illustrates that to increase neutral third harmonic voltage, we need to increase the 

capacitance of the terminal side compared to the neutral side. 

Over-exciting the synchronous generators as well as loading them will saturate the 

machine which will change the reluctance of the rotor core and increase the harmonics 

generation in the machine.  Therefore, third harmonic amplitude in the machine will be 

affected by changing the power factor and loading. 

In lab experiments, the third harmonic ratio protection scheme performed 

positively in detecting the stator ground fault close to the neutral point. On the other hand, 

it did not show reliable performance under system disturbances. 
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5. STATOR GROUND FAULT DETECTION USING WAVELET THEORY 

 

5.1 Introduction and background 

 

Since the eighties, wavelet transform has gone through many stages of 

development and become a powerful tool in the signals and pattern recognition field. 

Wavelet has been used in the fields where the Fourier transform doesn’t give enough 

information. Fourier transform works for periodic signals yielding the type and amplitude 

of frequencies that create that signal without any information about the time aspect. As a 

result, any transient contribution to the signal will be missed. Fourier transform is defined 

by [51]: 

 

𝑓(𝜔) = ∫𝑓(𝑥)𝑒−𝑖𝜔𝑥 𝑑𝑥
ℝ

                                                                                          (5.1) 

  

Unlike the Fourier transform, wavelet transform extracts the time and frequency 

content of the signal. However, determining frequency and time together at the same 

instant is not possible because of the Heisenberg uncertainty relation which states that 

looking at high frequencies will lead to less time resolution and looking at a long period 

of time will lead to less frequency resolution.  

Wavelet breaks a signal down into scaled and shifted functions called mother 

wavelet. The feature of shifting the mother wavelet along the length of sampled data 

provides the time information of the original signal. At the same time, scaling (dilations) 
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the mother wavelet provides the frequency information of the original signal. For each 

section while shifting and scaling the mother wavelet, correlation coefficients between the 

mother wavelet and the original signal are calculated.  Wavelet transform can be defined 

by [52]: 

 

𝑊𝜓𝑓(𝑎, 𝑏) = ∫ 𝑓(𝑥)
1

√𝑎
𝜓 (

𝑥 − 𝑏

𝑎
)𝑑𝑥

ℝ

                                                                 (5.2) 

 

Where 𝜓 (
𝑥−𝑏

𝑎
) is the mother wavelet, a is the scaling parameter, and b is the 

shifting parameter. Therefore, changing parameter a, changes the mother wavelet scale. 

Besides, changing parameter b, makes the mother wavelet change its location. Depending 

on application, there are many different mother wavelets to choose from, as shown in 

Figure 5.1 

 

 

Figure 5.1. Examples of mother wavelet functions. 
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5.2 Application to synchronous generator stator winding ground fault 

 

As discussed previously, stator ground fault characteristic are affected by many 

factors. The variation in these factors gives the voltage waveforms irregularity which 

makes it harder to find unique parameters that can define stator ground fault in comparison 

with other system transients. Since the wavelet transform has the capability to provide a 

time frequency representation of the signal, it would be a good choice to decompose the 

voltage signal and extract the unique features of the stator ground fault that discriminate 

it from normal transient operations. It has the ability to capture the dynamic features of 

the fault using its shifting and scaling characteristics.    

 Generally, relays algorithms are based on detecting the faults and after that 

classifying the type of fault. Stator ground fault detection is done by obtaining two main 

factors- the wavelet transform’s coefficients (signal decomposition), and the fault unique 

features (feature extraction). After that comes the classification stage to determine if the 

features belong to a healthy or faulty case. We will talk about these stages in detail in the 

upcoming three sections. 

 

5.2.1 Signal decomposition  

 

Synchronous Generator voltage signals are affected by many factors such as 

machine design, the loading of the machine, and the operation power factor. That makes 

the different time-domain signals not sufficient. Then, the wavelet transform is used to 
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change the time signals to time-frequency domain signals. When the fault occurs the 

wavelet will show distinct coefficients values in different frequency bands [53]. For 

decomposition of the generator voltage signal, Harr wavelet mother function (db1) at three 

decomposition levels shown in Figure 5.2 was chosen. 

 

 

Figure 5.2. Harr wavelet mother function. 

 

The decomposition process depends on four main factors; sampling frequency, 

window length, the levels of decomposition, and wavelet mother function [53].  For the 

test setup, 20 kHz was chosen to include higher harmonics in the voltage signal. A 3 level 

of decomposition was enough to get discriminated coefficients. Going for a higher level 

would increase simulation time without any additional benefits. Harr mother wavelet is 

one of Daubechies waveforms which is known for its accuracy of detection for low 

amplitude signals, short duration and fast decay [53]. 



 

77 

 

5.2.2 Feature extraction 

 

The idea behind the feature extraction stage is finding the unique signal features 

which, in this case, include the faulted voltage signal in comparison with the healthy case. 

Also, this stage helps to reduce the amount of data obtained from the signal decomposition 

stage hence less time and effort is necessary to distinguish the change in signal parameters.  

After trying many feature extraction methods, Shannon Entropy method was 

chosen. Shannon Entropy is used to calculate the signal energy content and can be defined 

by:  

 

𝐹(𝑑) = −∑𝑑𝑖
2

𝑛

𝑖=1

log(𝑑𝑖
2)                                                                                          (5.3) 

 

Where d is the wavelet coefficient vector of length n. The energy content of the 

generator terminal and neutral voltages will be calculated and compared before and after 

stator ground fault.  

 

5.2.3 Classification  

 

Classification is used here to categorize the output of the feature extraction stage 

to faulted or un-faulted.  In order to achieve that, the classification algorithm should be 

trained first to isolate the faulted and non-faulted signals.  The fault condition is defined 
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based on a number of experiments. The experiment data are fed into the algorithm for 

training and testing. This will allow the classification algorithm to determine the stator 

ground fault energy characteristics and improve its ability to distinguish between the 

healthy and faulted energy data. 

 

5.3 Experimental results  

 

5.3.1 Wavelet transform fault response 

 

The wavelet transform three stages were applied to the generator voltage signals. 

The signals examined in the test were the generator terminal and neutral voltages at 

healthy condition and faulty condition. The faults were initially applied to different 

locations of the winding close to neutral point 3-9% and then applied to the rest of the 

windings. Also, the fault resistances varied at the different fault locations.  The data 

samples fed to the algorithm were divided into groups of 334 samples which represent one 

period of the voltage waveforms. The energy of each group was calculated and plotted. 

Figure 5.3 show how the energy plot of the voltage signals change when applying fault on 

6% of phase ‘c’ winding after the 5th sampling window.  Figure 5.4 show the neutral 

voltage energy curve before and after fault. From those two graphs, the energy of the 

signal had significant change after the fault, especially the faulted phase. The faulted phase 

energy was reduced and the other phases and neutral’s energy increased in a behavior 

similar to the fundamental voltage behavior under winding fault. The generator was 
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further tested by applying stator ground faults in different locations (0-9% of stator 

winding) with different fault resistance. The fault energy characteristics were the same. 

Although the faults are close to the neutral point, the change in energy is observable.  

 

 

Figure 5.3. Terminals voltage signals energy before and after stator fault. 

 

 

Figure 5.4. Neutral voltage signal energy before and after stator fault. 
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Since the faults at the neutral vicinity had unique characteristics, it is reasonable 

to apply the algorithm to faults located in the other parts of the windings (10-100%). 

Therefore, two faults were applied at the middle point of phase ‘c’ windings and at the 

terminal of phase ‘c’. The algorithm responses were recorded and are shown in Figures 

5.5 to 5.8. 

Both faults reflect the stator ground fault characteristics, where the faulted phase 

voltage energy was reduced and the other un-faulted phases voltages energy increased. All 

of these tests results are proof that by using wavelet transform theory 100% of the stator 

windings can be protected from stator ground faults. The change patterns of the energy of 

the generator voltage signals are a very good indication of faults at the stator windings. 

 

 

Figure 5.5. Phases voltage energy response for 50% fault in phase 'c'. 
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Figure 5.6. Neutral voltage energy response for 50% fault in phase 'c'. 

 

 

Figure 5.7. Phases voltage energy response for 100% fault in phase 'c'. 
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Figure 5.8. Neutral voltage energy response for 100% fault in phase 'c'. 

 

5.3.2 Loading change effects 

 

In Section 4 we discussed how the loading changes the generator performance by 

changing the level of saturation inside the machine. These changes challenged the 

reliability of the available protection schemes and exposed their weaknesses. Therefore, 

in order to test the wavelet protection algorithm reliability, loading disturbance tests were 

performed on the generator. The generator loading was reduced suddenly from full load 

(13 A) to very light load (1 A). The excitation was adjusted to keep the generator voltages 

at rated value and the power factor was kept at unity. The voltage signals energy data were 

calculated and the results are shown in Figures 5.9 and 5.10.  
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Figure 5.9. Loading effect on voltage signal energy. 

 

 

Figure 5.10. Effect of loading on neutral voltage signal energy curve. 
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 The energy curves for the voltages show a drop in the energy content of the 

machine’s phase voltage signals and an increase in neutral voltage energy. However, the 

drop for all three phases signals energy is the same and the energy values are still close to 

each other. That is because the three phases are still symmetrical even after the load drop. 

On the other hand, the energy curves become more stable at small load. That is because 

the harmonic content of the voltage signals is smaller in small loads, hence more 

symmetrical. The more symmetric the three phases voltage waves get, the closer the 

energy components become. Since the energy curve behavior at load change is different 

from their behavior at fault, it cannot be confused with the fault response. That reflects the 

wavelet method robustness against load change. However, this response by itself can be 

utilized to be an indication of load loss. 

 

5.3.3 Power factor change effects 

 

Power factor changes are a normal feature of a power system. These changes are 

imposed by the system loads changes. However, sometimes power factor change is a 

source of failure for the available protection scheme. As a result, the generator was tested 

under different values of power factor. The generator voltages data at 0.84 lagging power 

factor and 0.84 leading power factor were collected and fed to the wavelet algorithm. The 

excitation was adjusted to keep the generator voltages at rated value and the power factor 

was changed from unity to 0.84 lagging and then from unity to 0.84 leading. The outcome 

of the algorithm is shown below in Figures 5.11-5.14. 
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Figure 5.11. Power factor change (1to 0.84 lagging) effect on phase energy. 

 

 

Figure 5.12. Power factor change (1to 0.84 lagging) effect on neutral energy.  
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Figure 5.13. Power factor change (1to 0.84 leading) effect on phase energy. 

 

 

Figure 5.14. Power factor change (1to 0.84 leading) effect on neutral energy. 

 

 Changing the power factor from unity to 0.84 lagging enlarged the 3 phases 

signal energy equally by a factor of 1.03. Besides, changing the power factor from unity 
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to 0.84 leading reduced the 3 phases signal energy equally by a factor of 1.01 with a small 

upward shift while the neutral voltage signal energy increased in both cases. All the energy 

changes due to power factor change affected the entire three phases at the same level. The 

previous figures illustrate the relation between the power factor value and the magnitude 

of the signal energy. The simultaneous effect on the three phases energy curve is a 

reflection of the fact that the changing power factor in the machine is affecting the three 

phase voltages in the same manner. Since the changes in the three phases are the same and 

the neutral voltage energy is increased, we can conclude that the behavior of the power 

factor change is different from the behavior in the fault condition. Thus, detecting faults 

using wavelet transform is robust against changes in the power factor.  

 

5.3.4 Disturbance effects 

 

Power systems are known for their instability. Some of this instability occurs due 

to transient disturbances which decay with time. However, sometimes this transient 

disturbance alters some features that are monitored by protection relays. If these transients 

remain longer than the relay’s waiting time it will be translated as a fault in the system 

and lead to unnecessary trips, hence unnecessary loss of power. One of the tests performed 

to check the reliability of the wavelet transform method is the disturbance test. A 

disturbance was created similar to the disturbance applied to the third harmonic ratio 

scheme in Section 4 where the neutral transformer was shorted at 50% of its primary 
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winding. The disturbance was applied at the 470th sampling window.  The response of the 

algorithm is shown in Figures 5.15 and 5.16. 

 

  

Figure 5.15. Phases energy curve response to neutral disturbance. 

 

 

Figure 5.16. Neutral energy curve response to neutral disturbance. 
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In response to the disturbances the energy curve of neutral voltage signal was 

reduced and the three phases’ voltages energy curves experienced a very small gain (about 

1.004). The gain was equal in all the three phases while the neutral voltage energy was 

reduced to almost zero due to the reduction in the neutral voltage waveform’s magnitude. 

Again, the change happened equally in the three phases voltage energy which is different 

from the winding ground fault characteristics. The algorithm showed robustness against 

the system disturbance. The reduction in the energy of the neutral voltage signal and the 

simultaneous rise in the three phases voltages signals can be considered as indications of 

a fault at the neutral transformer.  

 

5.4 Summary and conclusion 

   

The wavelet transform became a powerful tool in the signals and pattern 

recognition field. Unlike the Fourier transform, the wavelet transform extracts the time 

and frequency content of the signal. It breaks signals down into scaled and shifted 

functions called mother wavelets. 

Since, wavelet transform has the capability to provide a time frequency 

representation of the signal, it would be a good choice to decompose the voltage signal 

and extract the unique features of the stator ground fault that discriminates it from normal 

transient operations. Wavelet transform fault detection is based on finding the wavelet 

transform’s coefficients (signal decomposition), and finding the fault unique features 

(feature extraction).  
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Tests were applied on a synchronous generator focusing on terminal and neutral 

voltages at healthy condition and faulty condition. The faults were applied to different 

locations of the winding close to neutral point 3-9% initially and then applied to the rest 

of the windings. All faults reflected the stator ground fault characteristics, where faulted 

phase voltage energy was reduced and the other un-faulted phase voltages energy 

increased. All of these test results are proof that by using wavelet transform theory 100% 

of the stator windings can be protected from stator ground faults.  

It has been proved that the energy curves behavior at system disturbances, like load 

change, power factor changes, and other types of faults, are different from their behavior 

at stator ground fault. As a result, it cannot be confused with the fault response which 

reflects the wavelet method robustness against these disturbances. 
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6. CONCLUSION AND FUTURE WORK 

  

6.1 Conclusion 

  

In this dissertation, a lab synchronous generator was adapted to model large 

generators in power systems. A small power system was created in the lab to mimic a real 

power system. The generator stator windings were adjusted to insert tabs in different 

locations close to the neutral point. Windings tabs were connected through switches to 

resistors that represent fault resistance to simulate stator winding ground faults. Using a 

LABVIEW platform, the generator voltages were measured and exported to carry out 

different analysis on these data.  

A new linear coupled magnetic circuit model was developed for salient pole 

synchronous generator with the generator voltages as outputs. A modified winding 

function approach was implemented to use the geometry and the physical layout of the 

generator windings in calculating the different generators inductances during healthy and 

faulted operations. Based on these inductances, the generator dynamic differential 

equations were arranged to output the generator voltages. The outputs of the developed 

model were compared with the FEA analysis and we found that the model results matched 

the FEA results. 

The challenges that face the third harmonic ratio scheme were discussed. These 

include the third harmonic level of the machine which should be sufficient to produce 

enough third harmonic current to pass through the winding-ground coupling capacitance. 
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In addition, winding to ground coupling capacitance value has a major effect on stator 

ground fault. The value of capacitance controls the capacitive current flowing from the 

winding to ground. On the other hand, over-exciting the synchronous generators as well 

as loading them will saturate the machine which changes the reluctance of the rotor core 

and increases the harmonics generation in the machine.  Therefore, third harmonic 

amplitude in the machine will be affected by changing the power factor and loading. In 

lab experiments, the third harmonic ratio protection scheme performed positively in 

detecting stator ground fault close to neutral point. On the other hand, it did not show 

reliable performance under system disturbances. 

Finally, wavelet transform application in stator ground faults protection was 

presented. A fault detection algorithm using wavelet was applied to a synchronous 

generator focusing on terminal and neutral voltages at healthy and faulty conditions. The 

faults were applied to different locations of the winding close to neutral point 3-9% 

initially and then were applied on the rest of the windings. All faults reflected stator ground 

fault characteristics where faulted phase voltage energy was reduced and the other un-

faulted phases voltages energy increased. All of these test results are proof that by using 

wavelet transform theory 100% of the stator windings can be protected from stator ground 

faults. It was proved that the energy curves behavior at system disturbances, like load 

change, power factor changes, and other types of faults, are different from their behavior 

at stator ground fault. As a result, it cannot be confused with the fault response that 

reflected the wavelet method robustness against these disturbances. 
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6.2 Future work 

  

As for future work, the following problems are worth investigation: 

1. Extending the generator model to include leakage inductances and the 

damper windings. 

2. Using the wavelet transform method to detect the location of the fault 

inside the machine windings. 

3. Testing the wavelet protection method response in case of parallel 

generators. 

4. Use the artificial intelligent method such as neural network for the fault 

type and fault location classification. 
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APPENDIX  

 

 

I. Synchronous generator specifications: 

 

 

Manufacturer  General Electric 

Model 5SJ4254Y2Y2 

Serial MF7493B07 

Frame 254Z 

Rated speed 1800 RPM 

Frequency 60 Hz 

Rated power 5 kVA 

Power factor 0.8 

Rated voltage 120/240 V 

Phases 3 

Rated current 27/13.5 A 

Field maximum current 1.2 A 

Field rated voltage 125 V 

Number of poles 4 Poles 

Number of stator slots  48 Slots 

Stator slot pitch 7.5o 

Stator windings resistance 0.6 Ω/phase 

Stator outer diameter 266 mm 

Stator inner diameter 175 mm 

Stack length 97.35 mm 

Rotor windings number of turns 560 turns/pole 

Rotor windings connections Series 

Rotor windings total resistance 28 Ω 

Rotor outer diameter 174 mm 

Shaft diameter 47.5 mm 
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Rotor Dimensions:  

 

 
 

 

 Dimensions are in millimeters.  

 

 

 

 

 

 

 

72.5o 
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Stator Slot Dimensions:  

 

 
 

 

 

 Dimensions are in millimeters. 
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II. Power transformers specifications: 

 

Step up transformer: 

 

 

 

3 Isolation Transformer 60HZ    

Input: 240 Volts Delta          

Output: 480/277 Volts Wye with Accessible Neutral with Static Shield   

Terminations: 12” Flexible Leads   

Temperature Class: 200 C UL Recognized Insulation System 

Approximate Size: 8.13” H x 11.00” W x 6.63” D 

Mounting Dimensions: 5.00” W x 5.13” D 

Primary resistance:  0.333 Ω 

Secondary resistance:  0.576 Ω 

Leakage Inductance:  0.462 mH 
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Step down transformer: 

 

 

 

3 Isolation Transformer 60HZ     

Input: 480/277 Volts Wye with Accessible Neutral      

Output: 240/139 Volts Wye with Accessible Neutral with Static Shield   

Terminations: 12” Flexible Leads   

Temperature Class: 200 C UL Recognized Insulation System 

Approximate Size: 8.13” H x 11.00” W x 6.75” D 

Mounting Dimensions: 5.00” W x 5.25” D 

Primary resistance:  0.474 Ω 

Secondary resistance:  0.143 Ω 

Leakage Inductance:  0.624 mH 


