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ABSTRACT 

Grounding of electrical power systems has and will always be one of the most essential aspects of any 

electrical system design. Without a proper, well designed and effective efficient grounding network 

personal safety is at risk, equipment protection cannot be assured, and proper system operation cannot be 

maintained. Because of these reasons grounding design has become well researched, with long 

established standards strictly dictating the construction and integration of such ground networks. However 

with an ever diversifying power grid generation mix, integration of new technologies has become 

common. The need for these diverse technologies along with their cultural and societal demand has 

enabled them to outrun the standards and conceptual knowledge required for their safe construction. One 

such area exists in the grounding design of large scale Wind Power Plants (WPP). While most generation 

facilities aim to reduce their landmass to the smallest possible footprint wind power plants require 

adequate spacing in order to optimize wind quality and power generation with construction costs. This 

necessitates a generation facility or power plant that can reach up to several square miles. At areas of this 

size and distribution, established grounding design practices become ineffective and inapplicable while 

current standards become insufficient due to failing assumptions.  

This thesis offers an overview of grounding concepts tailored to the unique requirements of Wind 

Power Plants, a discussion concerning the recommended design methodology for such a network, and real 

world simulations of these problematic scenarios as a basis of study for WPP grounding. Currently there 

is very little literature and no standard or guidelines in industry for the specific challenges posed by WPP 

grounding. Lack of this documentation has led to debate in industry over the topic. It is hoped that this 

research will provide a basic WPP grounding design methodology and demonstrate the need for the 

further creation of a standard or guide.  
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 CHAPTER 1 : BACKGROUND FOR ELECTRICAL GROUNDING 
DESIGN THEORY FOR PERSONNEL SAFETY 

This Chapter introduces the basic concepts of grounding design, theory and its goals as a basis for 

understanding. Detailed design criteria, and specific methodology are presented in greater depth and 

entirety in later chapters.  

1.1 Grounding Design: Goals and Concept 

The main goal of Grounding is to ensure site safety with respect to personnel, equipment, and 

operation. IEEE Std. 80 “IEEE Guide for Safety in AC Substation Grounding”(2) is the applicable 

standard for all electrical “AC substations” and it defines the objectives of a grounding system as follows: 

 To provide means to carry electric currents into the earth under normal and fault 

conditions without exceeding any operating and equipment limits or adversely affecting 

continuity of service. 

  To assure that a person in the vicinity of grounded facilities is not exposed to the danger 

of critical electric shock. 

 

 This thesis focus on the second objective, that of personal safety. Personal safety is lost when a 

dangerous current is conducted in the human body through an unsafe path typically due to the existence 

of an accidental circuit. In power systems these accidental circuits are commonly referred to as “faults”. 

The term “dangerous current” refers to any current that is of a great enough magnitude and duration to 

cause harm to personnel. This value can be given by the following equation.(2).  

�� = (� ��√ ) = .√           (1.1) 
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Where IB is the tolerable body current in A, k50kg is a constant related to 99% of a statistical population 

weighing 50 kg, and ts is current duration in sec. Clearing times are often assumed to be less than 0.5 

seconds(2) giving an approximate “dangerous current” of 150mA. 

 

The term “unsafe path” refers to all circuit paths that include personnel as an integral part of the loop. 

IEEE Std. 80 enumerates the circumstances in which electric shock accidents are possible and these 

circumstances are included below for reference. 

A) Relatively high fault current to ground in relation to the area of ground 

system and its resistance to remote earth. 

 
B) Soil resistivity and distribution of ground currents such that high potential 

gradients may occur at points at the earth’s surface. 

 
C) Presence of an individual at such a point, time, and position that the body is 

bridging two points of high potential difference  

 
D) Absence of sufficient contact resistance or other series resistance to limit 

current through the body to a safe value under circumstances A) through C). 

 
E) Duration of the fault and body contact, and hence of the flow of current 

through a human body for a sufficient time to cause harm at the given current 

intensity.  

 

Any existence of a voltage or potential gradient that allows a lethal amount of current to flow through a 

human body is considered unsafe and must be avoided. The potential gradient that a site sees upon current 

injection to the ground can be simply explained with Ohm’s law.  
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��� =  �� ∗ ��     �      � = � ∗ �     (1.2) 

 

Each of these terms are analyzed in this chapter to show how they contributes to personal safety, what 

each term is composed of and dependent on and how this impacts grounding design as a whole. The goal 

is to give an elementary understanding of grounding design theory for personal safety prior to discussing 

personal safety for wind power plant grounding. 

1.2 Ground Fault Current (IG) 

In order to assure personal safety due to faults it becomes vital to know what is occurring with respect 

to the fault current. Potential gradients of the site is directly dependent on the applicable amount of fault 

current thus safety ishighly dependent on this as well. Figure 1.1 shows a typical fault on a power system.  

 

 

Figure 1.1 Available Paths for Power System Fault Currents 
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In this figure a single-phase (or line) –to-ground fault has occurred near the load. Upon entering the 

ground, the fault current (IF) essentially splits. One portion flows up through any ground path available 

and return to the source through the neutral conductor. The rest travels back to the source through the 

ground (IG). The amount of current that flows into the ground is described by the fault current division 

factor or split factor (Sf) and is defined in IEEE Std. 80.  The ground return current, the current traveling 

back to the source through the ground, (IG) then can be more accurately written as: 

 

   � = � ∗        (1.3) 

Where: 

IF = Total Fault Current 

SF = Fault Current Division Factor 

 

It is a common misconception that all current flows only through the path of least resistance; however 

in truth current takes all paths depending on their resistance. Because of this, grounding design must 

incorporate all possible paths to ensure that the fault current or more importantly all “dangerous” portions 

of the fault current take the “safest” path back to the source. Ideally grounding design aims to keep 

personnel out of possible current paths while limiting the amount of the current in any path that includes 

personnel. This brings into question what conditions would lead to the safest operation.  

1.3 Soil Interaction with Power System Grounding 

In a power system, facilities are most often built directly onto the earth and because of this personnel 

will usually be in contact with the earth or soil. The soil then becomes a vital part in most if not all 

accidental circuits and the resistance of this soil greatly determines the safety of the individuals on that 

soil.  Figure 1.2 shows the three possible soil scenarios that could exist; highly resistive (essentially 

insulating) soil (plastic), highly conductive soil (metallic), and a semi-conductive mixture of soil. 
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Figure 1.2 Various Types of Electrical Soil Characteristic
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Plastic soil (infinite soil resistivity) will not conduct any current and therefore a ground fault current 

would be zero. Thus it is very safe. Metallic soil (zero soil resistivity) will conduct very well. Therefore 

the entire fault current will travel through the soil, avoiding personnel; thus this is also a very safe 

condition. The mixed soil, however, is semi-conductive therefore a person may be seen as a more 

attractive path back to the source; thus this condition is the most dangerous of the three. Unfortunately 

this semi-conductive soil condition is what actually exists at every electrical site. 

1.4 Soil as a Conductor with Finite Resistivity 

In Grounding design the earth or soil must be seen as a conductor. As with any conductor, resistance 

increases with length but decreases as cross sectional area increases. 

= �
        (1.4) 

 

The larger the region of soil, lower is its resistance. When a fault current is split between a short wire and 

a small section of soil the majority of the current will travel in the wire due to the fact that the wire’s 

resistance is so much lower than the soil; however if the current is split between a long wire and a great 

expanse of soil the current could split either way depending on the soil characteristics of the large 

expanse. At large distances the impedance of the soil will drop due to the large cross sectional area 

available to the current while the wires resistance will only increase with length. In this manner the 

resistance of the soil and that of the wire could be comparable. This could result in a larger amount of 

current being injected into the soil or other paths more readily available to it. 

1.5 Electrical Soil Characteristics and Modeling 

Soil electrical characteristics can vary greatly with respect to moisture content, chemistry (salinity), 

temperature, soil structure, granular size, and countless other factors making the prediction of where the 
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fault current will travel nearly impossible without good soil data and an accurate soil model. Additionally 

soil is deposited in layers and these layers vary in both electrical and thermal properties. For calculation 

purposes soil is modeled as a number of layers having different resistivities and thicknesses. Collectively 

the group of layers and their respective resistivities compose the overall soil model or “electrical soil 

structure”. Soil structure greatly impacts the way the fault current will behave and thus directly impacts 

the safety of a site. This soil structure for instance determines if a fault current is more likely to travel on 

the surface of the soil or in the deep layers or at what optimal depth ground conductors should be placed 

to more effectively channel current safely back to the source. Depending on how conductive the soil is, a 

site may be safe or unsafe. IEEE Std. 80 provides reliable, simple calculations in determining site safety 

criteria or safe thresholds based upon the site soil characteristics, and are discussed in greater depth later. 

1.6 Ground Conductors: A Physical Sense 

  

Establishing personnel safety in grounding design is most commonly achieved by a number of tools, 

one of which is offering a low resistance return-path. The intention is that this low impedance path 

becomes the “easiest” path for the dangerous current to “safely” travel to its final destination, the lower 

potential side of the source. Thinking of the soil as a conductor, the better the connection between the site 

and the soil is, the easier current will flow. In order to make an insulator more conductive one would need 

to add conductive material to it. This can be illustrated with a wooden fence post. Dry, the wood will not 

easily conduct; however if it is soaked in water it will conduct much more readily. In the same way as 

adding moisture to the post, adding copper to the soil will generally cause the ground to conduct more 

readily. Just as important as the addition of conductive material is the interface of that conductive material 

with the soil both with respect to geometry as well as the physical contact achieved. All these factors, 

when applied correctly can generally be used to make the ground conduct more readily, or in other words 

decrease the ground impedance of the site. This conductive material is typically added to the soil in the 

form of horizontal copper grids and vertical copper ground rods. These ground rods work to increase the 
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surface contact with the deeper soil and ideally use the soil structure to contact the most optimal (low 

resistivity) layers of soil. In Power Systems Analysis and in basic Electrical Circuit Theory the grounding 

connection described above is denoted as a point and is typically represented by the ground symbol 

shown in Fig. 1.3 

 

 

Figure 1.3 Circuit Schematics Ground Symbol 

  

However for large scale systems this symbol does not physically exist as a point but rather as a network 

of horizontal and vertical conductors buried within the soil. This network is commonly referred to as a 

ground grid and usually consists of a buried copper grid with strategically placed copper rods driven to 

optimal depths. Thus a power system’s “ground” is actually a ground grid incorporating an entire network 

of conductors at various depths and geometries all connected together and buried in the soil. Figures 1.4 - 

1.6 show typical grounding grids at various stages of completion. Here it can be seen that grounding 

conductors are placed throughout the station, connected to every conductive structure and buried. 

1.7 Ground Impedance (Zg) 

The electrical soil structure as well as the size, geometry and composition of the ground conductors 

ultimately comes together to result in an equivalent ground grid impedance. This impedance denotes the 

impedance that a ground fault current sees when attempting to flow into the soil. 
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Figure 1.4 Typical Underground Grounding Grids 

 

 

Figure 1.5 Typical Ground Grid Installation 
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Figure 1.6 Typical Finished Grade Grounding Connection 

 

As mentioned this impedance is a complex value dependent on several variables. Its calculation can be 

simple or extremely difficult depending on the assumptions. It is critical to know which assumptions can 

be made and under which conditions they hold. Several common assumptions are discussed later in order 

to highlight the new challenges wind farms pose. For now it should only be noted that despite the fact that 

the ground impedance is a critical factor in establishing personnel safety the calculation of this factor is 

by no means straight forward. Additionally it is worth noting that IEEE Std. 80 uses the term “resistance” 

when referring to this term assuming a fully resistive value with no reactance. This is due to the fact that 

local station grounding grids are small enough that the reactive component can be neglected; however as 

the size of the ground grid is increased (like in a wind farm) the ratio of reactance to resistance increases. 

While the reactive component is not substantial for localized ground grids it cannot be neglected for 

larger installations (such as wind power plants). In truth all ground grids (even small localized ones) will 

have at least a small reactive component. Because of this relationship the term “impedance” has been 
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used in this thesis as an all -inclusive term to incorporate the possibility of a reactive component. While it 

is out of the scope of this thesis it should be noted that this reactive component becomes much more 

important when dealing with the phenomenon of lightning as reactance is frequency dependent. 

1.8 Ground Potential Rise (GPR) 

Ohms law states that any current traveling through a resistance will cause a voltage rise. This law 

holds true for ground fault currents traveling through the soil. Furthermore IEEE Std. 80 establishes that 

the existence of high potential gradients (voltages) is the primary cause for electric shock. The portion of 

the fault current traveling through the ground (IG) will pass through the ground impedance (ZG) on its way 

back to the source. As it passes through the resistive soil there will be a voltage gradient across the soil 

that it has traveled through. This voltage gradient is realized as a potential difference across the ground 

impedance which is termed as the ground potential rise (GPR). Simply explained GPR is a voltage rise at 

a localized area. The point where the current enters the soil will have the highest concentration of current 

and thus by Ohm’s law the highest voltage with respect to remote earth at zero potential. As this current is 

dispersed through the massive amounts of paths available to it the corresponding voltages become smaller 

and smaller. What occurs is a voltage spike that gradually decreases until a zero potential (zero volts) is 

reached. Figure 1.4 shows this via a 3D graph of a complex ground grid under an injected fault. Voltage is 

on the vertical axis and the horizontal plane represents the footprint. 

 

This graph shows that the soil itself is being elevated to a higher voltage (by the fault current injected 

via the ground grid) than its normal zero reference point. How high and over what extent is due to the 

magnitude of the fault going into the ground as well as the ground grid impedance defined by the soil 

characteristics, geometry and structure. 
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Figure 1.7 3D Ground Potential Rise 

 

The GPR will directly affect the voltages personnel are subjected to. Because of this GPR is directly 

related to personal safety and therefore is a vital parameter to quantify. 

1.9 Basic Grounding Theory: Summary 

Thus Ohm’s law introduced in Equ. 1.2  of this thesis may be rewritten in its entirety as: 

� = � ∗      (1.5) 

 

Where IF,  is the total available fault current (single-line-to-ground fault current) is usually known but SF 

and ZG require complex calculations in order to determine with any accuracy. Furthermore these 

calculations are unique to every site as the factors involved in their calculation vary greatly with every 
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site and a truly infinite number of possibilities exist. Having established a basic understanding of the 

goals of grounding design (i.e. safety of personnel and equipment operations), its methods and its 

implications (calculation of GPR, SF,  ZG, and IF ), the next logical question is “How can a site be 

qualified as safe?”.   
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 CHAPTER 2: SAFETY CRITERIA FOR GROUNDING SYSTEMS 

2.1 Personnel Safety: Safety Criteria 

Critical voltage thresholds can be calculated for different scenarios and these thresholds are described 

in IEEE Std. 80 as safety criteria. These safety criteria become the measure of allowable potential 

gradients across the site. If a site potential gradient exceeds these criteria harmful electric shock can 

occur. Numerous studies have been performed to evaluate the level of current that is considered lethal to 

human beings. These studies are listed and referenced in IEEE Std. 80 and it is their findings that have 

determined the critical current limit that IEEE Std. 80 designs to. 

 

 The three most common hazardous scenarios are that of “Step”, “Touch”, and “Transferred” or 

“Stray” potentials. In this section Step and Touch potential are discussed in detail as they are the most 

common. Additionally Transferred potential are discussed in much greater detail later in this thesis. 

2.2 Safety Criteria Assumptions 

The IEEE Std. 80 safety criteria for both Touch and Step potentials assume several factors.  These 

assumptions are of note and are addressed prior to discussing the safety criteria itself. The first 

assumption made is that of body mass. IEEE Std. 80 has equations for both 70kg and 50kg personnel. For 

this thesis and in all good grounding design the 50kg assumption is be used. This is mostly to ensure 

safety for children and small adults and in general a more conservative design. Even sites that are 

completely closed to the public could be open to smaller than average adults. 

 

The second assumption is that of human body resistance. In studies it has been determined that human 

body resistance can range anywhere from 500Ω to 3,000Ω. This resistance changes with such factors as: 

moisture, health (cuts or punctures in the skin), and clothing. IEEE Std. 80  ignores the resistance of 
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gloves and contact surfaces to specify a standard human body resistance of 1,000Ω and has been the 

acceptable standard.  

 

Lastly human tolerances to electrical current have been studied and safe limits have been observed. 

Based on the data IEEE Std. 80 has established formulas to evaluate the “safe” voltage thresholds 

allowable for both touch and step potentials. These basic formulas are discussed conceptually in the next 

two sections. All variables for those equations are defined immediately after. 

2.3 Step Potential 

Step potential is defined as: “the difference in surface potential experienced by a person bridging a 

distance of 1m with the feet without contacting any grounded object.” This describes the possible voltage 

gradient that could exist between the feet of a person in taking a normal stride.  The following diagram 

(Fig. 2.1) has been used to illustrate this concept. 

 

 

Figure 2.1 Step Potential(8) 
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Here a person is caught mid-stride during a fault condition. Depending on the local GPR and its decay 

rate, this person could possibly bridge a large potential ground gradient with their stride or “Step”. The 

safety criterion for Step potential is the threshold voltage at which a harmful portion of the ground current 

flows through the person’s legs to bridge the step distance. Simply put the ground current sees a less 

resistive path across the step distance and split to take it. The safety criterion for step potential for a 50 kg 

person is mathematically defined in IEEE Std. 80 with the following equation (Eq. 2.1) and is discussed 

at length later. 

 

= , + ∗ � ( .√ )    (2.1) 

 

Here the current flows up one leg and down the other (body resistance). The foot resistance can be 

clearly seen in the figure to be in series. This arrangement incorporates double the foot resistance of the 

circuit, and is responsible for the coefficient of the 6Cs term. 

 

Step potential is typically considered less dangerous than Touch potential. This is due to the fact that 

the current does not travel through the heart but only through the legs. In addition to this because of the 

higher foot resistance safety criteria for step is typically much higher than that of touch. This being said, it 

should be noted that depending on the shock, Step potential shocks could lead to collapse in an unsafe 

area where continued shock could occur now entirely across the heart.   

2.4 Touch Potential 

Touch potential is defined as: “The potential difference between the ground potential rise (GPR) and 

the surface potential at the point where the person is standing while at the same time having a hand in 

contact with a grounded structure.” This describes the possible voltage gradient that could exist across a 
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person in contact with a grounded site structure and the ground. The following diagram (Fig 2.2) has been 

used to illustrate this concept. 

 

 

Figure 2.2 Touch Potential(8) 

 

Here a person is in contact with a site structure during a fault. Depending on the local GPR a 

dangerous potential gradient could exist between the structure and the point where the person is standing. 

This could induce a dangerous current to flow through the person. The safety criterion for Touch potential 

for a 50 kg person is mathematically defined in IEEE Std. 80 with the following equation (Eq. 2.2) and is 

discussed at length later. 

= , + . ∗ � ( .√ )    (2.2) 

 

Here the current flows down through the person’s body and legs. The foot resistance can be clearly 

seen in the figure to be in parallel. This arrangement shall effectively half the foot resistance, causing the 

Thevenin equivalent impedance of the ground circuit to differ and is responsible for the constant portion 
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of the 6Cs term becoming 1.5Cs.
(2) In addition to a lower safety threshold touch potentials are often seen 

as more dangerous as the current passes through the heart rather than only the legs. This means that touch 

potential is generally harder to protect against and more dangerous when it does occur than Step potential.  

2.5 Safety Criteria Ramifications 

The equations for safety criteria are included again below and are further explained to understand 

what factors are the most prevalent in determining the safety criteria of a site. The IEEE Std. 80 equations 

with regard to a 50 kg person are as follows: 

= , + ∗ � ( .√ )   (2.3) 

= , + . ∗ � ( .√ )   (2.4) 

Where: , =  � →  =   ℎ      →  . =   ℎ    ℎ  →  . = �    � →     � =  �  ℎ   � →   ℎ   =   ℎ     →     �  

=  �   = − . 9 − ��ℎ + . 9 →   ℎ   

Where: ℎ =  �  ℎ  � = �  ℎ  �  
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In the above definitions it can be seen that the safety criteria of a site is primarily dependent upon the 

soil characteristics of that site. This means that regardless of the design the only way to ensure safety 

100% is to know the local soil structure and characteristics. Without this there is no safe threshold to 

compare any potential gradient to and thus no way to verify a site as “safe.”      
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 CHAPTER 3: WIND POWER PLANTS 

 In this chapter a brief overview of WPP operation and common practice with respect to WPP 

construction (specifically grounding) is discussed. This overview enables a detailed discussion of 

the new grounding challenges WPPs have introduced. 

3.1 Wind Power Plant: Definition 

Currently there is no standard for the grounding of a wind power plant. Noticing this shortcoming, 

IEEE has established a Task Force (Task Force on Wind and Solar Plant Grounding for Personal 

Safety)(13) responsible for developing a standard or guide specifically for wind power plant grounding. 

This IEEE task force has defined a Wind Power Plant as follows:  

 

“Definition: A wind power plant (WPP) is a group of electrically interconnected wind turbine 
generators having one or more points of interconnection to the utility electric system.” 

 

This definition simply means that each WPP is composed of several individual wind turbine 

generator stations. These generator stations “collect” together the total cumulative energy 

(through the “Collector System”) and then transmit to the Power Grid. Common grounding 

practice, at this point, is to treat WPPs as a collection of AC stations, using IEEE Std. 80 as a 

guide for their “Safe” grounding. This approach, while commonly used in industry, neglects 

several important factors. Among those factors are: failing assumptions commonly made for AC 

station grounding, as well as new challenges inherent in wind power plant construction. 

3.2 Wind Power Plants: Onshore Vs. Offshore 

 In recent years the construction of offshore windfarms has increased in popularity. Typically offshore 

installations enjoy better wind quality, higher wind speeds and longer sustained wind this coupled with 

the use of much larger turbines (5-7MW/turbine offshore as compared to 2- 4MW/turbine onshore). Due 
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to this offshore wind is gaining in popularity especially outside the US, inside the US offshore wind 

farms, however, are not largely pursued due in part to public perception. Obviously the grounding of 

these two systems varies greatly thus this thesis focuses only on onshore windfarms. However that being 

said the basic definition and (electrical) concepts for a wind power plant introduced in this section 

(excluding construction details) can easily be extended to offshore installations. 

3.3 Wind Power Plants: Typical Operation 

 The IEEE Task Force definition ultimately necessitates that a WPP is designed with three 

basic end functions in mind: generate energy, collect energy, and transmit energy. Each of these 

end functions contribute directly or indirectly to the necessary grounding of the overall WPP and 

thus they are each be discussed in greater detail.  

3.3.1 Generation: 

 Wind Turbine Generator (WTG) sizes have grown much larger over the years, today 

2MW- 4.2MW machines are common for onshore installations with off-shore 

installations approaching 5-7MW. These machines produce power at a typical voltage of 

690V (for 60 Hz Systems) depending on the turbine manufacturer and country of 

installment (frequency). To generate this power most efficiently and cost effectively 

WTGs are placed in remote areas and spaced far apart from one another (typically 2-3 

rotor diameters to avoid wake effects; however this also depends on the prevailing wind 

direction) where high wind qualities may be obtained. This results in WTGs usually 

being very spread out across large land areas, in remote locations, far away from major 

load centers.  
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3.3.2 Collection: 

 Due to this sparse distribution of generator stations, the energy produced by each 

WTG must be “collected” together before being transmitted to the load centers. This 

collection is realized by electrically connecting all the wind turbines together. Often this 

is done via several circuits that will take the energy from a group of wind turbines to a 

local substation for further transmission. Again because of the distance between each 

WTG and the substation, this collections process is usually done at medium voltage. 

(typically at 34.5 kV) in the US. 

3.3.3 Transmission:  

 With WPPs in remote areas all the collected energy must be transmitted to the large 

load centers such as cities, industries, and homes. Transmission of this energy is done 

from a centralized, local substation that will step up the medium collection voltage to 

high voltage for transmission into the power grid. These transmission voltages are most 

commonly 230 kV or 345 kV, depending on the total capacity of the WPP and the 

availability of the local grid connections.     

3.4 Wind Turbine Generators: Individual Stations 

 To complete the entire process described above each WTG will require a step up transformer 

to reach MV collection voltage. This transformer will either be located in the nacelle at the top of 

the wind turbine or on a pad at the base of the tower (varies by WTG manufacturers). Regardless 

of the location, the basic operation is the same and can be represented with the following single 

line (Fig. 3.1) 
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Figure 3.1 Simplified WTG Single Line Representation 

 

 In addition, a main power transformer will be required at the substation to step the MV 

collector voltages to HV transmission voltages. Collectively this can be shown in the following 

single line, Figure 3.2  

 

 

Figure 3.2 Simplified Single Line of an Interconnected WPP 
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 From the above single line diagram it can be easily seen that every WTG will behave as an 

independent MV station. Additionally every WTG will be a possible fault location with fault 

currents attempting to return to either the WTG or to the substation. 

 

 From a grounding perspective this necessitates that every wind turbine generator (WTG) be 

seen as its own station or site. This view of each WTG as an individual generating station is 

already accepted in industry and consequently it is the reason that IEEE Std. 80 is currently used 

for WPP grounding. However, because every site can be effectively seen as a generating station, 

each site must then be tested for safety with respect to the local safety criteria and standards laid 

out in IEEE Std. 80 which as of yet is not widely accepted by industry. This is largely due to the 

absence of a governing standard for wind farm grounding coupled with extra testing costs and 

added schedule time.1 

3.5 Wind Power Plant: Interconnected Stations 

 Despite the fact that each WTG can be seen as a separate station it should also be apparent 

from the single line diagrams of figures 3.1 and 3.2 that all WTGs are electrically connected. This 

electrical connection is obviously realized in the collection system conductors, however it is also 

obviously less realized through the soil. Due to these connections both foreseen and unforeseen, a 

fault on one WTG will cause a necessary reaction on all others. This necessary reaction may or 

may not be safe. Thus WPP grounding cannot merely be concerned with ensuring safety at each 

individual site but must also extend to ensure the safety of the entire interconnected generation 

system. This condition is discussed in much greater detail later and is the main focus of this 

thesis. For now it is sufficient to merely state that this interconnected condition coupled with the 

                                                           
1
 Please note that though there was an IEEE standard created for the grounding of generating stations 

(IEEE Std. 665) this standard has since been withdrawn in favor of the application of IEEE Std. 80 to both 
AC substations and AC generating stations.  
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previously mentioned distribution of WPPs has created many challenges for grounding design of 

those same WPPs. 

3.6 Wind Power Plant: Construction 

 Each wind turbine is seen as an individual generating station and all are connected back to 

one central location with the entire system composing the wind power plant. In industry, WTGs 

are most commonly collected through the use of MV underground cable. As individual sites, each 

wind turbine has an individual local grounding network. The type of local grounding network 

used varies between turbine manufacturers, with some requiring entire local ground grid networks 

and others requiring only the turbine rebar (structural steel within the foundation). These 

manufacturer requirements are largely upheld with the warranty rather than any applicable 

standard. The picture below (Fig. 3.3) shows the structural steel of a WTG before the foundation 

concrete is poured- this particular site required blasting. 

 

 

Figure 3.3 WTG Foundation Structural Steel Installation 

 



26 

  

 After the turbines have been placed and constructed, trenches are dug between select turbines 

to form circuits of generating stations. With trenches already being dug a ground conductor is laid 

in the same trench as the MV collector cable. The ground conductor is then attached to the 

individual ground network at the base of every turbine. This connection is established regardless 

of the type of the local ground network, connecting to either an external ground grid or directly to 

the turbine rebar. In this manner the entire site is connected via a single ground conductor 

network. The pictures (Figs. 3.4 and 3.5) below show a typical trench installation with copper 

ground wire, MV cables, and fiber optic cable. 

 

 

Figure 3.4 WPP Collection Trench Typical Arrangement 
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Figure 3.5 WPP Collection Trench Installation 

 

 The interconnections described above are done until every wind turbine has been connected 

into a circuit. The number of circuits in a WPP and their location depends on the size, 

distribution, soil, turbine type, cost, etc. and is beyond the scope of this thesis. However, it should 

be noted that these construction factors will affect the overall layout of the circuits. As is seen 

later, this layout can have profound impacts upon grounding design for personnel safety.  

3.7 WPP Grounding Design: Challenges 

Due to the characteristics of WPPs discussed above several challenges arise with respect to a WPP’s 

safe grounding design. These specific challenges as well as their implications are further elaborated in this 

section. 
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3.7.1 Land Area: 

WPP overall efficiency is heavily dependent on the wind quality available. The best 

wind quality typically occurs in flat unobstructed areas. Any structure that can disrupt the 

wind will adversely affect the wind quality of the area. Because of this, WPPs are usually 

built in remote areas far away from buildings and other large load centers. Additionally 

the WTGs of a WPP are similarly spread out as to not affect one another. (2-3D spacing, 

where D represents the WTG rotor diameter) This spacing is optimized to achieve the 

maximum power output for each WTG.   

 

 While traditional generation facilities have aimed at decreasing their overall footprint 

Wind Power Plants must balance footprint with wind quality and cost. These traditional 

facilities aim to decrease right of ways and land ownership, making the most power with 

the least utilized resources. A typical substation or generation plant as mentioned in IEEE 

80 may span an area of 200 ft x 200 ft while even a small WPP can cover an area of 

several square miles. Such traditional facilities are small and in nearly every case the 

entire generation facility is seen as one station. 

 

 Because of the large land area associated with WPPs it becomes impossible to create 

a single accurate soil model spanning the entire power plant. As mentioned in Chapter 1 

soil varies greatly with respect to depth, resistivity, layer structure, etc. as well as with 

horizontal distance. This wide variance means that a single WPP could contain a large 

number of very distinct soil structures. Recall from Chapter 1, that the safety criteria 

defined in IEEE Std. 80 is predominantly dependent on the soil characteristics, thus a site 

cannot be assured as safe without first obtaining an accurate soil model of the site.  
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 A large scale wind power plant rated at 250MW can easily have 100 or more 

turbines, 100 or more junction boxes, several meteorological towers (met masts), an 

O&M Building, and a substation. Since each of these sites can be interacted with by 

personnel all must be assured of safety. This necessitates soil models to establish accurate 

safety criteria for each site (often over 200). This process is both expensive as well as 

time consuming. In addition to individual testing to establish reliable local safety criteria 

an overall or average soil model is also required in order to determine the split factor a 

fault current may possibly have when traveling across the entire site.      

3.7.2 Public Access:        

 With wind power plants covering such large areas it becomes highly impractical to 

secure an entire site from the public. Effectively fencing and monitoring a secure 

perimeter of that magnitude would be expensive and difficult, thus it is not done. Due to 

this the added design problem of public access to the WPP arises.  

 

 In the case of a traditional generation stations and substations a fence can easily 

encompass the entire site boundary. Furthermore the land used for these traditional sites 

is entirely used as it has been condensed to only the essential footprint required. 

However, in the case of wind power plants the huge majority of the land area is unused. 

Because of this, land for WPP is most often leased instead of purchased. Leasing the 

rights to the land is more cost effective than purchasing it, as well as being easier to 

negotiate, since the landowners will retain many rights. In fact it is very typical that the 

land leased for a WPP is still farmed, cultivated, and lived on by the land owners. In this 

typical scenario livestock is free to roam throughout the turbines, children are free to play 

amongst them, irrigation systems and farm implements will remain present, and 

agricultural work still takes place between and around them. The picture (Fig. 3.6) below 
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shows one small leg of a collector circuit spanning miles of open access farmland. This 

particular site was owned by a single landowner but many times this is not the case. 

 

 

Figure 3.6 Open Areas of Typical Installations 

 

 From a safety standpoint, this means that untrained civilian personnel are living and 

working amongst a group of large electrically connected generator stations. In addition to 

this there is an added factor of uncertainty in that WPP grounding designers will not 

know what to “safely” prepare for; whether it is a 6 ft. “step” span of valuable livestock a 

small 30 kg child, a large tractor parked near a turbine, or a farmer ploughing the soil on 

top of buried MV cable.   

3.7.3 Large Interconnected Systems: 

 As mentioned previously a WPP is a completely interconnected electrical system 

extending over several square miles. This means that any change at one location will 

have an immediate effect on every other location. For the case of traditional generation 

sites all fault location of a particular bus are considered to have the same effect because 

the entire site is seen as a single point. For WPPs a fault at one turbine has a unique effect 
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on every other point across the site. For a traditional power plant assuring the safety of 

the entire site means assuring safety for one fault location. For a WPP assuring safety for 

the entire site means ensuring safety for every possible fault location across that entire 

site.  

3.7.4 Large Varying Distances from Fault to Source: 

 In traditional generation facilities the entire site is built above an interconnected 

ground grid. This ground grid is small enough and fine enough that the following two 

assumptions are often made: 

1. The site ground grid is equipotential in the event of a fault 

2. Fault currents are assumed to travel in the low impedance grid rather than the 

relatively high impedance ground 

 
Note: there are of course exception cases where these assumptions are not made 
 

 In the case of WPPs, these two assumptions break down and are no longer valid. This 

breakdown occurs due to the great distances which WPPs cover. Both will be detailed 

further in the following section. 

3.7.5 Equipotential Assumption: 

The equipotential assumption assumes that across any energized conductor the 

voltage drop across that conductor is negligible i.e. that the conductor is a quasi-perfect 

conductor with negligible series resistance. As distances or, more importantly as length of 

a conductor increases conductor resistance also increases. For WPPs the ground 

conductors span great distances. Even though the site is in fact interconnected the great 

distances mean that voltage drops across the ground conductors occur. Because of this the 



32 

  

assumption that the entire site is simultaneously at the same potential at every point is no 

longer valid especially for a wind power plant. Figure 3.7 and 3.8 illustrate this fact by 

plotting the GPR of the ground conductors by color for a 1 Amp fault injected at the WPP 

substation (presented in bird’s eye view as well as 3D respectively). Figure 3.9 gives the 

relevant color scale for this 1 Amp fault injection.    

 

 

Figure 3.7 Birds Eye View of Ground Conductor GPR for an Entire WPP 
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Figure 3.8 3D View of Ground Conductor GPR for an Entire WPP 

 

 

Figure 3.9 GPR Color Scale 

 

3.7.6 Assumption of Negligible Conduction: 

 The resistivity of soil in comparison to metallic ground conductors is very high. 

Recall that the resistance of a path to the flow of current was defined in Chapter 1. 

= (��� ) 
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 Here it can be seen that the resistance of the path depends on the distance that path 

traverses as well as the cross sectional area of that available path. For traditional 

generation sites a fault within the facility attempts to return to the source, most often the 

generator step up (GSU) transformer, which is installed on the same ground grid as the 

generators. The fault current then sees a low resistivity, short path against a high 

resistivity, small cross section of soil. Because of this very little current flows into the 

soil. 

  

 For a WPP the fault still attempts to return to the source however the source (GSU) is 

now extremely far from the fault. Now the fault current has a low resistivity yet very long 

conductor path against a high resistivity, yet massive cross section of soil. It is not clear 

that the soil will offer a higher resistance than the ground conductor. In fact the opposite 

is often true. This means that ground fault currents can “jump” through the soil to other 

structures or circuits on their way back to the source. The assumption that fault currents 

are safely conducted through the intended low impedance paths provided is then not 

necessarily true  as those currents could take a short cut through the a lower impedance 

path provided by the soil, possibly endangering anything in between. 

3.8 Summary 

Wind Power Plants must be evaluated with respect to personnel safety as both individual 

generating stations as well as larger interconnected sites. Wind Power Plants cover large areas of 

publicly accessible lands in which fault current paths are unknown and/or hard to predict. 

Grounding design for a WPP is fundamentally different than that of a traditional generation or 

AC substation in many aspects. This difference is due to the nature of WPPs and their practical 

construction. Because of this WPP grounding design requires additional and special measures in 

order to ensure personal safety.    
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 CHAPTER 4: METHODOLOGY FOR “SAFE” WPP GROUNDING 
DESIGN 

The basic methodology for ensuring personal safety of a WPP presented in this thesis is somewhat 

similar to the one currently being proposed by the IEEE Task Force on Wind and Solar Plant Grounding 

for Personal Safety(3) and this is still under review. However it is a methodology currently used by leaders 

in the renewable energy industry. In addition to this, alternatives to this method (similarly being used in 

industry) are also presented and compared. This comparison targets only the ramification of personnel 

safety as all other topics fall outside of this thesis’s scope. 

4.1 Brief Method Overview 

The major steps of the proposed method are illustrated in the flow chart of Figure 4.2 (pg.40). Each 

major step (and all subsequent minor steps) is discussed in detail throughout the following chapter.  

4.2 Soil Models and Resistivity 

Before any analysis is done, an accurate soil resistivity model must be constructed for each grounding 

point across the WPP. These grounding points include (but are not necessarily limited to) all wind turbine 

generators, junction boxes, meteorological masts, Operations& Maintenance buildings, and substations. 

This step may be completed via several different methods to varying degrees of complexity and 

completion. However it is the first step (unanimously agreed by all stakeholders) in any grounding study 

regardless of commercial preference. 
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Figure 4.1 Flow Chart of Basic Grounding Method for a WPP 
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4.2.1 Soil Modeling: Purpose 

Soil models are typically composed of multiple layers. As mentioned in Chapter 1; a uniform 

(or homogeneous) soil is all but impossible to find in a real world environment.  A grounding 

point’s safety criterion along with the ground impedance is primarily dependent upon the 

associated soil structure.  Summarizing, for any given WPP this means: 

1. The soil characteristics can vary wildly and unpredictably with a very large 

number of possibilities. 

 
2. In order to calculate the safety criteria and ensure the grounding is safe, its soil 

structure must be known to define what voltage levels are in fact safe at that 

grounding point. 

 
3. The ground impedance (and therefore the available GPR) is directly related to 

the soil characteristics. 

 
From the numerous soil models created and key assumptions (as discussed in Chapter 1) safety 

criteria are calculated for every location tested. 

4.2.2 Soil Modeling: Method 

Soil electrical resistivity data is most commonly measured using the Wenner or Slumberger-

Palmer four pin methods (1) (4). These two methods are very similar varying only in the respective 

probe spacing distances. Each test method has its own pros and cons and comparisons of the two 

methods have been widely studied and published (4) (6). Regardless of the type of four-pin method 

used, the basic concept is the same: by injecting a known current and measuring the associated 

voltage drop an apparent resistance vs land area (defined by the electrode spacing) is obtained. 

Figure 4.2 shows a log-log graph of this apparent soil resistance for multiple locations. Lines 

have been included to indicate industrial rules of thumb for quickly interpreting the raw data. 
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Figure 4.2 Apparent Soil Resistance Vs Average Electrode Spacing of an Array of Locations 

 

 

Recall from Chapter 2 that, as the average electrode spacing is increased the measured 

apparent resistance decreases as the area of the measured soil is increasing far more rapidly than 

the length between the current probes ( = ��� ). The rate at which this decrease occurs gives 

insight into the type of soil that has been included. A fast decrease in apparent resistance indicates 

that those soil layers are of low electrical resistivity. A slow decrease or “flattening-out” indicates 

that the soil layers in that area are of high electrical resistivity.  Figure 4.3 shows one such graph 

to illustrate these trends. 
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Figure 4.3 Apparent Resistance Vs Average Probe Spacing of a Single Location 

 

This data can further be taken and converted into a soil model of layered resistivities with various 

thicknesses.(1)(6) The details of these measurement techniques and how they are converted into a 

soil structure model are well established and 

 beyond the scope of this thesis; however for conceptual clarity it should be stated that probe 

spacing is mathematically related to the depth of the test. For further understanding detail 

information on these measurement methods, as well as others, can be found via the references 

provided at the end of this Thesis. By conducting the test at several probe spacing, an overall soil 

structure model may be created down to a specified depth. One such model is provided below in 

Figure 4.4. 
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Figure 4.4 Soil Structure Model 

 

The X-axis of Figure 4.4 displays the average electrode spacing in meters versus the 

Apparent Resistivity in Ohm meters shown on the Y-axis. Both the axes are shown here in a 

logarithmic scale. The average electrode spacing is related to soil depth, while the apparent 

resistivity is related to the soil electrical resistance. Each blue point represents a field measured 

data point. The purple line represents the soil structure model that has been implemented or 

attempted as a solution. The green line represents the curve fit function that resulted in the purple 
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soil structure solution. To the right is a results print out that shows the different layers that 

compose the purple solution structure, along with their respective thicknesses and resistivities. In 

addition an error percentage is provided that represents the error between the field data and the 

green curve fit. Typically this error percentage is targeted to be 10% or less in industry, yet due to 

outliers this percentage could reach values as high as 20%. It ultimately falls to the duty of the 

designer to interpret and target a realistic soil model as well as to account for any additional risk 

that may arise from poor testing. It should also be noted that there may exist several unique soil 

structure models that will result in similar error percentages/ fits for the same soil data.  

 

As mentioned in Chapter 1, the above soil structure is meant to model the changes in 

resistivity with depth at the tested location. This can best be physically visualized by rotating the 

graph by 90º as shown in Figure 4.5 (page 43). Here it can be seen that the soil is composed of 

horizontal layers. The first layer is approx. 0.9 m thick and has a resistivity of 270 ohm-m. The 

next layer is appx. 6.6 m and has a resistivity of 59 ohm-m. Both these layer lie atop an infinitely 

thick layer with a resistivity of 845 ohm-m. While the data printout or the curve-fit algorithm may 

change depending on the calculation tool the basic concept of the soil structure model is always 

the same.  

4.2.3 Soil Modeling: Industry Practices and Preferences 

The Slumberger-Palmer test method mentioned above can be an expensive and time 

consuming. Conducting this measurement for over 200 grounding points represents a large cost 

(order of magnitude, $100,000 or more) to industrial contractors ($50,000-$100,000 and typically 

2-4 weeks for easily accessible projects and up to $300,000 and 4-6 weeks for challenging 

locations).  
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Figure 4.5 Soil Structure Model 

 

Due to the lack of any standard for “wind” applications there are several schools of thought 

currently being proposed and practiced by industry. 

1. Measure every Grounding point (WTG, JB, O&M, MetMast, Grounding 

Transformer, Substation) to ensure safety and attempt to avoid or optimize any 

possible mitigation costs. 

 
2. Measure a reduced amount of grounding points (The number of reduced grounding 

points tested is currently dependent on the amount of risk exposure a “designer” is 

willing to accept) and use a median or average value for design to reduce soil testing 



43 

  

costs, hoping that a minimum number of sites will require additional grounding needs 

(additional costs). 

 
3. Measure a reduced amount of Grounding points and use the worst case discovered for 

design of the entire WPP to reduce soil testing costs and attempt to avoid any future 

mitigation costs. It should be noted that the “worst case” location is not a straight 

forward determination and can only be identified once the entire grounding system 

has been studied. (i.e. worst case with respect to impedance, or safety criteria, or 

available fault current, etc.)    

 
Because this research is concerned with grounding design for personnel safety, it is proposed that 

every site be measured (Option 1). This is the only way to truly ensure through design that the 

entire WPP is safe. In fact it can be extended further that measuring every site is the ONLY 

predictable way to positively ensure safe conditions across the entire wind farm. Though this is 

beyond the scope of this thesis, it is believed that in some cases that this option may in fact be the 

most cost effective option as well. Figure 4.6 below shows a definitive change in the soil from 

soft dirt to hard rock within roughly a 15 ft. horizontal distance with no identifying factors 

present on the top-soil. This particular site varied wildly with respect to soil variation despite 

appearing to be the same terrain from the surface.  

4.3 Calculation of Safety Criteria 

Once an accurate soil model has been established for each grounding point of the WPP, safety criteria 

may be calculated as specified by IEEE Std. 80 for every location tested. Recall from Chapter 1 that the 

safety criterion of a site is primarily dependent on the soil structure of that site.  
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Figure 4.6 Real World Soil Variations  

 

4.3.1 Safety Criteria: Purpose 

Safety Criteria will later be used as a critical threshold with which to compare actual voltages 

and thus evaluate safety for every grounding point.  As an example: a touch-voltage safety criteria 

of 210 V would mean that any touch voltages existing in the local area greater than 210 V may 

cause a lethal electric shock. Local area is typically defined in industry to be any area within a 

200 ft. radius of the test point. This distance is largely used due to the micro-siting stage of WPP 

construction. Typically this step occurs late in the project and will involve moving the grounding 

points to accommodate for unforeseen issues. Usually these moves are less than 200ft. 

Contractors do not intend to fund a retest for every micro movement of a grounding point and so 

they will take on the risk that the soil resistivity within this limited radius is constant. It should be 

noted however that currently this assumed distance is completely dependent on risk exposure.  
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4.3.2 Safety Criteria: Calculation Method 

Safety Criteria calculation is well documented and explained in IEEE Std. 80. Given a 

uniform soil model, the standard provides simple and conservative equations for calculating the 

safe voltage thresholds for both Touch and Step scenarios given by the following equations.  

= � + . �     (4.1) = � + . �     (4.2) 

 

For soils with a thin (typically less than 18”) surface layer of different resistivity a de-rating 

factor must be applied to account for where the majority of ground current will flow. IEEE Std. 

80 provides two main methods of calculation; exact analytical equations and approximate 

empirical formulas. The empirical formulas have already been provided in Chapter 2. These 

formulas assumed an approximation of the surface layer de-rating factor  . This term is 

related to the “reflection coefficient” (k) that occurs between two layers of different material 

resistivities (�   � � , and the thickness of the thin surface layer (hs). Figure 4.7 

(page 47) shows the split in the current due to the change in impedance between the respective 

layers as well as labeling the important variables. Upon hitting the boundary some of the current 

will be reflected. The magnitude of this reflection will be based upon the respective resistivities at 

the boundary. If �  is smaller than � then a larger amount of the current will be reflected or vice 

versa if it is larger. This will result in one of the layers carrying more of the current than the other.  

For the case of a thin surface layer IEEE offers an equation that has been proven to be within 

5% of the analytical equation. IEEE Std. 80 also provides pre-calculated values of the analytical 

Cs equation as a function of surface material thickness (hs) and the reflection coefficient (k) of the 

two materials. Figure 4.8 (page 47) shows the graph of these pre-calculated exact values for quick 

calculation of Cs. 
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Figure 4.7 Surface Layer Effects on Ground Current 

 

 

Figure 4.8 Pre-Calculated De-Rating Factor Values(2)  



47 

  

 

In addition to this IEEE also gives the semi-empirical equation for Cs. In summary IEEE Std. 80 

provides several methods for calculating the “safe” voltage thresholds of a grounding point with 

respect to Touch and Step hazards. The level of conservatism or applicability may vary with the 

method and assumptions chosen however each method can give a viable “safe” threshold for 

Touch and Step scenarios.       

4.3.3 Industry Practices and Preferences: 

As previously mentioned various assumptions may be made in the calculation of safety 

criteria. These assumptions include the size of human considered (50 kg or 70 kg), the resistance 

of the human body (1,000Ω in most cases) and the clearing time of the fault (ts). While these 

assumptions can massively impact the outcome of the safety criteria, as long as the assumptions 

are clearly stated the safety criteria calculations can be easily recreated.  This means that often the 

only true variance in industry for safety criteria is in the “safe” radius of its assumption (i.e. the 

radius for which one assumes the soil model used in its calculation is valid). Again this is 

typically 200-300 ft.; however, as discussed this distance is more used to avoid expensive re-

testing than it is an accurate representation of the soil consistency. Currently the distance one can 

assume from a soil test is in no way regulated and falls under an assumed risk of the 

designer/contractor.   

4.4 Calculation of GPR 

The next step is to calculate the Ground Potential Rise (GPR). Touch and Step voltages are directly 

related to the GPR and are often calculated as a percentage of the GPR, thus to calculate the Touch and 

Step voltages present at a site the GPR must first be known. In order to calculate GPR three basic values 

are required: ground grid impedance (ZG), fault current (IF), and fault current split factor (SF). The 

relationship of these values was given in equation 1.1. (Included below for convenience) 
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� = � ∗     (4.3) 

 

4.4.1 Fault Current �  

The fault current is often known at the Point of Interconnection (POI) i.e., the Substation and 

is calculated separately at the medium voltage bus for each grounding point. For the POI this 

calculation is usually done by the utility at the cost of the contractor. For the remainder of the 

WPP this calculation is done by the developer through the use of any power flow software or 

hand calculations after accurately modeling the power system in question. Figure 4.9 identifies 

these fault locations on a simplified one line diagrams for easy understanding and visualization.  

 

 

Figure 4.9 Single Line to Ground Fault Locations to be Evaluated 
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The red x’s in Figure 4.9 represent fault locations that will each need to be evaluated separately 

(i.e. for this system 10 faults would need to be evaluated. Because each turbine will have a local 

ground grid connected to the generator step-up unit (GSU) only the MV fault will need to be 

considered for GPR at the turbine. Any fault on the LV side will travel back to the GSU nearly 

exclusively via the ground grid, with very little if any contributing to the GPR by flowing into the 

ground. The typical LV voltage at turbines is 690 V while the typical MV voltage is currently 

nearly always 34.5kV (Currently work is being done to increase this voltage however). Typical 

values for the HV transmission voltage vary based on the size and strength of the grid and the 

cost of construction. Common numbers to see include 115 kV, 230 kV, and 345 kV.  

4.4.2 Fault Current Split Factor (SF): 

As mentioned in Chapter 1, upon being injected the fault current will split into two main 

paths: the portion of the fault that travels through the intended return paths (the bare ground 

conductor, and concentric neutrals) and the portion that travels through the soil. The ratio of that 

soil current (i.e. the amount of the fault current that will contribute to Ground, Touch, and Step 

potentials) to the total fault current is defined as the Split Factor (SF). This split factor is 

ultimately calculated by paralleling the neutral return paths with that of the soil return path and 

conducting a current division calculation. Figure 4.10 illustrates this simplified concept.    

 

Here each line represents a return current path. These paths are composed of line parameters 

defined by the material characteristics, and installation geometry. In addition to this all lines are 

surrounding be the appropriate soil structure. A fault can then be placed at one end and the 

various divisions of current can be calculated. 
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Figure 4.10 Split Factor Current Divider Model 

 

 

Calculation of this split factor can be done in several ways to differing degrees of complexity. 

IEEE Std. 80 provides perhaps the most simplified version in the form of pre-calculated tables for 

various configuration scenarios. Figure 4.11(page 51) is one such chart taken from IEEE Std. 80. 

Here one would count the transmission lines and the feeders at a station then pick the appropriate 

curve. After a curve is selected then one would find the grid resistance of the station and move up 

the line until it intersected the selected curve. Then moving horizontally towards the Y-axis a % 

of total fault current or split factor can be acquired. As mentioned there are several different 

scenarios included in IEEE Std.80. 

 

These scenarios, while useful, are limited in scope and very conservative. Alternatively the 

most advanced methods of calculation exist in the form of software solutions that solve the 

current division model through the use of fundamental electromagnetic theory (as opposed to 

simple circuit theory). This is done in order to incorporate the effects of all conductor paths as 

well as the surrounding soil, and even other installations in the area. 
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Figure 4.11 IEEE Std. 80 Curve to Approximate Split Factor (SF)(2) 

 

4.4.3 Ground Impedance (ZG) Calculation Method  

As mentioned in Chapter 1 ground grid impedance is dependent on several complex factors. 

These complex factors vary greatly from grounding point to grounding point and there are a large 

number of combinations available. For this purpose ground impedance is most accurately and 

efficiently calculated through the use of complex algorithms and software. While hand 

calculations do exist for simplified ground grid geometries (like in a regular substation or 

switching station), the highly irregular shapes of WPP ground grids and the land area involved 

make the hand calculations impractical and perhaps not very accurate. 

 

For the purpose of this thesis calculation methods of the ground impedance are outside the scope, 

However, for further detailed calculations and theory please consult the provided reference(7). 

This reference should give a basis of understanding of ground electrode impedance and the 



52 

  

calculation methods for simplified geometries. This being said it is worth noting that ground 

impedance is generally most directly tied to the amount of ground conductors used and the 

resistivity of the respective soil layer they are buried in.  

4.4.4 Ground Impedance (ZG): Stand Alone and Network 

Intuitively the ground impedance of a given grounding site is dependent upon how much of 

the ground electrode is considered and the area it covers. As mentioned in Chapter 2 a WPP’s 

ground system is a completely interconnected system. This creates two possible types of ground 

impedances for every grounding point: 

1. Stand Alone: Includes only the local ground electrode evaluated independently, and 

disconnected from the rest of the system. 

2. Network: Incorporates the entire ground electrode system, including trench ground 

conductors as well as the grids of all other grounding points.   

 Figure 4.12 illustrates the physical differences of these two impedance types  

 

 

Figure 4.12 Local Vs Network Impedance 
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4.4.4.1 Stand Alone Impedance: 

The image on the left (i) of Figure 4.12 represents the stand alone ground 

electrode of a WTG. As a Stand-Alone Impedance this electrode would be evaluated 

independently and completely disconnected from any other system. 

4.4.4.2 Network Impedance: 

The image on the right (ii) of Figure 4.12 represents the network ground 

electrode of a WPP. As a Network Impedance this electrode would be evaluated as one 

single electrode extending across the entire WPP. Typically this electrode will span many 

square miles. At large distances the equipotential assumption of the ground grid is no 

longer a valid assumption. This failing assumption along with the irregular shapes of 

WPP systems means that Network Ground Impedance is heavily dependent on the fault 

location and from where the impedance has been measured with respect to that fault 

location. Because of this network ground impedance can further be broken into three 

types: “Self-Impedance”, “Mutual”, and “Transferred” Impedance.    

4.4.5 Ground Impedance (ZG): Self Impedance, Mutual and Transferred Impedance 

Using the same network electrode system from Figure 4.12, Figure 4.13 shows the electrical 

relationship between the Network Impedances: Self, Mutual, and Transferred respectively. This 

will now be discussed at length.  

4.4.5.1 Self-Impedance: 

Injecting a ground current (IG) of ∠ ˚ . . at T02 through the ground impedance  

will result in a voltage rise (V02). , then is the self-impedance of the network 

measured at T02 for a fault injected at T02. Mathematically, .  
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 � = = �     (4.4) 

 

Where the index  represents the (node) designated value at the fault location. 

 

Because the sites are interconnected the current IG will also cause a voltage rise in the 

surrounding area (earth/ground). This will cause a voltage rise profile across the entire 

WPP that will vary from the max voltage at the fault location (T02) down to the 

minimum of zero potential at some infinitely remote location. This voltage rise of the 

ground is commonly known as the ground potential rise (GPR) and is shown by the light 

gray line as the GPR scaled to some actual fault magnitude.  

 

 

Figure 4.13 Impedances Across a WPP and the Resulting Voltage Rises 
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4.4.5.2 Mutual Impedances: 

In Figure 4.13 the “orange” colored impedances represent the impedance due to the 

physical connections between grounding points which will be defined as the Mutual 

Impedance. 

 

 � = = (| − |� )   (4.5) 

 

Where the index  remains the same (value at faulted location) and the index  represents 

the (node) designated value at a grounding point other that the fault location. Here the 

designation of  represents the impedance between the faulted location (i) and the remote 

ground point being evaluated (j)  

 

 Intuitively high impedance between ground points suggests a weak connection while 

low impedance suggests a strong one. For example, in Fig. 4.13 the orange impedance 

between T03 and T02 will be large, resulting in a much lower voltage at T03 when a fault 

occurs at T02. Because of this we say that T03 has a weak connection to T02. In the 

event of a fault at T02, the likelihood of a safety issue at T03 is much less than that of JB-

1, whose mutual impedance with T02 is much lower. 

4.4.5.3 Transferred Impedance: 

While the Mutual Impedance is helpful for understanding, the impedance of note is 

the impedance labeled in “Blue” in Fig. 4.13 which we will call Transferred 

Impedance.(3) 
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 � = = �    (4.6) 

 

 This impedance is not a measured impedance per-say, but rather a calculated impedance 

based on the resulting GPR (a result of the mutual impedance) and the injected current. 

This impedance represents the impedance between the grounding point and the remote 

zero potential, more commonly referred to as the Ground Potential Rise (GPR). 

Transferred Impedance then becomes a factor by which the GPR at a ground point can be 

determined for any ground fault occurring at some remote location in the network. More 

importantly, because Touch and Step voltages are always some portion of the GPR, 

Transferred Impedance becomes a necessary factor to ensuring safety for the entire WPP.   

4.4.5.4 Network Impedance Matrix: 

By calculating the Transferred Impedance at all grounding points for a fault at every 

one of those points a WPP-wide impedance table can be created. This table will now be 

defined as the Network Impedance Matrix. Fig. 4.14 and Table 4.1 respectfully give a 

simplified WPP network and the associated Network Impedance Matrix. Here the 

diagonal terms represent the Network Self Impedances. All non-diagonal terms represent 

the Transferred Impedances seen at the measured site location for the specified faulted 

location. (e.g. ZT02,T01 would represent the transferred impedance at T02 for a fault 

injected at T01.) 
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Figure 4.14 Wind Power Plant Layout 

 

 

Table 4.1 Impedance Matrix (3) 

  
Fault Current Injection Point  

 

Sub JB1 T01 T02 T03 
 M

e
asured S

ite Loca
tion 

Sub ZSUB,SUB  ZJB1,SUB ZT01,SUB ZT02,SUB  ZT03,SUB  

JB1  ZSUB,JB1 ZJB1,JB1  ZT01,JB1  ZT02,JB1  ZT03,JB1 

T01  ZSUB,T01  ZJB1,T01 ZT01,T01  ZT02,T01  ZT03,T01 

T02  ZSUB,T02  ZJB1,T02  ZT01,T02 ZT02,T02  ZT03,T02 

T03  ZSUB,T03  ZJB1,T03 ZT01,T03  ZT02,T03  ZT03,T03 
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4.4.6 Network GPR Matrix: 

This network impedance matrix multiplied by the ground fault current matrix, will result in a 

Network GPR Matrix of the same size with elements of the form. 

 

� , = , (� )             (4.7) 

 

An example GPR matrix for the WPP of figure 4.10 is shown below in Table 4.2 (page 60). Here 

the diagonal terms represent the GPR of the point of fault injection while the off-diagonal terms 

represent the subsequent GPR at the specified location. The same notation as that of the 

impedance matrix is duplicated here.   

 

Table 4.2 GPR Matrix (3) 

  
Fault Current Injection Point  

 

Sub JB1 T01 T02 T03 

 M
e

asured S
ite Loca

tion 
Sub GPRSUB,SUB  GPRJB1,SUB GPRT01,SUB GPRT02,SUB  GPRT03,SUB  

JB1  GPRSUB,JB1 GPRJB1,JB1  GPRT01,JB1  GPRT02,JB1 GPRT03,JB1 

T01  GPRSUB,T01  GPRJB1,T01 GPRT01,T01  GPRT02,T01 GPRT03,T01 

T02 GPRSUB,T02 GPRJB1,T02 GPRT01,T02 GPRT02,T02 GPRT03,T02 

T03 GPRSUB,T03 GPRJB1,T03 GPRT01,T03  GPRT02,T03  GPRT03,T03 
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4.4.7 Industry Practices and Preferences 

Often local self-impedance is tested in industry for every wind turbine-generator location. 

This is largely due to the fact that turbine manufacturers often require the “stand-alone” 

impedance test as a prerequisite to guarantee the turbine warranty. Network ground impedance is 

not currently tested or calculated by industrial contractors for several reasons, among them are the 

following:  

1. Typically ground impedance is measured using the “fall of potential method.” This 

method is well documented and is given in great detail in IEEE Std. 81(1) as well as 

numerous other industrial publications (9). Measuring the impedance of such a large 

network with this method however is highly impractical. Largely due to the fact that 

a valid fall of potential test requires that the network can be assumed as a point 

source and with the large sizes of these installations it is nearly impossible to get far 

enough away for a valid fall of potential test(1)(5)(9). 

 
2. The large concerns with regard to safety are that of Touch and Step potentials. Often 

times a fault current will be injected at a specific grounding point and the relative 

Touch and Step voltages are measured. In this way industries can test to see if the 

grounding points are safe without having to spend valuable time and effort in design. 

If a grounding point is determined as unsafe then mitigation is done at that grounding 

point only. Because of this, the overall network impedance measurement is not 

always considered essential in industry. 

 
3. It is rightly assumed that if the stand-alone impedance is acceptable (typically less 

than 10 Ω stand alone as dictated by the manufacturer or some other ohmic value 

specified by the client: e.g. 2 Ω to 4 Ω for some manufacturers.), then the addition of 

more copper (via a grounding network) will only work to improve the ground self-



60 

  

impedance as the conductivity of the soil is only being increased by adding 

conductive materials to it. 

 
4. The maximum GPR will always occur at the fault injection point. (Recalling that 

Touch and Step voltages are always a percentage of the available GPR, it is largely 

assumed in industry practicethat if the “max GPR” for a fault is safe then every other 

site must be safe as well.   

 
While the above reasons are intuitive or even theoretically sound in some cases they do not 

address the safety issues that may arise at other points in the system. As mentioned in Chapter 3 

the challenges of WPP grounding exist largely due to the spread out and interconnected nature of 

a WPP system; therefore to ignore the interconnected effects on that system is an inaccurate view 

and not accepted by the “safety first” engineering community. Ultimately the only way to ensure 

safety is to ensure that every point of the system is safe during every fault condition. 

 

Figure 4.15 will be used to help illustrate the possible effects of this interconnected nature of 

WPPs and why it is possible (although not apparent) that a safe fault at one grounding point (T01) 

could result in an unsafe condition at another (T02). To explain this situation better, consider the 

example that T01 lies on very resistive soil while T02 lies on very conductive soil. T01 will most 

likely have a high GPR due to the fact that its soil is highly resistive (e.g. high self-impedance); 

however T01 will also likely have very high safety criteria (also due to the high soil resistance). 

This means that even though high touch voltages may occur at T01 (e.g. 500-800V) the safety 

criteria will still be higher (e.g.900-1000V) and the grounding point will be safe. Recall however 

from Figure 4.9, that a fault at T01 will cause a subsequent GPR at T02 through the transferred 

impedance between the two grounding points. 
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Figure 4.15 Simplified Interconnected WPP 

 

This GPR will in fact be lower than that of T01 possibly even resulting in lower Touch and Step 

voltages at T02 (e.g.200-400V). However, the safety criteria of T02 will also be lower due to that 

point’s low soil resistivity (e.g. 300-500V). If the T02 voltages due to a fault at T01 are larger 

than the T02 safety criteria then T02 may be an unsafe location for a fault at T01. This is also 

described below in terms of the logic. 

 �� > �� → � → � � , > � � ,   @ →  →  @ =  , <  

, →  � �ℎ� ,� & � � ,�  … � �ℎ� ,� >  � � �ℎ,   � � ,� >  � � ,  → =        
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Because of this possibility, the transferred ground impedances must be calculated for every 

possible combination of fault location in order to ensure that there are no unsafe conditions that 

are created due to the interconnection of the network. Only an elaborate or advanced software can 

accomplish this task for a large system. 

4.4.8 Current Industry Practices and Preferences 

While Calculating the GPR, evaluating the safety criteria, and calculating the actual Touch 

and Step voltages are all based on well-established formulas interpreting what the “worst case” 

scenario is not. Due to the current lack of any WPP Grounding standard the interpretation of the 

worst case scenario and how to evaluate it has fallen to the WPP contractor. This interpretation is 

often delivered to a client that may not have an understanding of WPP grounding themselves or 

that has a different competing interpretation of the worst case scenario. One typical approach in 

industry is to calculate a “worst case” GPR for the data available. This worst case GPR could then 

be assumed over the entire site (causing an overbuilt system) or it could be evaluated only to the 

location it occurs (neglecting the possible transferred safety issues). Additionally in many cases 

this GPR “max” will be calculated by only varying the fault current (using the same average soil, 

and the same ground grid impedance for every site). As mentioned previously, the shortcoming of 

both these methods lie in that they do not take into account the transferred GPR from one turbine-

generator location to another.  

4.5 Comparison to Safety Criteria 

Once the GPR is known, expected Touch and Step voltages can be calculated. These Touch and Step 

voltages can then be compared to the appropriate, site specific safety criteria, and a site can be determined 

as safe. This is described below: 
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ℎ/ � � , < ℎ/ � � ,� 
and ℎ/ � � , < ℎ/ � � ,� 

or unsafe: ℎ/ � � , > ℎ/ � � ,� 
and ℎ/ � � , > ℎ/ � � ,� 

 

In the event that a site is deemed unsafe there are several mitigation techniques that may be implemented. 

Detailed discussions of these mitigation techniques are beyond the scope of this thesis however a limited 

and brief list commonly practiced is provided below for a conceptual understanding of the cost impacts 

proper grounding design can have upon a project. 

1. Adding Crushed Rock: Crushed rock typically has a resistivity value of 2,000-5,000 ohm 

meters. Because of this adding a thin layer of crushed rock can increase the top layer soil 

resistivity and therefore increase the safety criteria (allowable Touch and Step voltages). This 

is typically a first line of defense as it requires no additional calculations (assuming that 

safety criteria calculations were done for both native and crushed rock surfaced in the prior 

steps). A typical site is shown below in Fig. 4.16. (page 64) 

 

2. Lowering the ground impedance: Lowering the ground impedance will reduce the GPR and 

thus will reduce the actual Touch and Step voltages present on a site. This can be done by 

adding additional copper ground conductors/rods to the ground grid, by surrounding the 

ground conductors with low resistivity filler material, or even by distributing chemical 

mixtures into the ground. This solution necessitates a complete recalculation of all the steps 

detailed in this chapter. See figure 4.17 (page 65). 
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Figure 4.16 Typical Crushed Rock Used to Increase Surface Resistance 

 

3. Moving a Site: Increasing or decreasing the distance between sites can have a massive effect 

on all the electromagnetic phenomena involved in the GPR. This solution is often a last resort 

tactic, and will involve a complete recalculation of all the steps detailed in this chapter. This 

is seldom an option due to the cost associated with additional permitting or poor wind quality.   

4.6 Summary: Emphasis on Transferred Potentials and Testing 

Due to their interconnected nature, Wind Power Plants require a more thorough approach to 

grounding than most any conventional site to date. It can be shown that any single GPR on an 

interconnected network can cause transferred potentials from one site to another in the event of a fault. 

Because of this it is crucial when designing the ground grid of a WPP that all calculations be performed 

for every local site as well as for the interconnected site in order to guarantee safety during any fault.  

 



65 

  

 

Figure 4.17 Wind Turbine Ground Grid  

 

Currently in industry there is debate among Renewable Energy communities. Minimal site testing 

coupled with quicker and cheaper design has made local WTG grounding the focus of WPP grounding 

design for many in industry, however this approach does not take into account the interconnected nature 

of the WPP and as such cannot guarantee safety at each site for every fault. Failing to account for 

transferred GPRs of the interconnected WPP can either result in over-built more expensive systems or the 

possibility of higher safety risks to those owning, operating, or living near WPPs.   
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 CHAPTER 5: CASE STUDY 

In this chapter a real-world case study including the key points and results is presented following the 

methodology presented in Chapter 4. The interconnected site has 116 Wind Turbine Generators (WTGs), 

83 Junction Boxes (JBs), 2 Permanent Met Masts (METs), 1 Substation (SUB), and 1 Operation and 

Maintenance Complex (O&M). In total 203 grounding points are considered across the WPP spanning 

approximately 60 square miles. 

 

One particular site (designated as WTG B08) amongst the 203 grounding points is the main focus of 

this study. This chapter also expands to include the sites most affected by fault occurrences at WTG B08 

and illustrates the complications that must be accounted for in real grounding of an interconnected 

system. Reduced samples of the full data can be found in the attached appendices at the end of this thesis.  

5.1 Grounding Design Software: 3D Electromagnetic Wave Mapping 

As mentioned earlier grounding design for personal safety has been studied extensively for 

traditional sites. IEEE Std. 80 provides conservative hand calculations for the safe design of substations; 

however the extension of these simplified techniques is tedious for the calculations required in ensuring 

personal safety for WPPs. While the concepts covered and the basic results of these calculations are 

sufficient to ensure safety it is the required expansion of their application that has made it more difficult. 

Where once a single hand calculation could be done for simple geometries of traditional sites, numerous 

calculations are now required for the irregular and complex geometries of a WPP. The time required and 

complexity of these calculations has made their hand-implementation difficult and impractical.  

 

WPP grounding design is best done through the use of specially designed software. Furthermore 

because WPP grounding design incorporates such large areas of conductive and semi-conductive 

materials that directly and noticeably affect safety, the best type of software for this purpose is that of “3D 
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Electro-Magnetic Wave Mapping.” This type of software utilizes calculations using the Electro-Magnetic 

Wave theory rather than simple circuit theory. Because of this the applications of such software extend far 

beyond simple power flow capabilities. In fact 3D Electro-Magnetic Mapping (EMM) software has been 

effectively used for everything from basic power system analysis to biological cell research and is a well-

established and accepted method of calculation.  

 

The CDEGS© program module provided by SES Technologies is one of the premier EMMs available. 

Additional grounding software packages include but are not limited to WinIGS, SKM, CYMGRID, etc.  

This software CDEGS© is extensively used for grounding design. All methods discussed in this chapter 

(as well as nearly every method used in industry, incorporate CDEGS or some other equivalent form of 

grounding design software.) 

 

CDEGS can be used for multiple different applications as it is essentially and Electromagnetic Wave 

calculator. While simplified mathematical models and calculations have been presented in this thesis for 

conceptual presentation and understanding, all case studies were performed using the CDEGS software 

package. As there are several grounding softwares  available and because this thesis is concerned with 

conceptual WPP grounding rather than software analysis, CDEGS operations and modules (proprietary) 

will not be discussed; however program results will be presented and discussed at great lengths. 

5.2 Soil Data Collection: 

Before any work is undertaken Geotechnical exploration is conducted extensively across the entire 

site and beyond. This exploration encompassed multiple facets of the soil characteristics for multi 

discipline use (civil, mechanical, electrical, wind resource, etc.); however for grounding design, the 

relevant data collected is the electrical resistivity measurements. These measurements are conducted with 

the Schlumberger-Palmer version of the four probe method discussed earlier in Chapter 3(4). A visual 
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representation of all the data is provided in Fig. 5.1 and 5.2 (page broken up into part 1 and part 2 

respectively due to the amount of tests taken.   

 

 

Figure 5.1 Average Electrode Spacing Vs Apparent Resistance Part 01 

 

These plots show the apparent resistance vs. the electrode spacing as discussed in Chapter 4. This 

data can be seen to be roughly consistent among all 203 sites with a fairly narrow “bandwidth” variation. 

It can also be seen that the majority of soil resistance measurements lie between 100 Ω and 1,000 Ω with 

a few cases breaching the 1,000 Ω value. 
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Figure 5.2 Average Electrode Spacing Vs Apparent Resistance Part 02 

 

A general engineering rule of thumb with regards to interpreting resistance values as low, med, and high 

was provided in figure 4.2 of Chapter 4. These classifications are purely based on experience and are 

given here to only to provide a general understanding from a quick inspection of the data. It should be 

noted that these categories have no influence on later calculations only as preliminary general indicators 

of what grounding designs may be required based on the initial data. From the above graphs it could be 

guessed that the soil is a roughly consistent medium resistance soil. 

 

This is not always the case and, it should be noted that sites with much larger variances 

regularly exist. Below is one such site for reference.  
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Figure 5.3 Average Electrode Spacing Vs Apparent Resistance (High Variance) 

 

The soil electrical resistivity data is checked for errors and approved for further use in the soil 

structure modeling process. This is done by identifying outliers (points far outside the general 

trend) as well as trend reversal (Apparent resistances that increased despite an increase in probe 

spacing/effectively measured area). Below Figure 5.4 (page 74) shows the soil measurement data 

for the WTG B08. 

5.3 Soil Modeling: 

ERT Data is then input into the CDEGS soil calculation module, RESAP (12). This module 

utilized a computer algorithm to construct a soil structure. The exact workings of the algorithm 

are proprietary and that probe spacing is mathematically related to the effectively measured 

depth. For more detailed explanation on how apparent resistance values can be converted into 

layered resistivities consult references 1-6.  
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Figure 5.4 Average Electrode Spacing Vs Apparent Resistance (WTG BO8 Data) 

 

 In this way a soil structure model is created for each of the 203 grounding points. Calculated 

soil structure models are essentially curve fit to the data and a percent error is calculated. As a 

rule of thumb in soil modeling, an error of less than 10% is typically seen by industry as an 

acceptable model. For this reason the curve fit model was tweaked and edited until the computed 

soil structure model was within 10% error of the real world ERT data.  

 

 Below the ERT data as well as the soil structure model for WTG B08 are provided. (Table 

5.1 and 5.5 respectively) Here it can be seen that a four layer soil model is used to represent WTG 

B08 with a percent error of 5.8%. This soil structure model suggests that WTG B08 sits on a top 

layer of medium resistant soil above a low resistivity layer finally followed by two increasing 

resistive layers. 
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Table 5.1 Ground Resistivity Measurements 

Average 

Spacing 

WTG B08 

Test 1 Test 2 

(m) (ohm) (ohm) 

0.1 1107.00 1118.00 

0.2 387.90 391.30 

0.33 202.20 210.50 

0.47 175.80 177.30 

0.67 101.30 101.90 

1.0 44.82 46.28 

2.0 12.09 12.63 

3.33 4.93 4.81 

4.67 3.65 3.66 

6.67 3.26 3.16 

10.00 2.25 2.55 

20.00 2.23 2.24 

33.33 2.11 2.12 

46.67 2.00 2.01 

66.67 1.93 1.94 

100.00 1.89 1.88 
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Figure 5.5 Soil Model Profile 

 

Recall that a full interpretation of the graph in Figure 5.5 is provided in Chapter 4.   

5.4 Safety Criteria: 

 Once an accurate (less than 10% error) soil model is produced, safety criteria are calculated. 

Recall from Chapter 1 that safety criteria is heavily dependent upon a sites soil structure. Safety 

Criteria for this case study is done in the CDEGS MALZ module (12). This module is set to 

calculate safety criteria as per the IEEE Std. 80 method; assuming a 50kg person, neglecting 

additional foot resistance, assuming a 1,000 Ω body resistance as specified in IEEE Std. 80, and 

using the lethal current thresholds also specified by IEEE Std. 80. 
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 Safety Criteria is calculated for 6 different scenarios at each of the 203 grounding points. 

These six cases included 3 different fault clearing times for both native ground and ground 

covered by a thin surface material (crushed yard rock of resistivity 3,000 ohm.m). The results for 

WTG B08 can be seen in Table 5.2 below. 

  

Table 5.2 Software Calculated Safety Criteria 

WTG B08 Touch 
0.2 Sec 

Step 
0.2 Sec 

Touch 
0.5 Sec 

Step 
0.5 Sec 

Touch 
1.0 Sec 

Step 
1.0 Sec 

No Crushed 
Rock 

338 V 661 V 229 V 447 V 166 V 324 V 

Layer of 
Crushed 

Rock 
1104 V 3724 V 747 V 2519 V 541 V 1826 V 

 

Additionally the safety criterion is calculated by hand for easy comparison to the CDEGS 0.5 sec 

values by using the equations previously provided in Chapter 1, in conjunction with the empirical 

equation provided in IEEE Std. 80 for the Surface Layer Derating Factor. (Within 5% of the 

analytical value).  

= − . 9 − ��ℎ + . 9  

This comparison can be found in Table 5.3. 

Table 5.3 Safety Criteria Software Vs Hand Calculation Comparison 

Safety Criteria @ ts = 0.5 CDEGS Value Hand Calculations  

V-Step (Native) 447 V 454 V 

V-Touch (Native) 229 V 236 V 

V-Step ( Crushed Rock) 2519 V 2507 V 

V-Touch (Crushed Rock) 747 V 750 V 

 



75 

  

As mentioned in Chapter 4, safety criteria is used as a safe threshold with which to evaluate the 

calculated or measured values of Touch and Step voltages at the test location.  

5.5 Ground Grid Modeling: 

 After the safety criteria for Touch and Step are calculated, the ground grid for every site is 

modeled in the CDEGS MALZ module. Ground grid design for the various types of sites differed 

based on their unique shape and requirements. Due to this a separate ground grid model is created 

for every grounding installation considered. (i.e. WTG, JB, SUB, O&M, MET). The ground grid 

model created for each installation is shown below in Figures 5.6-5.10  

 

 

Figure 5.6 WTG Ground Grid 

 

 

Figure 5.7 Junction Box Ground Grid 
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Figure 5.8 Sub Station Ground Grid 

 

 

Figure 5.9 O&M Ground Grid 

 

 

Figure 5.10 MET Mast Ground Grid 

 

All grounding points are modeled in CDEGS using their unique soil structure model created in 

RESAP and the applicable ground grid geometry listed above buried at their constructed soil 

depth. In this way the local stand-alone impedance calculation is performed on each of the 203 

grounding points. 

5.6 Local Site Calculations: 

 Stand-alone impedance calculations are conducted for every grounding point. These stand-

alone calculations are performed in order to acquire the designed stand-alone impedance and the 
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expected Touch and Step voltages that would be present at the stand alone grounding point in the 

event of a fault.  

5.6.1 Impedance: 

 Stand-alone impedance calculations are performed via the CDEGS MALZ module. 

MALZ takes into account the various soil resistivity layers along with the surface area 

interfacing between ground conductors and that soil. The result of these calculations is a 

stand-alone ground grid impedance of the grounding point in question. After the WTG 

grounding points are constructed a “fall of potential” or “slope” test(5)(9) is performed to 

verify that the stand-alone impedances are in compliance with their calculated values. 

The stand-alone ground resistance for WTG B08 both measured and tested is included 

below. 

 

Table 5.4 Design Value Compared to Actual Measured Value (WTG B08) 

Ground Point Designed Impedance Field Measured Impedance 
WTG 08 4.569 ohms 0.221 ohms 
 

It should be noted that the discrepancy between the values can be accounted for by three 

main factors: 

 The grounding grid model for this project is a conservative model: not 

accounting for the structural steel rebar. This rebar can have a substantial effect. 

 The soil data is taken in summer (mid-July) in drier soil while the grounding grid 

is measured in the late winter/ early spring with much higher levels of 

precipitation thus the soil likely contained much more moisture and would 

consequently have been far more conductive. 

 The soil model created contains a 10% + or - error.    
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That being said this site happened to be conservatively design and tested at an optimum 

time; however seeing the opposite is a regular occurrence, and it is common to see 

measured impedance values slightly higher or lower than the designed value. For an 

example of this an abbreviated comparison Table is given below for a WPP. For this 

simulation a portion of the turbine rebar is used, and the impedance measurements are 

taken at a dryer time of year. 

 

Table 5.5 Impedance Design Value Vs Field Measured Impedance 

 WPP 
Turbine Designed Impedance 

(ohms) 
Field Measured Impedance 

(ohms) 
T101 2.13 3.74 
T102 4.35 4.13 
T103 1.66 4.35 
T104 4.66 2.96 
T105 5.09 3.21 
T106 4.57 2.73 
T107 2.81 2.62 
T108 3.05 2.93 
T109 3.72 2.02 

 

5.6.2 Touch & Step Voltages: 

Touch and Step values are calculated for every location. These values are calculated 

using the CDEGS software in accordance with IEEE Std. 80 section 16.8 as percentages 

of the GPR. IEEE Std. 80 does give hand calculation methods in section 16.5.1 and 

16.5.2 however these hand calculations are only approximations valid for uniform soils as 

cited by IEEE Std. 80  

“The calculation of the mesh and step voltages for the grid as designed can be 

done by the approximate analysis techniques described in 16.5 for uniform soil , 
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or by the more accurate computer analysis techniques as demonstrated in 16.8 

Further discussion of the calculations are reserved for those sections” 

 

Section 16.8 describes the basic operations used for calculating the Touch and Step 

voltages. These steps include: 

 Modeling the individual components of the grounding system 

 Forming a set of equations for the interaction of those components. (in this case 

Electro Magnetic Theory via Maxwell’s equations) 

 Solving these equations based on the injected current. 

 Computing the potential at any desired surface point.  

In this way the Step and Touch voltages are calculated on a per unit basis or percentage 

of the total GPR. 

 

By calculating the Touch and Step voltages as percentages of GPR, Touch and Step 

voltages can later be computed for any GPR the grounding point may experience; 

whether it be local or transferred. The Touch and Step plots for WTG 08, are shown 

below in Fig 5.11 (page 83) and 5.12 (page 83), respectively.  

 

Touch voltage is only considered around touchable surfaces while Step voltage is 

considered at every location. In this way it can be seen that the applicable Touch voltage 

percentage that will occur at WTG B08 is 10.04% of the GPR (the ring around the 

touchable tower) while the applicable Step voltage is 5.51% of the GPR (a global 

maximum). 

 



80 

  

 

Figure 5.11 Touch Voltage Plot 

 

 

 

Figure 5.12 Step Voltage Plot 
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5.7 Interconnecting the Models: 

 The entire site is then modeled as an interconnected WPP. Modeling this interconnection 

presents a problem with respect to the soil structure used. The overall model of the entire WPP is 

shown below with every grounding point having its own unique soil structure. 

 

 

Figure 5.13 Interconnected Model of Entire WPP Case Study 

 

CDEGS, however, allows for only one soil model to be used in a simulation. Because every site 

has a separate soil model, selecting one soil structure to use across the entire site is not accurate. 

As mentioned in Chapter 4 one of the biggest challenges in grounding design for a WPP exists in 

the transference of GPR from one site to another through the interconnected nature of the WPP. If 

a standard soil is chosen then the phenomenon of dangerous transferred GPRs will not be visible 

as the max GPR will occur at the faulted grounding point and the safety criteria of all grounding 

points will be same. In this scenario if the faulted point is safe it could be proven that all other 

grounding points are also safe for that same fault.   
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To circumvent this, the unique soils of every test site are normalized to a median soil. This 

process is detailed in the following sections.   

5.7.1 Normalizing the Soil: 

 In order to construct an overall model two things are done. A median soil structure is 

computed from the available measured data; and each ground point is represented by a 

ground rod that when placed in the median soil would result in the equivalent ground 

impedance to that of its local soil. These operations are further detailed below 

5.7.1.1 Median Soil: 

 A median soil model is created by evaluating the global median of all the 

available ERT data points and calculating a soil structure model based on these 

“median” soil measurements. This median data can be better visualized in figure 

5.14(page 86) Here the red line approximates the median soil data that was used 

to compute the median soil structure. 

5.7.1.2 Equivalent Rods: 

 Equivalent ground rods are determined for the median soil by varying the 

lengths of those ground rods in the median soil model until the resulting 

impedances are equivalent to the local stand-alone impedances at each ground 

point.  
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Figure 5.14 Average Electrode Spacing Vs Apparent Resistance (Median Soil Plotted in Red) 

 

By doing this each ground point can be represented by a rod of a specific length that 

when placed in the median soil will have a stand-alone impedance equal to that of the 

original stand-alone ground grid in its native soil structure. The equivalent rod length 

calculated for WTG B08 is given below in Table 5.6. 

Table 5.6 Equivalent Ground Rod Calculation 

Turbine Stand Alone Impedance 
(in Local Soil) (ohms) 

Length of Equivalent 
Rod (in Median Soil) 

(m) 
WTG 
B08 

4.569 57.38 

 

5.7.1.3 Modeling:  

 With all the rods interconnected together via a trench ground conductor and 

the concentric neutrals (as discussed in Chapter 2) the entire WPP should then be 
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accurately modeled even though only the median soil is used for this model. The 

overall site model is shown below in Figure 5.15 incorporating all equivalent 

rods in place of each measured site. WTG B08 has been marked for reference to 

the overall site geometry. 

 

 

Figure 5.15 Normalized Interconnected WPP Model 

 

5.8 Impedance Calculations: 

 Once the overall model is built it is evaluated for a fault at every one of the 203 grounding 

points. This evaluation is done by injecting a fault at a single location and from it calculating the 

network impedance as seen from the faulted point as well as the transferred impedance that is 

seen at the remaining 202 grounding points. The result is the 203x203 impedance matrix 

discussed in Chapter 4 with the Network self-impedances populating the diagonal terms and 

transferred impedances populating the off-diagonal terms. This impedance matrix is the basis of 

the GPR calculations to come.  
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5.9 Split Factor: 

 In order to calculate GPR, the impedance matrix had to be multiplied by the appropriate 

ground current (IG). As mentioned in Chapter 4 this current is calculated by multiplying the 

available fault current by the appropriate split factor.  

 

 The available fault current is known for each grounding point through Power Flow studies, 

however due to the variances in the soil, the split factor of each grounding point is different. This 

split factor is calculated using the ROW module in CDEGS. ROW models a current divider 

through the available return paths immersed in a given soil structure. For this case-study the 

median soil model is used as the relevant soil structure and the paths considered were as follows: 

 3x Phase conductors (A, B, and C) [insulated] 

 3x Corresponding Concentric Neutrals (A, B, and C)[insulated but 

grounded to the local ground grid at every grounding point] 

 1xTrench Ground Conductor [Bare and solidly grounded to each ground 

point] 

 Median Soil surrounding all conductors. 

203 ROW simulations are created, one for each grounding point. These ROW models only 

considered one circuit at a time. This means that the current is divided between the direct 

connections existing between the fault sites (e.g., WTG) and the source (i.e. substation). Because 

of this simplification the return paths that exist via electromagnetic induction from one circuit to 

another are neglected. This simplified assumption provides a conservative approach as the 

addition of other paths would decrease the actual current traveling through the soil. 
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An illustration of the ROW model for WTG B08 is provided below in figure 5.16 along with the 

calculated split factor value for a value injected at that location in Table 5.6. For labeling clarity 

and a detailed description of this model please recall Figure 4.11 from Chapter 4.  

 

 

Figure 5.16 ROW Model (WTG B08) 

 

 

Table 5.7 WTG B08 Split Factor Results 

Location Fault Current (SLG) 
(A) 

Split Factor 
(%) 

Ground Current 
(A) 

WTG 
B08 

7197 11.9 % 856 

 

5.10 GPR: Matrix 

Once the Impedance Matrix and the ground current are known, these two terms are multiplied 

together to acquire the GPR matrix. As mentioned in Chapter 4 this matrix is composed of the local GPRs 

(diagonal terms) as well as the transferred GPRs (off diagonal terms).  

5.11 Site Touch and Step Voltage Values: 

Recalling the Touch and Step plots from Section 5.6.2, the percentages from these plots is then used 

as a quick way to calculate the Touch and Step voltages present at each ground point. This is done by 

multiplying the available GPR for every fault scenario by the appropriate Touch and Step voltage 



87 

  

percentage. This means that every ground point (in this case WTG B08) would have 203 possible GPRs 

applicable to it, depending on where the fault occurred in the WPP (1 self-induced GPR and 202 

transferred GPRs). Each of these GPR values multiplied by the Touch and Step percentages unique to 

WTG B08 gives a different Touch and Step voltage. In this way 203 fault scenarios and 203 Touch and 

Step voltage possibilities exist. 

5.12 Comparison to Safety Criteria: 

After the Touch and Step voltages were calculated for every fault scenario, they are compared to the 

safety criteria calculated in Section 4.4. This is done by dividing the Touch & Step voltage calculated to 

the permissible safety criteria. 

� �ℎ� �ℎ � < % →   

��  � < % →   

 

By comparing every Touch and Step voltage to the safety criterions a Touch and Step voltage percentage 

of safety matrices are obtained. These matrices allow for the final determination of safety for the WPP. 

5.13 Final Verdict of Safe Design: 

Any values exceeding 90% of the safety criteria were deemed unsafe. The value of 90% was chosen 

to match the accuracy of the soil modeling error percentage (Chapter 4). Analyzing the percentage of 

safety matrices (Touch and Step respectively) will show that every location has been proven to be safe for 

all possible faults. This confirms that the WPP has been designed so as to ensure personal safety with 

respect to Touch and Step hazards. The max touch and step voltage percentages for WTG B08 are 

provided below and show that WTG B08 is indeed safe for a fault at any location as well as which fault 

will result in the worst case at WTG B08.  
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Table 5.8 Safety Percentages (WTG B08) 

Grounding Point Max Touch % of Safety 
Criteria 

Max Step % of Safety Criteria Fault Location 

WTG B08 15.3 % 4.3 % WTG B08 
 

Additionally it can be seen which site will be the most dangerous when a fault occurs at WTG B08. The 

maximum voltage percentages across site for a fault at WTG B08 are given in the table below. 

 

Table 5.9 Critical Safety Points 

Fault 

Location 

Max Fault Specific 

Touch % of Safety 

Criteria 

Grounding Point of 

Touch Occurrence 

Max Fault Specific 

Step % of Safety 

Criteria 

Grounding Point of 

Step Occurrence 

WTG B08 15.3 % WTG B08 6.9 % WTG B09 

 

A thorough evaluation can now at this stage be quickly done by analyzing the percentage of safety 

matrices. These results are further discussed in Chapter 6 as the method of design can be used to even 

better show the interconnected nature of WPP and why they are fundamentally different than typical 

generation facilities or substations.  
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 CHAPTER 6: CONCLUSIONS AND IMPLICATIONS 

 This chapter gives an overview of the findings of this research as well as a discussion of their 

implications on the need for further research and on the grounding of WPPs for personal safety. .  

6.1 Unique Fault Scenarios and their Implications: 

 As mentioned in Chapter 5 the % Safety Criteria Matrix provides an at-a-glance analysis tool 

for determining site safety. From inspection these matrices it can be seen whether the design 

methodology used has resulted in every grounding point being confirmed as safe; however these 

matrices also give greater insight into the interconnected nature of WPPs.  

 

 Greater analysis of the % Safety Matrices reveals that the most dangerous grounding point 

does not necessarily have to be the faulted point. This is important chiefly because it infers that 

there could exist sites in which neglecting the possibility of transferred potentials via an extensive 

interconnected system could result in failing to identify unsafe conditions. Figure 6.1(page 93) 

provides an excerpt from the touch % of safety criteria matrix. 

 

 Here orange cells indicate fault scenarios in which the grounding point with the highest risk is 

other than that of the fault location. For example Figure 6.1 suggests that in the event of a fault at 

WTG B06 it is actually riskier to be standing at WTGs B07, B08, or B09 (all of which exhibit a 

thinner margin with the acceptable safety criteria).
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Figure 6.1 Touch Voltage as Percentage of Safety Criteri
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Red cells indicate grounding points where the worst case fault condition for that location actually 

occurs for a fault at a different grounding point. For example Figure 6.1 suggests that the riskiest 

time to be standing at WTG B09 is actually when there is a fault at B08. 

 

 Obviously all locations for this site are well under the safety thresholds (Max touch 66.9% 

and max step 38.9%) however this is not always the case as soils can vary widely with location. 

Also it is worth noting that red cells typically tend to be rare and extremely close to the diagonal 

value. This being said making sure that all diagonals are beneath the threshold will likely ensure 

that 99% of the site is also below the threshold; however assuming this can fail to capture the 1% 

that could be a safety risk. 

 

 In this way this matrix approach can be used to prove that due to the large size of the 

grounding system and the subsequent failing of the traditional equipotential assumption, 

transferred potentials can easily exist even on sites with good soil and should be accounted for.   

6.2 Thesis Contribution 

 This thesis has provided a general review of grounding design theory, described the unique 

challenges to grounding design introduce by WPPs, provided basic methodology for the “safe” 

design of a wind farm grounding design, and provided a case study for reference of one such real 

world design. This information is currently not readily available as WPP grounding is a new area 

of study and very little has been published concerning it. The main contribution of this thesis has 

been to offer a summary of grounding design practices that provides both general information of 

power system grounding as well detailed information on how grounding design pertains 

specifically to wind power plants. In addition, this work has been used in pushing forward the 

creation of a guide or standard for wind power plant grounding. This thesis may serves as an 
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introduction to Wind Power Plant grounding for personal safety as well as an easily accessible 

starting point for future research. 

6.3 Future Work: 

 WPP Grounding is a relatively unknown field of design. With wind energy rapidly on the rise 

there is much work needed to ensure new WPP are designed safely. Currently there is no IEEE or 

IEC standard or guide for WPP grounding design for personal safety. An IEEE standard or guide 

should be created to both disseminate the design requirements unique to WPPs and to provide 

acceptable methods of design that can be agreed upon or referenced by industry. As there is no 

standard or guide there is very little information on the relationship between key design factors. 

Detailed research is required to determine special design relationships between varying particular 

factors. For instance: “What is the effect on Touch and Step potentials if the trench bare ground is 

removed?”, “Is the inclusion of the turbine rebar an acceptable practice and how does it affect 

safety.”, or “Statistically what is an acceptable number of soil samples to ensure safe design?”. 

All these research topics and more could greatly impact industry practice and through it the 

viability of WPPs. Lastly the current electric codes do not account for several factors unique to 

WPPs (many mentioned in this thesis). These codes should be updated to accurately account for 

new renewable technologies. All these challenges provide a broad field of opportunity for future 

work that will be needed to standardize the wind energy industry, create a more viable fiscal 

environment for WPPs, and most importantly to ensure their safe construction. 

 

 In Summary, WPPs are a rapidly growing technology that introduce several unique 

challenges to grounding design for the purpose of personal safety. These challenges can create 

unforeseen and at times unintuitive implications across large extents of land within publicly 

accessible areas. It is a necessity that those designing WPP grounding systems are aware of these 

challenges and consider them when evaluating the personal safety of a WPP. Currently there is no 
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standard on wind farm grounding for personal safety which has caused confusion and 

misunderstanding over the topic throughout the industry with no governing or reference to follow. 

This research has given a basic description of these unique challenges, a method for their safe 

consideration, and real world examples of their existence. As populations increase, power system 

infrastructures grow, and the space between continues to shrink, the dedication to safety becomes 

more and more vital. It is crucial that all new technologies are understood first and foremost as 

they relate to the safety of the individuals in contact with them and WPP provide perhaps one of 

the most vivid illustrations.     
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 APPENDIX 1: GOUND RESISTANCE MEASUREMENTS 
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  APPENDIX 2: SOIL RESISTIVITY COMPUTER MODEL DATA 
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 APPENDIX 3: SOIL RESITIVITY PROFILES 
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 APPENDIX 4: SAFETY CRITERIA 
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 APPENDIX 5.1: STAND-ALONE IMPEDANCE 
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 APPENDIX 5.2: NETWORK IMPEDANCE 
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 APPENDIX 6: TOUCH & STEP POTENTIAL PLOTS 
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 APPENDIX 7: EQUIVALENT ROD LENGTHS 
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 APPENDIX 8: FAULT CURRENT SCHEDULE 
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 APPENDIX 9: GROUND POTENTIAL RISE MATRIX 
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 APPENDIX 10.1: TOUCH VOLTAGE MATRIX 
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 APPENDIX 10.2: STEP VOLTAGE MATRIX 
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 APPENDIX 11.1: TOUCH VOLTATGE % OF SAFETY 
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 APPENDIX 11.2 STEP VOLTAGE % OF SAFETY 

 


