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ABSTRACT

AFFECTING NEUTRAL-TO-EARTH VOLTAGE LEVELS

THROUGH MODIFICATIONS TO THE FARM ELECTRICAL GROUNDING

SYSTEM

BY

Jonathan Ronald Althouse

By modifying the on-farm electrical grounding system,

neutral-to-earth voltage levels can be altered. Possible

methods of modifying the on-farm electrical grounding system

include the installation of an equipotential plane and

isolation of the grounding system. Both are widely used

means for reducing the level of neutral-to-earth voltage in

cow contact areas.

Extensive research has been done on the design of

eguipotential planes. However, little work has been done on

the transition areas on and off the equipotential plane. In

these transition areas, a dairy cow can experience a step

potential at a possible behavior altering level.

Power suppliers sometimes isolate the primary electrical

system from the secondary electrical system. This is done by

installing any one of several different isolating devices

between the primary neutral and the secondary neutral, and

connecting the neutral conductors to their own respective

grounding electrodes. The earth is used as the isolating

medium between the two grounding systems. Isolating an



electrical system from its source will reduce the level of

neutral-to-earth ‘voltage entering’ the isolated grounding

system from the source system.

This thesis examines the step potential circuit for a

dairy cow as well as the voltage gradient in the areas

adjacent to equipotential planes. It evaluates the gradient

alterations caused by different modifications to the

equipotential plane. A design was proposed for reducing the

step potential to 1 volt when neutral-to-earth voltages were

as high as 5 volts, measured from equipotential plane to

reference ground.

Circuitry is analyzed and the affect of source system

neutral-to-earth voltage levels and distance between ground

rods has upon the isolated system are studied. The equivalent

circuit for two isolated systems can be approximated by a

linear resistive circuit. A procedure is given for

determining current flow through an animal when it contacts a

neutral and ”true earth" on an isolated system.
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I . INTRODUCTION

Electrical voltages are frequently measured on farms in

locations where animals can potentially be exposed to the

voltages. This voltage, frequently called neutral-to-earth

voltage, may have a magnitude of a fraction of a volt or

several volts. Other common terms used to describe neutral-

to-earth voltage include stray voltage, neutral-to-ground

voltage, transient voltage or tingle voltage. All of these

terms describe a condition where the grounded electrical

conductor is at a different potential than the adjacent earth.

The primary causes of neutral-to-earth voltage are voltage

drop on the grounded electrical conductor and ground faults

that occur on the primary electrical system and/or on-farm

wiring. This difference of potential is of concern to

livestock farmers, electric power suppliers, agricultural

equipment manufacturers, and service personnel because the

voltage may be present in a location where animals may become

a part of the circuit.

Though researchers commonly speak about levels of

voltages, it is actually the electrical current flowing

through the body of an animal that causes an electrical

sensation or an effect. Voltage is what causes the electrical

1
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current. to flow' through. the resistance of ‘the, circuit.

Different paths through an animal have different levels of

resistance. Consequently, a given voltage at one set of

contact points may affect an animal, while the same level of

voltage through a different path will not affect the animal.

Even at a given voltage level for a particular path, there

will be variability in the effect between different animals.

Questions have also been raised regarding the effects that

frequency and duration of exposure to the neutral-to-earth

voltage has on an animal's behavior.

Depending on the source, there are a number of mitigating

techniques to limit the level of neutral-to-earth voltage

contacting an animal. One technique frequently employed on

many dairy farms is to limit the level of voltage across the

contact points of a cow in a dairy barn or milking parlor by

installing an equipotential plane.

A grounding electrode or any metal element making contact

with the earth creates a voltage gradient in the adjacent

earth. Neutral-to-earth voltage can be measured from the

neutral grounding bus to a distant reference point on the

earth. A voltage gradient exists between the equipotential

plane and the reference point on the earth where the voltage

was measured. Depending on the magnitude and slope of this
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voltage gradient which radiates out from an equipotential

plane, a high difference of potential may be present between

front and rear hooves of a cow.

In most dairy operations, cows are not on an

equipotential plane at all times. Cows entering or leaving a

milking parlor or stanchion barn where an equipotential plane

is installed may experience is a voltage gradient from "true-

earth” to the equipotential plane. Researchers have suggested

that a transition area or voltage ramp is necessary for cows

to traverse when entering or leaving the equipotential plane.

The transition plane should be designed so that a dairy cow

will not be exposed to a behavioral modifying voltage.

Another possible method of reducing the level of neutral-

to-earth ‘voltage is ‘to isolate ‘the electrical grounding

system. The most common form of isolation is to separate the

on-farm electrical grounding system from the primary

distribution electrical grounding system. While it is not

possible to eliminate all sources of neutral-to-earth voltage,

the purpose of isolation is to reduce the level of neutral-to-

earth voltage present on one electrical system which can get

to another electrical system.

There are a number of different methods and devices used

to isolate one electrical system from another. However, all

methods of isolation rely on the earth as an isolating medium

for the two electrical grounding systems since the two systems
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are grounded to their own grounding electrodes. Questions

have been raised concerning the effectiveness of the earth as

an isolating medium between grounding electrodes to two

electrical systems.

The major focus of this thesis was affecting neutral-to-

earth voltage levels through modifications to the electrical

grounding system. Specifically, this thesis studies altering

the voltage gradients immediately surrounding an equipotential

plane as*well as studying the effectiveness of the«earth.as an

isolating medium when two electrical grounding systems are

isolated.

_To test the effectiveness of the different modifications

made to the equipotential planes, it was necessary to examine

the step potential circuit for a dairy cow and establish a

step potential voltage level at which a cow's behavior may be

affected. To examine techniques of isolating two grounded

electrical systems from each other, it was necessary to

develop a series of tests to determine the level of voltage

and current which appears on the isolated electrical system

due to a neutral-to-earth voltage level on the source system.



II. LITERATURE REVIE'

Neutral-to-earth voltages have frequently been measured

on U. S. farms in locations where animals can become part of

the electrical circuit. According to Craine (1980) , neutral-

to-earth voltage problems have been reported internationally

since the 1960's. Neutral-to-earth voltage is an inherent

phenomenon of the grounded primary and secondary electrical

systems. According to Woolford (1972), there may be a

situation where the neutral-to-earth voltage may be present in

a location at such a level that it may cause a behavioral

change in dairy cows. Cloud et al. (1987) reported that this

behavioral change may be in the form of a cow's nervousness,

kicking, and reduced feed and water intake. These factors

have been alleged to have an adverse effect on milk production

[Lefcourt & Akers (1982), Norell et a1. (1983), and Drenkard

et a1. (1983)].

Gorewit et al. (1989) studied water intake and milk yield

before, during and after 21 days of exposure to a continuous

voltage from a water bowl to a metal floor mat. Thirty cows

under analysis were divided equally among treatments of 0,

0.5, l, 2 and 4 volts. They concluded that there was no

significant change in milk yield or water intake when the

5
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voltage from water bowl to metal floor mat was at or below 2

volts, though the initial application of voltage did cause

delays in drinking. Two of the animals receiving 4.0 volts

did not drink for 36 hours at which time the researchers

disconnected the voltage source.

There has been a great deal of research on the sources,

measuring and mitigation of neutral-to-earth voltage. This

research focuses primarily on mitigation techniques,

specifically modifications to the on-farm electrical grounding

system. The design criteria was to modify the on-farm

electrical grounding system so that most dairy cows would not

experience a shock which could affect her behavior most of the

time. In order to establish this design criteria, it was

necessary to examine the step potential circuit for a dairy

COW .

A. Neutral-to-Earth Voltage Sources

Their are two major sources of neutral-to-earth voltage:

voltage on the neutral conductor and ground faults. These two

sources are broken down into two categories, on-farm and off-

farm. Both sources can appear simultaneously, which makes

their identification difficult [Appleman & Cloud (1981) and

Surbrook et al. (1987)].



1 . Voltage Drop

Neutral-to-earth voltage is an inherent

characteristic of both the on- and off-farm grounded

electrical distribution systems. In most rural sections of

the United States and in several other countries, the power

suppliers utilize a grounded electrical system on the primary

as required by the NatiQnal_Elegtrisal_§afetx_§2de-

TheWrequires the grounding for

most on site or customer owned electrical systems. The

purpose for this grounding is discussed in the National

BMW- The customer-owned

electrical system is grounded to limit voltages resulting from

lightning line surges or unintentional contact with higher

voltages. It is also grounded to stabilize the voltage-to-

ground during normal operation and to facilitate the operation

of overcurrent devices for ground faults. Though grounding

the primary and secondary electrical systems, neutral-to-

earth voltage will be produced at some level due to voltage

drop on the neutral conductor. This is the most frequent

source of on- and off-farm neutral-to-earth voltage [Reese and

Surbrook, (1984)].

All electrical conductors have a finite amount of

resistance to the flow of electrical current. When current

flows through a grounded neutral conductor, a naturally

occurring voltage drop is produced on that neutral [Reese &

Surbrook (1984) and Appleman & Gustafson (1985)]. High
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resistance in the neutral conductor can be caused by loose or

oxidized connections and inadequately sized feeder conductors.

Improper load balancing can increase the voltage drop on the

secondary neutral conductor [Seeling (1980)] and likewise for

the primary neutral conductor [Surbrook et al. (1988) ] .

Gustafson (1983) illustrated how voltage drop on the primary

and/or secondary neutral can produce neutral-to-earth voltage

in areas where dairy cows can be affected.

2. Ground Faults

The other major source of neutral-to-earth voltage is

ground faults [Surbrook & Reese (1981) and Appleman &

Gustafson (1985)]. Like voltage drop, both on- and off-farm

ground faults can lead to neutral-to-earth voltage. A ground

fault is a condition where electrical current flows directly

from an ungrounded circuit conductor to an equipment grounding

conductor and/or into the earth. The fault current is

attempting to complete the circuit back to its source. If

adequate grounding is not provided, the fault current must

take a high resistance path through the earth which can cause

dangerous step and touch potentials in the area of the fault

[Gustafson & Cloud, ( 1981) ] . Typical causes of on-farm ground

faults are insulation breakdown and improper connections.

Usually, a ground fault causes only a local problem and the

seriousness of the situation depends on the circuit parameters

involved. Surbrook et al. (1988) discussed the effects that
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ground faults on the primary distribution system can have on

neutral-to-earth voltage levels and the on-farm effects are

discussed by Gustafson (1983).

8. Measuring Neutral-to-Earth Voltage

There are two methods of measuring neutral-to-earth

voltages. One method involves taking measurements between

animal contact points such as between the stanchions and the

floor or water bowl and floor. The other method involves

taking measurements from a reference ground to an object where

a voltage may be present [Cloud et al. (1987)]. When making

a thorough neutral-to-earth.voltage investigation it is often

necessary to use both methods [Surbrook et al. (1988), and

Luddington et al. (1987)].

Surbrook and Reese (1984) and Soderholm (1982) discussed

the materials needed to make neutral-to-earth voltage

measurements to a reference ground. They include a voltmeter

and a reference ground.

1. voltmeter

The voltmeter can be either an analog or digital. If an

analog meter is used it should have a scale with a range not

greater than 0.0 to 5.0 volts AC. Surbrook et al. (1988)

reported that the meter must be able to discriminate between

AC and DC.
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The digital voltmeter usually samples input voltages over

an increment of time and has a much higher internal impedance

than analog meters. Gustafson (1983) stated that the meter

used should have a relatively high internal impedance, at

least 5,000 ohms per volt, AC, because low-impedance meters

may read low as a result of the voltage drop in the external

circuit.

2. Reference Ground

The reference ground, consisting of a ground rod, should

be place away from any metal, grounds and equipment because

such items could effect the voltage reading due to voltage

gradients in the earth. Cloud et al. (1987) suggest that the

reference ground should be placed at least 25 feet (7.6 m)

from such objects. According to Surbrook and Reese (1984) a

reference ground 14 to 18 inches (36 to 46 cm) in length is

satisfactory for making voltage measurements, Gustafson (1983)

reported that the reference ground must be placed in the earth

at least 48 inches (1.2 m).

c. Animal Step Potential Circuit

Animals are not affected by the voltage but by the

electrical current produced by these voltages [Norell et al

(1983)]. It is electrical current flowing through the body

of an animal that causes an electrical sensation or an affect,
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but it is voltage which causes electrical current to flow

through the resistance of the circuit.

Different paths through a cow have different levels of

resistance [Norell et al. (1983)]. Consequently, a given

voltage at one set of contact points of the cow may affect the

animal, while the same level of voltage across a different

path may not affect an animal. Even at a given voltage level

for a particular path through an animal, there will be

variability in the effect upon different animals. This is

demonstrated for dairy cows by Gustafson et al. (1985) and

Norell et al. (1983).

1 . circuit Parameters

The relationship between voltage, current and resistance

is known as Ohm's Law. Ohm's Law can be written, E - I x R,

where E is the voltage (volts), I is the current flow

(amperes), and R is the resistance (ohms) [Surbrook & Mullin

(1985)].

The step potential circuit of a dairy cow consists of the

front hooves' resistance-to-earth, the rear hooves'

resistance-to-earth and the resistance through the cow's body

from front to rear hooves [Reese et al. (1988)]. In the

WWW.it is reported

that from front to rear hooves an average mature dairy cow has

a step length of 4 feet (1.2 m). Norell et al. (1983)

determined a range of values of front to rear hoof body
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resistance of 28 dairy cows. The resistances reported ranged

from 496 ohms to 1,152 ohms with a mean of 734 ohms. Based on

this data, statistical analysis revealed a probability that

only ten percent of dairy cows based upon this data would have

a resistance less than 496 ohms [Norell et al. (1983)].

The lowest resistance path through a dairy cow is from

mouth to all four hooves [Norell et al. (1983)]. For this

path the resistance ranged from 244 to 525 ohms with a mean of

475 ohms. Based on this data, statistical analysis revealed

a probability that only ten percent of dairy cows would have

a resistance less than 244 ohms. Craine ( 1975) determined

that the lowest mouth to all hooves resistance of 70 cows that

were tested was 324 ohms, with a mean of 350 ohms. Cloud et

al. (1987) and Soderholm (1982) suggest a 300 ohm resister can

be used to represent the mouth to all hooves resistance of a

cow.

Behavioral studies of dairy cows by Gustafson et al.

(1985) revealed that the animals exposed to a step potential

from front to rear hooves were less sensitive to electrical

current flow than through some other body paths. Gustafson et

al. (1985) concluded from the behavioral study that some cows

in the test exhibited no significant change in behavioral

response when the electrical current flow was below two

milliamperes. However, at five milliamperes, 84 percent of

the cows exhibited what the researchers described as an escape

response. Scott et al. (1984) concluded that dairy cows
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exhibited a behavioral response between 2 and 5 milliamperes.

Lefcourt et al. (1986) concluded that behavioral changes

started at 2.5 milliamperes.

Researchers attempting to measure the cows ' resistance-to-

earth have discovered that the results are highly variable

depending on whether the cow is standing on dry concrete or

walking in mud. Reese et al. (1988) reported that a metal

plate can be inserted between the hoof of a dairy cow and a

concrete or earth surface without a significant difference in

resistance-to-earth. This would imply that a metal plate the

same size and shape of the cow's hoof could be substituted for

the actual hoof. This research, however, did not account for

the variability of the hoof-to-earth resistance and the

different sizes and shapes of the dairy cow's hooves.

Surbrook and Reese (1981) reported that a metal plate

measuring four inches (10.16 cm) in diameter can be used to

approximate the surface area for two hooves of a cow in

neutral-to-earth voltage measurements.

D. Mitigation Techniques

Depending upon the source of neutral-to-earth voltage,

there are a wide variety of mitigating techniques. Gustafson

(1985) broke the mitigating techniques down into three

categories: voltage reduction, isolation, and gradient

control. All of these categories have their own particular

advantages and disadvantages.
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1 . Voltage Reduction

Voltage reduction by means of eliminating or reducing the

neutral-to-earth voltage source(s) is the most important

mitigation technique. By eliminating the neutral-to-earth

voltage sources, a dairy cow will not experience the

troublesome differences of potential. The advantages,

disadvantages and methods of eliminating the sources of

neutral-to-earth voltage were pointed out by Surbrook & Reese

(1984) and Appleman & Gustafson (1985). They indicated that

maintaining zero current flow on the neutral conductor, to

eliminate voltage drop on the neutral, is not always possible

because of changing demand loads.

2. Gradient Control

Gradient control is used by power suppliers to minimize

the risk of hazardous step and touch potentials in and around

substations. In a livestock facility, an equipotential plane

can be used as a gradient control by reducing the voltage

potential difference in the areas where a cow may come in

contact with a metal object and the floor [Soderholm (1982)].

A voltage gradient is produced when current flows to earth via

a grounding electrode [IEEE (1982)].

Grounding electrodes are metal elements that make contact

with the earth. According to the Natign31_filggtrigal_§ggg

figg§19n5_259;§1 and z§Q;§1 metal underground water pipes, the
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metal frame of a building, ground rings and ground rods are

possible grounding electrodes. The E§§12n21_E1§§L119§1_22Q§.

requires that a single ground rod which does not have a

resistance-to-ground of 25 ohms or less shall be augmented by

one additional grounding electrode.

Soil resistivity varies widely with soil type, moisture

content and temperature [Soares (1980)]. It is important to

realize that the resistance-to-earth of the grounding

electrodes are not the source of neutral-to-earth voltage.

Changing the grounding electrode resistance will merely change

the level of neutral-to-earth voltage at the various buildings

[Surbrook & Reese (1984) and Soderholm (1982)].

When current flows to earth via a grounding electrode, a

voltage gradient is produced around the electrode. For

example, a ground rod that is connected to a voltage source

will produce symmetrical dish-shaped voltage contours

extending outward away from the ground rod as long as the soil

is homogeneous [IEEE (1982)]. This is due to the earth being

made up of equal-thickness, concentric shells of resistive

earth. See Figure 1. The earth shell nearest to the

electrode offers the greatest resistance. With increased

distance from an electrode, the earth shells are of greater

surface area and, therefore, of lower resistance [IEEE

(1982) ] . For a ground rod that has the resistance-to-earth of

25 ohms, one half of that resistance would likely be contained

within the first 1 foot (0.3 m) diameter cylinder [IEEE

(1982)]. For the same reason, the majority of the voltage
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drop resulting from current flowing in the ground would appear

across the first foot (0.3 m) of the earth's surface. The

typical voltage gradient surrounding a ground rod is shown in

Figure 2.

Concentric

Shells of

Eanh

Ground Rod

Figure 1. Equal-thickness concentric shells of resistive

earth surrounding a ground rod.

Surface

Voltage

Contours

@ Ground Rod

Figure 2. Symmetrical voltage gradients that would surround a

ground rod in a homogeneous soil.
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a. Equipotential Plane

The installation of an equipotential can reduce the

possibility of animals coming in contact with neutral-to-earth

voltage by keeping all cow contact surfaces at the same

voltage potential [Soderholm (1982)]. By bringing all

conductive surfaces that an animal may come in contact with to

the same potential, the animal will be less likely to be

exposed to a level of voltage that may alter its behavior

[Appleman a Gustafson (1985)]. The equipotential plane

concept for dairy facilities was explored by Phillips and

Parkinson (1963).

TheWdescribes

an equipotential plane as an area where conductive elements

are embedded in concrete and are bonded to all adjacent

conductive equipment. An equipotential plane does not reduce

the level of neutral-to-earth voltage. It does, however,

bring all metal objects that are bonded to the equipotential

plane and the equipotential plane itself to the same potential

[Surbrook & Reese, (1984) and Gustafson (1985)].-

Various equipotential planes have been proposed since the

concept was first introduced. Phillips and Parkinson (1963)

introduced some preliminary recommendations on creating

equipotential planes. Phillips and Parkinson (1963) suggested

that a metal mesh be welded to the stallwork. Kammel et al.

(1986) recommended design criteria for newly installed

equipotential planes. For the newly installed equipotential
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plane, they recommended using 6 inch by 6 inch (15.2 cm by

15.2 cm), 10 gauge wire mesh embedded in concrete. All metal

objects adjacent to the plane are then bonded to the wire mesh

by means of approved connectors or exothermic welding and the

plane is in turn bonded back to the grounding bus of the

electrical panel serving the area. The requirements for

bonding are found in Artig1g_zfig of the National_filegtrigal

we...

Kammel and Jones (1987) indicated that a properly

installed equipotential plane can reduce voltages at cow

contact points. Their research showed that after installation

of an equipotential plane, cow contact voltages in one barn

dropped from 0.4 volts to less than 0.1 volts. It has been

suggested that equipotential planes be installed in all areas

where an animal may come in contact with neutral-to-earth

voltage [Surbrook et al. ( 1983) , and Appleman & Gustafson

(1985)]. These locations include all areas where electrical

equipment and livestock are located, such as stanchion barns,

milking parlors, feeders and waterers. The flisggn§1n_§;a;g

Elgg;;1;a1_§g§g_requires the installation of an equipotential

plane in all newly installed and remodeled livestock

facilities.

b. Transition Planes

In most dairy operations, cows are not on an

equipotential plane at all times. Cows entering from a feed
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lot or pasture to a milking parlor or stanchion barn that has

an equipotential plane installed will experience a voltage

gradient in the earth [Appleman & Gustafson (1985) ] . Cows may

experience neutral-to-earth voltage in the form of a step

potential when leaving or entering an equipotential plane.

Woolford (1969) pointed out the need to control the voltage

gradients occurring where the equipotential plane ends. The

need for voltage gradient control was also recognized by

Fairbank and Craine (1978), Cloud et al. (1987), and.McCurdy

et al. (1982).

Woolford, ( 1969) , Gustafson (1983) and Surbrook and Reese

(1984) have suggested that a transition or a voltage ramp may

be needed for the animals to traverse when coming upon or

leaving an equipotential plane. The concept behind the

transition plane is to install grounding elements in the earth

at the approach paths to the equipotential plane. Installing

these grounding elements will raise the surface voltage by

decreasing the slope of voltage gradients surrounding the

equipotential plane [Gustafson 8 Folen (1984)]. The

transition plane or voltage ramp needs to provide a way for

the animals to approach an equipotential plane without being

exposed to a bothersome step potential [Surbrook et al. (1986)

and Appleman 8 Gustafson (1985)].

Various transition planes to limit the step potential for

a dairy cow have been proposed. However, limited testing has

been done on their effectiveness at different voltage levels.

Gustafson & Folen (1984) concluded that the transition plane
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should have a horizontal length at least equal to the step

length of the animal. They also state that, for a given

horizontal span, the step potential on the earth's surface

decreases as the end of the transition is placed deeper into

the earth.

To limit voltage gradients at the edge of an

equipotential plane, Woolford (1969) suggested sloping the

reinforcing mesh down, beneath the concrete of the floor at

the entry and exits of the equipotential plane. Another

gradient control method recommended by Woolford consisted of

interconnecting a series of horizonal rods, embedded in

concrete, over a distance of 8 feet (2.4 m) and bonding these

rods to the equipotential plane. Woolford and Phillips (1981)

recommended installing ground rods 30 cm apart and 2 to 3

meters in length into the earth at an angle of 20 to 30

degrees, sloping down away from the mesh and bonded to the

mesh of the equipotential plane, to decrease the voltage

gradients at the edge of the plane.

Another transition design suggested by Folen and

Gustafson (1984) consists of ground rods driven into the earth

at a 45 degree angle away from the equipotential plane. This

transition design seems to be the one most widely accepted.

Kennel et al- (1986).W(1986):

and Cloud et al. (1987) suggest the use of this type of

transition plane.
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3. Isolation

Isolation of part of the grounding system can reduce

neutral-to-earth voltage levels that an animal can contact on

the isolated system. TheW

allows separation of the primary and secondary neutral

conductors at the farm service transformer.

Isolation is essentially separating the neutral

conductor, which is the source of the neutral-to-earth

voltage, from the neutral conductor that serves the area where

animals reside. Isolation does not address the cause of the

neutral-to-earth voltage, it simply changes the circuit

parameters. Field studies undertaken by Prothero et al.

(1988) indicated that isolation should be viewed as a

temporary solution to a neutral-to-earth voltage problem.

Cloud et al. (1987) state that isolation will not prevent

neutral-to-earth voltages from being produced on the isolated

system.

a. Isolation Techniques

When the whole farm is isolated, often the primary

neutral conductor is separated from the secondary neutral

conductor by a high impedance device. Such devices include a

saturable core reactor, thyristor switch, or a spark gap

[Surbrook 8 Reese (1984) ] . Gustafson (1985) noted that

careful consideration is required in choosing which device is
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to be installed, because each has its own operating

characteristics. These operating characteristics include

saturation or'breakdown voltage levels, where the device will

reconnect the neutral conductors by reducing its impedance

when the voltage on the neutral is above this level.

When two electrical systems are isolated by using a high

impedance device, each neutral conductor is connected to its

own respective grounding electrode. The Na;ignal_£1§gtzigal

Werequires that these grounding electrodes be placed

at least 6 feet (1.8 m) from each other. Soderholm (1982)

stated.that if this separation.is not maintained, it will lead

to continuing neutral-to-earth voltage problems on the

isolated system. This spacing is required because the earth

is used as the isolating medium between the neutral

conductors. As an isolating medium, the earth must reduce the

level of current flowing from the primary neutral conductor to

the secondary neutral conductor, to a level were an animal's

behavior is not altered when the animal comes in contact with

the neutral on the isolated system.

To insure proper separation, it is necessary to remove

all conductive interconnections between the neutrals which

could bypass the isolation [Surbrook 8 Reese (1984), Cloud et

al. (1987) and Appleman 8 Gustafson (1985)]. Common neutral

interconnections include telephone grounding conductors and

metal water lines. Any conductive interconnection will reduce

the effectiveness of the isolation.



III . OBJECTIVES

Often it is not possible to eliminate or reduce all

sources of neutral-to-earth voltage to acceptable levels.

Therefore, electrical grounding systems are often altered to

reduce the possibility that a dairy cow might come in contact

with a difference of potential at such a level that would

affect the animal's behavior.

The primary objective of this research was to analyze how

modifications of the on-farm electrical grounding system would

affect neutral-to-earth voltage levels. The secondary

objective was to propose modifications to the electrical

grounding system which are best suited for use on dairy farms.

A. Equipotential Planes

Meeting this objective required an examination of the

voltage gradients surrounding equipotential planes. Several

modifications were made to an equipotential plane to determine

whether any had particular advantages or disadvantages in

reducing the voltage gradients surrounding an equipotential

plane. The objectives here are as follows:

23
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1 . Determine the maximum acceptable neutral-to-earth voltage

measured from an equipotential plane to reference ground

that will not expose a dairy cow to a step potential

which exceeds the lower step potential threshold limit.

2. Determine the maximum neutral-to-earth voltage level,

measured from an equipotential plane to a reference

ground, that will not expose a dairy cow to a step

potential which exceeds the lower step potential

threshold limit, when a dairy cow steps onto the

equipotential plane at a transition area consisting of

diagonal eight foot (2.4 m) ground rods driven into the

earth at a 45 degree angle.

3. Determine a design of a transition area which, if

installed at an equipotential plane, will not expose a

dairy cow to a step potential above the lower threshold

limit with a minimum of 5.0 volts, neutral-to-earth, on

the plane.

8. neutral Isolation

Along with studying voltage surrounding equipotential

planes, a series of tests were devised to determine the

effectiveness of earth as an isolating medium for two earth

grounded electrical systems, where one of the electrical

systems is a source of neutral-to-earth voltage and the other

is an isolated system. The objectives here are as follows:
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Determine the equivalent circuit for a neutral-to-earth

voltage source electrical system and an isolated farm

electrical system, where the earth is utilized as the

isolation medium between two ground rods.

Develop and verify a mathematical equation to determine

the neutral-to-earth voltage of an isolated electrical

system when there is a neutral-to-earth voltage on a

source electrical system, and the earth is used as an

isolation medium between a ground rod of each system.

Determine why the neutral-to-earth voltage on an

electrical system isolated from the neutral-to-earth

voltage source system, utilizing the earth as an

isolation medium between a ground rods of the two

systems, is less than the gradient voltage at the point

where the isolated ground rod is installed.

Determine if a six foot (1.8 m) separation between the

ground rods of a isolated and source electrical system is

adequate to prevent an electrical current flow, in an

animal circuit consisting of a resistance of 274 ohms,

from exceeding 2.0 milliamperes.

Determine the maximum neutral-to-earth voltage level on

a source electrical system which will cause an electrical

current, not exceeding 2.0 milliamperes, to flow through

a 274 ohm animal circuit, from an isolated electrical

system's neutral to earth when the source and isolated

ground rods are separated by a distance of six inches

(15.2 m).



IV. METHODOLOGY

The test site 'was an. actual farm. consisting' of a

residence, shop and barn. The primary electrical system

supplying the test site was an ungrounded 4.8 kV primary

distribution system which insured that no off-farm sources

would affect the measurements that were taken.

From the grounded secondary of the transformer, an

American Wire Gauge (AWG) number 1/0, aluminum triplex

supplied the residence which was grounded to the well casing.

An AWG number 2 aluminum triplex feeder supplied the shop and

the barn from the house. The shop and the barn were both

grounded using a ground rod at each site.

The neutral-to-earth voltage source was connected onto

the feeder wires that ran between the house and the shop. The

equipotential plane and subsequent transitions were at the

barn. All voltage measurements for the equipotential plane

modifications were taken to reference ground.

26
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A. Equipotential Plane

Before any analysis and subsequent ‘modification of

voltage gradients could be made, possible behavior affecting

step potentials for dairy cows were analyzed and an

equipotential plane had to be constructed. The equipotential

plane that was constructed closely resembled the designs that

have been suggested by many researchers.

An equipotential plane 10 feet long by 6 feet wide (3.05

m by 1.8 m) was installed at an entrance to the barn. This

entrance was in an area where animals would frequently be and

frequently traverse. The equipotential plane was installed in

an area of sandy loam soil. The plane consisted of 6 inch

(15.2 cm) square, 10 gauge welded wire mesh. The wire mesh

covered the entire area of the plane except for a 3 inch (7.6

cm) border around the outer edge. Before the concrete slab

was poured, the wire mesh was supported so it would be

approximately 1 1/2 inches (3.8 cm) below the surface of the

concrete. Also, before the concrete was poured, four 8 foot

(2.4 m), 5/8 inch (1.6 cm) diameter, copper ground rods were

driven into the earth at.a 45 degree angle extending out away

from the equipotential plane. The ground rods were spaced 12

inches (30.48 cm) apart and were bonded to each other and the

wire mesh using AWG number 3, bare copper conductor. Figure

3 shows the equipotential plane that was installed.
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Concrete
Steel Mesh

Slab
in Concrete

Ground rods under

the concrete slab

driven at a 45 degree N

angle

Figure 3. Diagram of the equipotential plane installed for

analysis of the voltage gradients that surrounded

it.

The connections to the ground rods were made with

approved grounding connectors and to the connections to the

wire mesh were accomplished by brazing. To insure good

contact, the bare copper conductor was bonded to the wire mesh

in several different locations. From one ground rod, the AWG

number 3 bare copper conductor continued around the mesh to

the adjacent side of the plane, and extended 6 inches (15.2

cm) out from the bottom edge of the concrete slab, so it could

be accessed later for the, different modifications that were to

be made. From one ground rod, an AWG number 3 bare copper

conductor was installed so that it could be connected to the

voltage source. At the point where this wire exited the

concrete slab it was installed in PVC conduit.

After all the connections were reexamined to insure

proper contact, the concrete slab was poured. The slab was
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cured for three days before any animals were allowed in the

area and approximately two months passed before any data was

recorded.

8. Neutral-to-Earth voltage Source

The source of ‘the neutral-to-earth. voltage for' the

experiment was produced by voltage drop on the neutral serving

the barn. voltage drop was chosen as the neutral-to-earth

voltage source over ground faults because it was safer and

easier to control.

At a pole along the overhead feeder to the barn, the

neutral and.phase wires were connected to a disconnect before

proceeding to the barn. At the disconnect, the neutral passed

through a resister and then was grounded at the neutral bus.

The wire leaving the equipotential plane was connected to the

neutral bus. One of the phase, wires and the neutral were

connected to a load box where loads could be turned on and

off, thus increasing the current flow on the neutral.

Increasing the current flow on the neutral would increase the

voltage drop on the neutral, producing neutral—to-earth

voltage.

The load box consisted of four 240 volt, 1,200 watt water

heating elements connected in parallel. Each water heating

element was connected for 120 volts and was controlled by a

switch so each could be operated independently. To keep the

resistance of the heating elements from changing over a period
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of time, the heating elements were placed in a pail of water

which was constantly recirculated to maintain a constant

temperature.

The neutral resistor consisted of an AWG number 12 solid

copper wire, which was wound around a 4 inch (10.2 cm) piece

of nonmetallic ridged conduit, and had three taps available.

This allowed the resistance of the neutral conductor to be

altered. The resistance of the neutral could be set at four

values: 0.2, 0.3, 0.4 and 0.5 ohms. The nonmetallic rigid

conduit was mounted vertically on the pole to allow

circulation of air for cooling. A schematic diagram for the

neutral-to-earth voltage source is shown in Figure 4.
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Figure 4. A schematic diagram for the neutral-to-earth

voltage source.
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By controlling the neutral's resistance and the loads on

the neutral, it was possible to achieve the desired levels of

neutral-to-earth voltage on the equipotential plane for the

experiments. Neutral-to-earth voltages at or near 1, 2, 3 and

5 volts were used for evaluating the equipotential plane

modifications.

C. Cow Step Potential Evaluation

The current flow from the earth through the front hooves

of a cow and out the rear hooves back into the earth and vice

versa is determined by the voltage difference divided by the

resistance of the path. Assuming that the lower threshold of

current flow that will cause a behavioral response in some

cows is two milliamperes [Gustafson et al. (1984)], and that

the lower values of a cow's body resistance from front to rear

hooves is 496 ohms as determined by Norell (1983) , a threshold

step potential can.be calculated by using Ohm's Law (Equation

1). A diagram of the step potential circuit is shown in

Figure 5.

E=IXR Eq.1

where: E is the voltage potential (Volts)

I is the current flow (Amperes)

R is the resistance of the circuit (Ohms).
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Figure 5. A schematic diagram of the step potential circuit

for a dairy cow.

Assuming that there is no contact resistance between

hooves and concrete or earth, the calculated step potential

will be at a level at which current flow will not elicit a

behavioral response in most cows most of the time. Using

Equation 1, this lower threshold step potential is:

E - .002 amperes x 496 ohms

E - 1 volt

Since a dairy cow has a step from front to rear hooves of

four feet ( 1.2 m) , any voltage level measured over this

distance above the threshold step potential level of 1 volt

could alter the behavior of some cows some of the time.

Therefore, the 1 volt step potential over a four foot (1.2 m)

distance will be used to determine the effectiveness of

modifications to the equipotential plane.
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D. Analysis of voltage Gradients

Several tests where proposed to analyze the voltage

gradients surrounding an equipotential plane and the effects

that modifications made to the plane would have on those

gradients. Comparisons of the same approach path were

desired, no analyses of the voltage gradients over the ground

rods covered by concrete are presented.

1. Test No. 1 (Control)

Test number 1 was the control test, no modifications were

made to the equipotential plane. Voltage measurements were

taken on the equipotential planeiand in the area of bare earth

to reference ground, extending outward adjacent to the

equipotential plane. This experiment resembles an

equipotential plane that does not have a transition plane for

the animals to traverse when entering or leaving the

equipotential plane. See Figure 3.

2. Test so. 2

In test 2, four 8 foot (2.4 m) ground rods, spaced one

foot (30.5 cm) apart, were driven at a 45 degree angle out

away from the equipotential plane. This is shown in Figure 6.

The 5/8 inch (1.6 cm) diameter ground rods were covered by 4

inches (10.2 cm) of earth and were bonded together by an AWG
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number 2 copper conductor. The ground rods were then bonded

to the equipotential plane by connecting them to the bare

copper wire that extended from the plane.
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Figure 6. Diagrmm of the equipotential plane used for test

number 2, where ground rods were driven into the

earth at a 45 degree angle.

3. TOIt ND. 3

For test 3, the ground rods from test number 2 were

removed. A single run of bare copper wire, size AWG‘ number 2,

was installed into the earth starting at four inches (10.2 cm)

below the surface of the earth at the edge of the

equipotential plane. The wire that ran adjacent to the

equipotential plane extended outward 20 feet (6.1 m). The

wire was sloped so that the end of the wire was 2 feet (61 cm)

below the surface of the earth, as illustrated in Figure 7.
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The wire was bonded to the wire mesh in the equipotential

plane by connecting it to the wire that extended from the
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Figure 7. Diagram of the equipotential plane modifications

that were used for test number 3, where a single

copper wire was installed.

4. Test No. 4

The design for test 4 was based upon the analysis of

results of the other tests. For test 4, two bare copper

wires, size AWG number 2, were installed in the earth from the

equipotential plane, radiating outward to a distance of 30

feet (9.1 m) rather than 20 feet (6.1 m) as used in test 3.

One wire extended straight out while the second wire, located

2 feet (0.61 m) away, was parallel to the first wire a
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distance of 4 feet (1.2 m). At the four foot point, the

second wire then angled away from the first wire so that at a

distance of 30 feet (9.1 m) from the plane, the wires were 10

feet (3.1 m) apart. This is shown in Figure 8. The wires

start at the equipotential plane 4 inches (10.2 cm) below the

surface of the earth and were sloped until the wires were 3

feet (0.91 m) below the surface at a point 30 feet (9.1 m)

away from the plane. There is also a 2 foot (0.61 m) piece of

AWG number’z wire in the earth in the center of the two longer

wires. All three wires were bonded to the wire mesh in the

equipotential plane by connecting them to the wire that

extended from the plane.
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Figure 8. Modifications made to the equipotential plane for

test number 4.



37

5. Measuring Techniques

A digital Fluke' 27, multimeter, with an internal

impedance of 10 mega-ohms was used for all voltage

measurements. It was verified that the meter did not read DC

on the AC scale.

All measurements where taken to a reference ground that

was located 140 feet (42.7 m) away from the equipotential

plane. The reference ground consisted of a ground rod which

was driven into the earth five feet (1.5 m). The reference

ground was at least 190 feet (48.3 m) away from any other

electrodes and measurements where taken by the means of a

copper probe. The probe consisted of an AWG number 8 solid

copper conductor fastened to a three foot (0.91 m) wooden

handle. The conductor extended one inch below the bottom of

the handle and the insulation was removed from that portion of

the wire which was below the handle. The probe was firmly

placed against the measuring surface, either concrete or

earth, and the voltmeter was allowed to stabilize before any

data was recorded .

6 . Pre-measurement Procedure

Prior to taking measurements, oxide on the copper probe

was removed with steel wool and the voltage drop on the

neutral was adjusted so that the voltage from the

equipotential plane to the reference ground was as close to a
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specified value as possible. The desired neutral-to-earth

voltage levels, measured from the equipotential plane to the

reference ground, were 1, 2 , 3 , and 5 volts. Measurements

were taken after a three minute waiting period to allow the

resistance of the water heating elements to stabilize. The

voltage from the equipotential plane to the reference ground

was then verified again.

Also, before any measurements where taken, a grid work of

one square foot (30.5 cm) boxes where laid out. Measurements

were then taken at intersecting points on this grid pattern.

This grid work was taken from a series of reference points so

the grid was consistent between tests. Using the same

reference points to establish the grid made it possible to

check the voltage gradient levels from a given point or points

for different experiments. A data sheet with the grid work on

it was used to record all measurements. The. concrete and the

earth were dampened at the measuring points to insure good

contact between the copper probe and the measuring surface.

S. Neutral Isolation

An isolated electrical system was established at the

farm. The neutral-to-earth voltage on the source system was

produced and controlled by the same means as in previous

tests. The neutral-to-earth voltage source, isolated and

animal circuits are shown in Figure 9. The farm grounding

system consisted of electrodes at the transformer, residence,
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shop and barn. The neutral-to-earth voltage source was

produced at different levels and caused a current flow through

the earth from the source ground rod, Rs, to the farm

grounding system, Ro‘ Measurements were made to determine the

level of current, I], and voltage, E1, that would appear on the

isolated system, and that could be contacted by an animal.

Separtion Distance:

6 inch and 6 feet

 

  

 

Soil Resistance: NEV

Low and High Source

RA RF RI

._ -_L- _

Animal Isolated Isolated Source Source

Farm Ground Ground Farm

Ground Rod Rod Ground

3.9 Ohm 3.9 Ohm

Figure 9. An illustration of the neutral—to-earth voltage

source, isolated and animal circuits used in the

isolation tests.

1. Simulated Electrical System

A simulated isolated farm electrical system was

established by driving an isolated ground rod, R“ six inches

(15.2 cm) and six feet (1.8 m) from the source ground rod Rs

as shown in Figure 9. The isolated ground rod at an actual

farm would be connected by the farm neutral to the various
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grounding electrodes on the farm creating a circuit as shown

in Figure 8. The isolated ground rod, R1, was connected to

a grounding electrode system, Rrr which was located 90 feet

(27.4 m) from the nearest grounding electrode of the actual

farm grounding system. The isolated farm "earth-neutral"

electrical system would function the same as an actual farm

electrical system, where a ground rod was located near a

ground rod of a primary distribution system. If

neutral-to-earth voltage of the source electrical system was

to cause neutral-to-earth voltage in an isolated electrical

system, this test would create the same conditions but in a

manner where currents, voltages and resistances could be

controlled and measured.

The source electrical system and the isolated electrical

system in Figure 9 actually form one electrical circuit,

because the two electrical systems are connected through the

earth which has finite resistance. Figure 10 is a schematic

diagram of the circuit created by the source and isolated

electrical systems. Figure 10 also shows the locations of the

instrumentation to measure voltages and currents during the

testing. The source and isolated ground rods behave like

variable resistors which are connected. The resistance-to-

earth of the source ground rod, Rs, consists of two

resistances, Rs1 and R“, where the Rs - Rs1 + RS2. Resistance

Rs, increases and approaches the value of Rs as the source

ground rod and the isolated ground rod are located further

apart. The resistance R, is not the resistance-to-earth of
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the isolated ground rod, but is a value less than the

resistance-to-earth. As the two ground rods are moved further

apart, the resistance R, increases and approaches the

resistance-to-earth of the isolated ground rod.
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Figure 10. A schematic diagram of the circuit created by

the source and isolated electrical systems and

the locations of the instrumentation to

measure voltages and currents during testing.

2. Data Collection

To determine the effects of grounding electrodes'

resistance-to-earth on an isolated system, the ground rods of

the two systems where placed in two different locations. Data

was collected for the isolated electrical system tests with
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source and isolated ground rods located in soils where the

resistance-to-earth of each ground rod.was less than 25 ohms,

and in locations where it was more than 100 ohms. Tests in

both types of soils were conducted with the source and

isolated ground rods located six inches (15.2 cm) apart. A

frame was constructed to maintain parallel spacing of the

ground rods which were located six inches (15.2 cm) apart.

The ground rods were removed from the earth after the tests

and examined to make certain they had not been deflected by a

hard object in the earth. .

The locations of the milliammeters and the voltmeters for

the collection of data are shown in Figure 10. The total

current, 1,, was measured by installing a milliammeter in

series with the neutral conductor leading to the source ground

rod. The current flowing in the isolated electrical system,

I,,‘was measured by installing a milliammeter in series with

the neutral leading from the isolated ground rod. The current

flowing in the isolated circuit was due to the voltage

gradient.surrounding the source electrical system ground rod.

Animal current was measured by installing a milliammeter in

series with a resistor, simulating the animal resistance.

Voltage was measured from the source ground rod, E3, to a

reference ground rod, and from the isolated ground rod, E, , to

the same reference ground rod with a high impedance digital

voltmeter. The voltage was also measured from the source

ground rod to the isolated ground rod, EM.
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A null balance three-point fall of potential meter was

used to measure the resistance of ground rods and grounding

electrode systems. The farm grounding electrode system, RD,

and the isolated farm grounding electrode system, R", were

both measured at 3.9 ohms. Ground rod resistances measured

for each test were the reference ground used for voltage

measurements, the animal circuit ground.RM, the source ground

rod R31 + R52, and the isolated ground rod resistance R, + R,2.

Resistors were place in series with the isolated farm

grounding electrode system, R", and to act as simulated animal

body resistance R . Using an ohmmeter the values of these

-resisters were determined to be 2990, 868, 500, 249, 95.8 and

52.1 ohms. These values were verified for each test.

An animal making contact with the isolated electrical

system neutral was created by establishing an animal

resistance circuit, Ru that was equal to RM + R“. The animal

resistance was in parallel with the isolated farm grounding

system RF. Values of resistance, R“, were placed in a circuit

from the isolated system neutral to an isolated ground rod,

RM. Using the three-point fall of potential method, RM was

measured at 24 .8 ohms.



V. RESULTS AND DISCUSSION

The primary objectives of this research were to analyze

how modifications of the electrical grounding system would

affect the levels of neutral-to-earth voltage. The secondary

objective of this research was to propose modifications to the

electrical grounding system best suited for use on dairy

farms.

In this chapter the results are presented and analyzed in

the following order: (1) evaluation of a dairy cow's step

potential, (2) voltage gradients and step potentials for an

equipotential plane with no transition plane, (3) step

potentials and voltage gradients for the various modifications

made to the equipotential plane, and (4) the effects that

earth has upon isolation of two electrical systems.

A. Evaluation of a Dairy Cow's Step Potential Circuit

The one volt step potential was determined as the design

criteria using equation 1 and published research. Published

research results included current flow effects on a cow as

44
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well as the front to rear hoof resistance of a cow's body.

The step potential was of a level that may cause a behavioral

change of some of the cows some of the time.

Gustafson et al. (1985) and Lefcourt et al. (1986)

suggested that current flow through a cow's body at or above

the 2 milliampere level may elicit a behavioral response in

some cows some of the time. Current levels below 2

milliamperes flowing through a cow's body have not been found

to have a significant effects on their behavior [Lefcourt et

al. (1986), Norell et al. (1983) and Woolford (1972)].

In analyzing the resistance of the front to rear hoof

pathway of a dairy cow, Norell et al. (1983) determined the

lowest resistance through this pathway of the cows tested was

496 ohms. They found the mean value of front to rear hoof

resistance for the cows tested was 734 ohms. For dairy cows,

no front to rear hoof resistance has been reported below 496

ohms. In Norell et al. (1983) determination of the of the

front to rear hooves' pathway, the cows tested were standing

on a. metal electrode. This :metal electrode ‘would not

.duplicate the hoof to surface resistance of a cow standing on

earth or concrete. The hoof to surface contact resistance

could vary depending on the surface type and conditions and

could have a significant impact on the front to rear hooves'

resistance pathway, because it is in series with the body

resistance of a cow. Not including the hooves to surface

contact resistance should resemble the worst case scenario

where a cow was standing on a muddy surface with no hoof to
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surface contact resistance. Not accounting for the hoof to

surface contact resistance, Norell et al. (1983) concluded

that 90% of the cows would respond 20% of the time when

exposed to a step potential voltage of 1 volt. Woolford

(1972) suggested that any voltage gradients in excess of 2

volts over a distance of 4 feet (1.2 m) may be sufficient to

cause a behavioral change.

S. Modifications Made to the Equipotential Plane

Five volts was chosen as the high limit of neutral-to-

earth voltage measured on an equipotential plane to reference

ground. In conducting research and neutral-to-earth voltage

investigations, my other colleges and I believe that this

level of voltage should encompass most neutral-to-earth

voltage levels found on dairy farms in the U.S. I feel that

any neutral-to-earth voltage levels above this level require

significant voltage reduction measures, which must be

undertaken by the local power supplier and/or a licensed

electrician.

Step potentials shown in the graphs in this section are

calculated by taking the voltage measured at one point to

reference ground and subtracting the voltage to reference

ground of a point four feet ( 1.2 m) away. Tests were

conducted to evaluate the difference between this technique of
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determining step potential and actually measuring the step

potential between of two points four feet (1.2 m) away from

each other. No differences were found when the two techniques

were compared.

When examining the line graphs presented in this section,

a brief statement is needed to clarify the "X" (Distance from

Equipotential Plane) axis. Unless otherwise noted, the point

zero feet away from the plane is a point of reference. This

point is just off the edge of the plane in the earth.

Negative numbers signify the distance from this point back

onto the equipotential plane, positive numbers indicate the

distance from this point out to a place on the earth. Also

for all modification tests, the same approach path was used

for analysis. Data for the tests presented within this

section are found in the Appendix.

1. Test No. 1 (Control)

This was the case of an equipotential plane with no

modifications. The voltage level from the plane to the

reference ground was 5.38 volts. Voltage measurements were

taken from the equipotential plane and bare earth to the

reference ground. Figure 11 shows a voltage gradient near and

on the equipotential plane for one approach path to the

equipotential plane. Once a cow places a hoof off of the

equipotential plane, the animal experiences a difference in

potential. Comparing the voltages measured off the
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equipotential plane to reference ground to the 5.38 volts

measured from the plane to reference ground, the voltage on

the earth's surface along the approach path drops by 39.6% at

one foot (0.3 m) 55.4% at four feet (1.2 m), 69.0% at ten feet

(3 m) and 74.9% at fifteen feet (4.6 m) away from the

equipotential plane. The level of the voltage gradients

decrease further away from the equipotential plane.
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Figure 11 . Voltage gradient of one approach path,

measured from the point shown to a reference

ground for test number 1.

The step potentials for Figure 11 are shown in Figure 12.

With 5.38 volts measured on the equipotential plane to

reference ground, a cow with a step length of 4 feet (1.2 m)

from one set of hooves to the other would experience a

difference of potential of 2.47 volts. This value is 1.47
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volts above the 1 volt design criteria which was determined to

be the threshold level of step potential that may alter the

behavior of some cows some of the time. The maximum step

potential voltage will occur when a cow has one set of hooves

on the edge of the equipotential plane and the other set of

hooves in contact with the earth four feet (1.2 m) away.
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Figure 12. Step potential that a cow will experience from

one set of hooves to the other for the voltage

gradient of Figure 11.

While Figure 11 only shows the voltage to reference

ground measurements for one path, Figure 13 shows the voltage

gradients, represented by isometric lines, around a section of

the equipotential plane. This figure was generated by using

a topographical program where voltages were used rather than

elevations. By modifying the equipotential plane, it was
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desired to increase the space between the isometric lines.

Greater the distance between the lines should result in lower

step potentials, because the slope of the voltage gradient

would not be as great.
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Figure 13 . Voltage gradients surrounding the plane in

test number 1, with 5.38 volts measured from

the equipotential plane to reference ground,

represented by isometric lines.

Achieving a step potential under 1 volt was possible

around the equipotential plane with no modifications

installed. This was accomplished by lowering the voltage

level on the plane. Figure 14 represents the step potential

‘voltages for an equipotential plane without any modifications

made to it. With 1.80 volts on the plane measured from the

plane to the reference ground, the step potentials did not

exceed 1 volt.

[ML :3
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After examining the data from this test, it became

apparent that it was necessary to modify the equipotential

plane transition area when more than approximately 2 volts

were measured from plane to reference ground. With the

maximum step potentials occurring when a cow has one set of

hooves at the edge of the equipotential plane, and the other

set of hooves four feet (1.2 m) away, any alterations to the

equipotential plane had to reduce the step potentials in this

area.
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Figure 14. Step potential that a cow will experience from

front to rear hooves for one approach path to

the equipotential plane used in test number 1,

with 1.80 volts measured from the plane to a

reference ground.
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2. TOS‘I‘. NO. 2

In this test, ground rods were driven into the earth at

a 45 degree angle, extending away from the equipotential plane

in the areas where dairy cows would approach the plane.

When 5.29 volts were measured from the equipotential

plane to reference ground, the installation of the ground rods

altered the voltage gradients around the equipotential plane.

Figure 15 shows the voltage gradient for one path on and off

of the equipotential plane. Comparing the measured voltage

off the equipotential plane to reference ground to the voltage

measured from the plane to reference ground, the earth to

reference ground voltage along the approach path drops by 8.3%

at one foot (0.3 m), 25.3% at four feet (1.2 m), 57.3% at ten

feet (3 m) and 66.0% at fifteen feet (4.6 m) away from the

equipotential plane. The voltage gradients decreased slower

than in the previous case where no modifications were made.

The step potentials for Figure 15 are shown in Figure 16.

With 5.29 volts measured from the equipotential plane to

reference ground, a cow with a step of 4 feet (1.2 m) from

front to rear hooves would experience a step potential of 1.21

volts. This value is above the 1 volt design criteria and

0.21 volts above the level of step potential that may alter an

animal '3 behavior. Maximum step potential voltage occurs when

a cow has one set of hooves in contact with the earth one foot

( 0.3 m) away from the equipotential plane and the other set of

hooves five feet (1.5 m) away from the equipotential plane.
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With approximately 5.0 volts measured from the

equipotential plane to reference ground, it was not possible

to achieve a step potential voltage at or below 1.0 volt with

this treatment. Figure 17 shows the step potentials for an

equipotential plane with 3.58 volts measured from plane to

reference ground. The maximum step potential that a cow would

experience with this installation and voltage would be 0.84

volts, which is below the level of voltage that may alter an

animal's behavior.
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Figure 17. Step potential that a cow will experience from

one set of hooves to the other for one

approach path to the equipotential plane used

in test number 1, with 3.58 volts measured

from the plane to a reference ground.

3. Test So. 3

This test consisted of burying a bare copper wire in the

earth. The wire extended from the equipotential plane 20 feet
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(6.1 m) and was.buried four inches (10 cm) deep at the edge of

the equipotential plane and two feet (61 cm) deep at the 20

foot (6.1 m) distance.

With 5.75 volts measured from reference ground to

equipotential plane, Figure 18 shows the voltage gradient

along one path of approach to the equipotential plane. This

path is directly over the wire that was buried in the earth.

Along the approach path, the earth to reference ground voltage

dropped by 17.0% at one foot (0.3 m), 30.0% at four feet (1.2

m), 42.6% at ten feet (3 m), 48.9% at 15 feet (4.6 m), 60.5%

at 20 feet (6.1 m), and 74.0% at 25 feet (7.6 m) away from.the

equipotential plane.
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Figure 18 . Voltage gradient of one approach path,

measured from the point shown to a reference

ground for test number 3.
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Step potentials for Figure 18 are shown in Figure 19.

The maximum step potential that a dairy cow will encounter

will be at the point where one set of hooves are in contact

with the concrete and the other set of hooves are in contact

with bare earth. This maximum step potential voltage is 1.57

volts. To keep the step potentials below the point were a

cow's behavior may be altered, the voltage on the plane had to

be reduced to at least 3.0 volts. The step potential voltages

for an equipotential plane with 2.96 volts measured from the

plane to a reference ground are shown in Figure 20.
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Figure 19. Step potential that a cow will experience from

front to rear hooves for the voltage gradient

of Figure 18.

The isometric lines of Figure 21 clearly indicate the

location of the wire. The voltage on the earth's surface is
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increased directly over the buried wire because it is bonded

to the equipotential plane. Just as with a ground rod,-the

resistance of the shells of earth are affecting the surface

voltage levels. As the depth of the wire increases, the

overall resistance of the shells of earth decreases, which

results in a decreased surface voltage. Consequently, near

the equipotential plane the surface voltage is highest,

because there are only a few shells of earth above the wire.
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Figure 20. Step potential that.a cow“will experience from

one set of hooves to the other for one

approach path to the equipotential plane used

in test number 3, with 2.96 volts measured

from the plane to a reference ground.
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Voltage gradients surrounding the

equipotential plane in test number 3 , with

5.75 volts measured from the plane to a

reference ground, represented by isometric

lines.
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To illustrate this further, refer to Figure 22. This

figure represents a cross-section of surface voltages across

several different locations, leading up to an equipotential

plane which has 5.75 volts measured from reference ground to

plane. The lines 0 to 20 feet (0 to 6.1 m) represent the

distance from the equipotential plane. The cross-section

voltages represented by the 20 foot (6.1 m) line are the

voltages at the end of the wire. 'The line representing 0 feet

represents the voltages measured on the equipotential plane.

Column "S" shows the voltage where the wire is buried.

Compared to the other columns, the voltage on the surface of

the earth is slightly higher than in any other column, until

the equipotential plane is reached. This would be expected,

because the greater the distance from the wire to the earth's

surface, the higher the number of shells of earth. This

results in a decreasing resistance and decreasing surface

voltage.

A, cowr may take an alternate path. to approach the

equipotential plane, and come in contact with a lower step

potential voltage than when approaching the plane directly

over the wire. Figure 23 shows the step potentials for three

possible paths that a cow may take when approaching the plane.

Each path is represented by a column, "R", "S", and ”T" are

all one foot (0.3 m) away from each other; A cow using column

"8" or "R" for'her'approach will encounter slightly lower step

potentials than for column "T”.
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Figure 22. A. cross section of the voltage gradients

leading up to the equipotential plane used in

test number 3, with 5.75 volts measured from

the equipotential plane to a reference ground.
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Figure 23. Step potentials for three different approach

paths to the equipotential plane in test 3

with 5.75 volts measured from the plane to a

reference ground.
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4. TOSt NO. 4

The installation of a single copper wire in the earth did

not lower step potentials below 1.0 volt. Therefore, in test

4, the wire was extended ten feet (3 m) making its horizontal

length 30 feet (9.1 m). Two additional wires were also

installed in the earth. One of the wires was two feet (0.61

m) away from the first wire and ran parallel out into the

earth a distance of four feet (1.2 m). The wire then angled

away from the first wire so that the ends of the wires where

10 feet (3 m) apart. In addition, a short two foot (0.61 m)

piece of wire was added between the two longer’wires. Both of

the wires continued at the same slope as the first wire.

The results of test 3 indicated that a second wire could

be installed to obtain a transition area of greater width.

The second wire was installed so that their would be a minimal

drop in voltage along the surface of the earth between the

wires. Table 15 in the appendix shows that the voltage

between the wires was nearly the same as the voltage of the

earth over the wires.

A lower step potential was obtained at the edge of the

equipotential plane‘when four'ground.rods spaced one foot (0.3

m) apart were installed at the edge of the plane than when one

bare wire was connected to the plane. This can be seen by

comparing Figure 16 for the ground rods with Figure 19 for the

single copper wire. In order to decrease the step potential

at the edge of the plane, wires were spaced one foot (0.3 m)
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center-to-center. This effectively reduced the step potential

near the equipotential plane to less than 1 volt, as seen in

Figure 25.

Voltage gradients extending from the plane when 5.04

volts measured from the equipotential plane to reference

ground are shown in Figure 24. The voltage gradients are

reduced.by 5.9% at one foot (0.3 m), 17.5% at four feet (1.2),

28.2% at 10 feet (3 m), 29.2% at 15 feet (4.6 m), 30.6% at 20

feet (6 m) 33.7% at 25 feet (7.6 m), 44.1% at 30 feet (9.1 m),

59.5% at 35 feet (10.6 m) and 69.3% at 40 feet (12.2 m) away

from the equipotential plane. In this experiment, the percent

of change in voltage was not as sufficient as in previous

experiments. Therefore, the step potential voltages would be

lower than those of previous treatments because the voltage

gradients are being extended further from the equipotential

plane in the approach path than in any other treatment. The

step potentials for Figure 24 are shown in Figure 25.

When 5.04 volts was measured from the plane to reference

ground, the maximum step potential encountered is 0.85 volts.

This step potential voltage is below the design criteria of 1

volt and occurs when a cow has one set of hooves on the edge

of the concrete and the other set four feet away on the earth.

Under these conditions, the step potential voltage would not

alter the behavior of dairy cows.
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measured from the point shown to a reference

ground for test number 4.
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Figure 25. Step potential that a cow'will experience from

one set of hooves the other set for the

voltage gradient of Figure 24.
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c. Comparing Transition Techniques

Care must be taken when comparing the data from all the

transition techniques. It was not possible to obtain the same

voltage levels on the equipotential plane for all tests,

because moisture content of soil could not be held constant

from test to test. Table 1 compares the voltage measured on

the equipotential plane and the maximum step potential

obtained along the approach path for each test where 5 volts

was desired on ‘the equipotential plane. Table 1 also

indicates the voltage on the equipotential plane and the

maximum step potentials when the design criteria of 1 volt was

not exceeded.

Table 1. Comparison of the test voltage and step potentials

for the approach path when 5 volts measured from

the equipotential plane to reference ground was

desired as well as when step potentials did not

exceed design criteria.

  

Approximately 5 Volts

Measured on the

Equipotential Plane

Maximum Values for l

Tests Not Exceeding the i

1 Volt Design Criteria

to Reference Ground ,
 

 

 

 

 

Test ‘Voltage Max. Step Voltage iMax. Step

No. Potential Potential

1 5.38 2.46 1.80 0.80

2 5.29 1.20 3.58 0.84

3 5.75 1.57 2.95 0.52

4 5.04 0.85 5.04 0.85
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The proposed transition design that could be installed at

any approach path to an equipotential plane is shown in Figure

26 and should. prevent. most cows from. receiving a step

potential greater then 1 volt. In this figure, two additional

wires have been added to the transition area on the opposite

side of those in test number 4. Assuming that the transition

area is in homogeneous soil, voltage contours onfiboth sides of

the wire that extend straight outward from the plane should be

identical.

    

All wires are AWG No. 2

and are buried in the earth

at a slope of 1 ft.:lO ft.
3
0

f
t
.
M
i
n
i
m
u
m

10 ft.

Figure 26. Proposed transition design that could be

installed at every approach path to an

equipotential plane.
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D. Neutral Isolation

The key to the analysis of the isolated electrical system

was the determination of the resistances for the source ground

rod, Rs1 and R52, and of the isolated ground rod R,. Figure 27

is the equivalent circuit for the isolated and source

electrical systems with the animal circuit removed, thus I, is

equal to zero. The top of the source ground rod is point ”A"

and the top of the isolated ground rod is point "D". Figure

27 shows that the voltage E, is actually the voltage measured

across the isolated farm grounding electrode system and is the

voltage which would be experienced by a cow touching the

neutral of the isolated system and earth. Table 2 contains

the data for an isolated electrical system with the animal

portion of the circuit removed, as indicated by infinite

resistance for RA and no current flowing through the simulated

animal, Ir Data for Table 2 was collected when the source

ground rod resistance R5 was 19.6 ohms, the isolated ground

rod resistance-to-earth was 21.4 ohms, and they were placed at

a distance of six inches (15.2 cm) center-to-center. R, is

the sum of R" and RF1 as shown in Figure 10.

In the source portion of the circuit, the total current,

I flowing in the source circuit only flows through the
1'!

source ground rod resistance, R“. The isolated neutral

current, 1,, passes through the isolated farm grounding

electrode system resistance, R,, across which the voltage E,

was measured. Using equation number 1, the voltage E, can be
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calculated, R,,, by multiplying R, by I,. The earth does not

behave exactly as pure resistance in a circuit and exact

measurements are difficult to make in a "real-earth" circuit.

Therefore, some variability will occur between the calculated

value, Em, and the measured value of E,. Using the data from

Table 2, Table 3 indicates the calculated values for E, and

E
”3'

Table 2. Data for a ground rod of an isolated system spaced

6 inches (15.2 cm) from a ground rod of the source

system with the animal circuit removed. The ground

rod resistances was 19.6 ohms for Rs and 21.4 ohms

for R,.

   

 

 

IT 11 IA Es Ex .1 RF RA

(mA) (mA) (mA) (Volts) (Volts) (Volts) (Ohms) (Ohms

409 0.0 0.0 7.73 4.15 3.62 co no

413 1.3 0.0 7.80 4.15 3.66 2994 no

415 4.6 0.0 7.81 4.10 3.72 872 no

418 7.9 0.0 7.82 4.05 3.78 504 an

421 15.3 0.0 7.82 3.92 3.90 253 an

430 35.3 0.0 7.79 3.57 4.22 99.8 on

441 56.0 0.0 7.75 3.20 4.55 55.9 no

500 192.7 0.0 7.46 0.73 6.65 3.9 on

220 0.0 0.0 4.15 2.22 1.94 co on

106.1 0.0 0.0 2.00 1.07 0.93 co an

49.9 0.0 0.0 0.95 0.51 0.46 co on

It would seem logical that to determine the combined

resistance of Rs, and R,, R,,, would be equal to the voltage

across the two ground rods Es-r divided by the current flowing

on the isolated neutral 1,. The calculated values of R8,, are
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shown in Table 3. This value should remain constant because

Surbrook et al. (1986) as well as Gustafson and Cloud (1982)

have been able to model the electrical systems as linear

resistive circuits.

Neutral A

NEV

Source “31 Ir

 
 

 
  

 
 

f

1, 534

as at r c

R:

R

D D,E

Rs:

RF El

1

H G

Earth

Figure 27. The equivalent circuit for the isolated and

source electrical systems with the animal

circuit removed.

An examination of the calculated.values of R,, indicates

that they rapidly decrease as more current flows on the

isolated system, making the circuit seem non-linear. This

contradicts what Surbrook et al. (1986) and Gustafson and

Cloud (1982) found. Furthermore, the calculated value of R,,,

can not be greater than the sum of the measured values of Rs
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and R,, 41 ohms, because current flowing on the isolated

system, I,, flows through Rs1 not Rsz' Therefore, Rs, had to be

determined when the isolated neutral was open.

The values of source ground rod resistance R,, and Rs2 was

determined from the measured resistance of the ground rod to

earth if the isolated electrical system current I, is zero.

Thus, 1, passes through both Rs, and R82. If the isolated

electrical system neutral is opened to prevent current flow,

such as at points "D" or "E", the voltage E, is now the

voltage across R32, and E,., is the voltage across R3,. The

voltage from the source electrical system to earth, Es, can be

calculated from the data by adding EM and E,. The calculated

value of voltage from the source neutral to reference ground,

33c! is compared with the measured value of E8 in Table 3.

The values for source ground rod resistances RS, and Rs:

are determined from the measured value of source ground rod

resistance, Rs, Es-r and E,. Open neutral on an isolated system

is represented in Table 2 by infinite values of resistance for

R,. Equations 2 and 3 can be used to determine values of R,,

and Rs2 respectively. The calculated values of Rs, and R32 for

the data of Table 2 are shown in Table 3.

E-

Rs1=Rsx s: Eq.2

E

 

1232-:ng Eq.3
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An equation can be derived from Figure 27 to determine

the value of isolated ground rod resistance, R,, for all cases

including the case of the isolated system open neutral.

Equation 4 is derived from Figure 27 for determining the

source system to earth voltage.

E5 = (I, x R,,) + (I, x R,) + E, Eq. 4

Solving the equation for the isolated ground rod

resistance provides a method for calculating the resistance of

the isolated ground rod in the equivalent circuit. The value

calculated.must be less than the measured resistance-to-earth

of the isolated ground rod. Equation 5 is used to determine

the isolated ground rod resistance in the equivalent circuit.

E:s " 31"(11 x R51)

It

 

Eq. 5

Table 3 shows the calculated values of R5,, R32, E,c and Esc

for the data in Table 2, where the isolated neutral was opened

and Rs,“ R,,, and Es, are shown for the data in Table 2, when the

isolated neutral was closed. Measured values of voltages in

Table 3 were not significantly different from the calculated

voltages, and Rs, and Rs2 remained consistent, indicating that

the circuit was being properly analyzed.
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Table 3. Values of E and RM are calculated
. E . Rs . Rsz

from the data its:c Tab1e 2 and are shown with the

measured values of E, and Es.

        

  

 

 

EIC BI 1is R51 R54

(Volts) (Volts) (Volts) (Volts) (Ohms) (Ohms) (Ohms)

4.09 4.15 7.77 7.73 8.85 10.15 -

3.89 4.15 7.81 7.80 - - 2815

4.01 4.10 7.82 7.81 -- - 808.7

3.98 4.05 7.83 7.82 -- -- 478.5

3.87 3.92 7.82 7.82 -- -- 254.9

3.52 3.57 7.79 7.79 -- -- I 19.5

3.13 3.20 7.75 7.75 - -- 81.3

0.73 .073 7.38 7.46 -- -- 34.5

2.19 2.22 4.16 4.15 8.84 10.11 ~-

11” 1.07 2.“) 2.“) 8.79 10.11 --

0.51 0.51 0.97 0.95 9.15 10.15 -
 

Data collected when the animal circuit was installed in

the isolated system circuit is shown in Table 4. The

equivalent circuit of an animal making contact with the

neutral of the isolated system is shown in Figure 28. This

is the same circuit as Figure 27 with the addition of the

animal path from point "D", "E" to point "F" through the

simulated cow resistance R . The resistance R,, consists of a

resistor, R“, in series with a ground rod. The current

flowing through the simulated cow is 1,. The values of

resistance used to simulate the resistance of a cow are not

intended to imply actual animal resistances. The purpose is

to provide data for resistance values which will encompass a

wide range of actual cow resistances.
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For the purpose of this analysis and based upon research

literature, it will be assumed that it is not likely that a

typical animal circuit path.would.be found to be less than 274

ohms. Norell et al. (1983) found that the least resistance

pathway for a dairy cow was from mouth to all hooves. The

lowest resistance measured for this pathway was 244 ohms.

However, the cow was standing on a metal grid which can not

account for the hoof to surface contact resistance. Gustafson

(1983) and Soderholm (1982) suggested a 300 ohm resistor be

used to represent the mouth to all four hooves resistive

pathway for a dairy cow. Therefore, the simulated cow

resistance of 274 ohms is certainly les than a cow's body

resistance, including hoof to surface contact resistance.

Examining current flowing through the simulated cow, 1‘,

in Table 4, only'when the voltage on the source ground rod was

7.48 volts did the animal current exceed two milliamperes,

which is the current level that.has been found.by Gustafson et

al. (1986) that could alter the behavior of some dairy cows

some of the time. With 3.92 volts on the source ground rod,

the animal circuit current was only 1.43 milliamperes.



Table 4.
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Data for a ground rod of an isolated system spaced

6 inches (15.2 cm) from a ground rod of the source

system. The ground rod resistances were 19.6 ohms

for Rs and 21.4 ohms for R1.

IA Es El 53-] RF RA

(mA) (V0118) (Volts) (Volts) (Ohms) (Ohms)

0.25 7.46 0.73 6.71 3.9 3015

0.86 7.47 0.73 6.72 3.9 893

1.45 7.45 0.73 6.70 3.9 525

2.77 7.48 0.73 6.74 3.9 274

6.“) 7.47 0.71 6.74 3.9 120.7

915 7.47 0.70 6.76 3.9 74.8

0.13 3.94 0.38 3.54 3.9 3015

0.43 3.90 0.37 3.51 3.9 893

0.74 3.89 0.37 3.51 3.9 525

1.43 3.92 0.38 3.54 3.9 274

3.09 3.91 0.37 3.53 3.9 120.7

4.64 3.90 0.36 3.53 3.9 74.8

0.07 1.88 0.20 1.68 3.9 3015

0 22 1.88 0.20 1.68 3.9 893

1.88 0.20 1.67 3.9 525

1.88 0.21 1.67 3.9 274

1.66 1.88 0.20 1.67 3.9

2.44 1.87 0.19 1.67 3.9

0.03 0.93 0.09 0.83 3.9

0.92 0.09 0.84 3.9

0.93 0.09 0.84 3.9

0.34 0.93 0.09 0.84 3.9

0.93 0.09 0.84 3.9

0.93 0.09 0.84 3.9
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Figure 28. The equivalent circuit of an animal making

contact with the neutral of the isolated

system.

Using the data from Table 4 when the simulated animal was

removed from the circuit, Table 5 indicates the calculated

values of R,, E": and E“ are shown for the case where the

simulated cow was added to the circuit as show in Figure 28.

The values were calculated to determine if the circuit was

being properly analyzed. The calculated values of E": and Es:

were not significantly different from the measured values. As

would be expected in a linear circuit, current flow on the

isolated system did not significantly alter the resistance of

the isolated ground rod.
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Table 5. Values of E:l , E“, and RI are calculated from the

data in Tabie 4 and are shown with the measured

values of E:‘ and Es‘

 

 

 
 

I EIC El l'3sc Es RI

(Volts) (Volts) (Volts) (Volts) (Ohms)

0.73 0.73 7.44 7.46 11.78

0.74 0.73 7.45 7.47 11.75

0.74 0.73 7.43 7.45 11.74

0.74 0.73 7.47 7.48 11.65

0.74 0.71 7.45 7.47 11.50

0.75 0.70 7.46 7.47 l 1.49

0.39 0.38 3.92 3.94 11.79

0.39 0.37 3.88 3.90 11.59

0.39 0.37 3.88 3.89 11.58

0.39 3.38 3.92 3.92 11.66

0.39 0.37 3.9) 3.91 11.45

0.39 0.36 3.89 3.” 11.54

0.18 0.20 1.88 1.88 12.11

0.18 0.20 1.88 1.88 12.19

0.18 0.20 1.87 1.88 12.32

0.18 0.21 1.88 1.88 12.47

0.18 0.20 1.87 1.88 12.38

0.18 0.19 1.86 1.87 12.10

0.09 0.09 0.92 0.93 12.02

0.09 0.09 0.93 0.92 11.75

0.09 0.09 0.93 0.93 11.85

0.09 0.09 0.93 0.93 11.92

0.09 0.09 0.93 0.93 11.92

0.09 0.09 0.93 0.93 11.88
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Some may feel that the simulated resistive values for a

cow may not be representative of an actual cow. Any value of

animal resistance can be used, if the isolated and source

electrical system circuit can be represented by a Thevenin

Equivalent circuit consisting of an open circuit voltage in

series with a source resistance. Figure 29 is the equivalent

circuit as observed from the location of the animal making

contact with the isolated system neutral and standing on the

earth or a floor. The Thevenin Equivalent circuit was shown

in Figure 30. The open circuit voltage will be the actual

neutral-to-earth voltage measured with a high impedance

voltmeter such as a digital voltmeter. The equivalent circuit

resistance, RR! is determined from the known resistances of

Figure 29 by shorting across the voltage source and

determining the total circuit resistance as seen from the

animal contact points. For the data of Table 4, the source

resistance, R,, is 3.2 ohms. The animal current can be

determined from the circuit of Figure 30 for any desired

animal resistance by using equation 6.

 

I‘== Eq. 6
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Figure 29. The equivalent circuit as observed from the

location of the animal making contact with the

isolated system neutral and standing on the

earth or floor.

THEVENIN EQUIVALENT

CIRCUIT

Neutral

Open Circuit

Voltage, E,

Resistance. FtA Source

Resistance, Ft,

%

Earth

Figure 30. The Thevenin Equivalent circuit for Figure 29.
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It is important to keep in mind that this value of

Thevenin equivalent circuit source resistance, R,, is only

valid for the data of Table 2. The procedure described in

this discussion can be used on a farm to determine the value

of the Thevenin equivalent circuit source resistance.

When there is neutral-to-earth voltage at a ground rod,

a voltage gradient will radiate out from the ground rod in all

directions. Figure 31 shows the voltage gradient data for a

ground rod with a resistance-to-earth less than 25 ohms and

for a ground rod with a resistance-to-earth greater than 100

ohms. If an isolated ground rod is placed into the earth near

a ground rod with such a gradient, the isolated ground rod

will have the same voltage as the point on the gradient where

it is placed provided the isolated circuit current does not

flow through the isolated ground rod. When the voltage E: is

measured with an open neutral as shown in Figure 27 with the

values in Table 2, E5 is actually the voltage at the point on

the gradient. When solving equation number 4 for the source

of neutral-to-earth voltage, Eh represents the open isolated

circuit case where the isolated neutral current is zero.

After solving for E, in equation 4, it is possible to

determine the isolated ground rod to earth voltage for the

open isolated neutral case using equation 7.

E:I = Es - (1:1 x RS1) Eq. 7
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Figure 31. The voltage gradient data for a ground rod

with a resistance-to-earth less than 25 ohms

and for a ground rod with a resistance-to-

earth greater than 100 ohms.

When there is current flow on the isolated neutral, the

neutral-to-earth voltage of the farm neutral is represented by

the previous equation for E3 rearranged to solve for E,.

E, - E, — (I, x a") - (Il x R,) Eq. 8

Compare the previous two equations for isolated neutral

to earth voltage F:l . Note that when there is neutral current

flow in the isolated system, a voltage is created which

subtracts from the gradient voltage. This can be observed in



80

the data from each of the tests. The open circuit condition

for the data in Table 4 is shown in TabLe 2. Compare the

values of E, when there is current flow on the isolated system

neutral to when there is no current flow on the isolated

neutral. For all cases, the voltage E, is lower when there is

current flow on the isolated system neutral than when there is

no current flow on the isolated neutral.

As seen in equation 8, current flow on the isolated

system neutral caused by the voltage gradient decreases the

neutral-to-earth voltage on the isolated system neutral. The

reduction of neutral-to-earth voltage becomes greater when the

isolated ground rod resistance is high compared with the

isolated farm grounding system resistance. This effect is

observed by the data in Table 6. This data reflects the case

‘where the source and isolated ground rods were only six inches

(15.2 cm) apart but the resistance-to-earth of the source

ground rod was 118 ohms and the isolated ground rod was 136

ohms. For this test, a cow wiuh a resistance of 274 ohms

contacting the neutral on the isolated system would only have

0.43 milliamperes flowing through her body with 9.33 volts

neutral-to-earth voltage on the source system. The higher the

resistance of the isolated ground rod, R5, in comparison to

the rest of the isolated farm grounding electrode system, R,,

the greater the reduction of current flowing through the

animal.

Data shown in Table 7 is similar to the test data in

Table 4. The ground rods were spaced six inches (15.2 cm)
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apart, the resistance-to-earth of the source ground rod was

20.6 ohms and the isolated ground rod was 14.7 ohms. Even

when the ground rod resistance was lower than for the data

shown in Table 4, the current levels through an animal are

similar.

Table 6. Data collected from an isolated system where the

source and isolated ground rods were only six

inches (15.2 cm) apart. The resistance—to-earth of

the source ground rod was 118 ohms and the isolated

ground rod was 136 ohms.

11 IA Es El - F A 7

(mA) (mA) (Volts) (VOItS) (VOItS) (Ohms) (Ohms) ;

22.7 0.22 9.27 0.14 3.9 525

22.9 0.43 9.33 0.14 3.9 274

23.1 0.95 9.39 0.13 3.9 120.7

23.1 1.43 9.39 0.13 3.9 74.8

12.3 0.12 5.01 0.07 3.9 525

12.3 0.22 5.01 0.07 3.9 274

12.3 0.50 4.99 0.07 3.9 120.7

12.3 0.76 4.99 0.07 3.9 74.8

6.10 0.07 2.48 0.04 3.9 525

6.10 0.14 2.48 0.04 3.9 274

6.10 0.30 2.48 0.04 3.9 120.7

6.10 0.45 2.48 0.04 3.9 74.8

2.90 0.03 1.21 0.02 3.9 525

290 0.06 1.20 0.02 3.9 274

2.90 0.13 120 0.02 3.9

3.00 0.23 1.25 0.02 f 3.9 
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Table 7. Data collected from an isolated system where the

source and isolated ground rods were only six

inches (15.2 cm) apart. The resistance-to-earth of

the source ground rod was 20. 6 ohms and the

isolated ground rod was 14.7 ohms.

A El .1 RF RA

(mA) (Volts) (Volts) (Volts) (Ohms) (Ohms)

1.59 7.72 0.87 3.9 525

3.02 7.79 0.88 3.9 274

6.65 7.80 0.87 3.9 120.7

10.07 7.83 0.87 3.9 74.8

0.80 4.16 0.55 3.9 525

1.53 4.14 0.55 3.9 274

3.29 4.12 0.54 3.9 120.7

4.95 4.12 0.54 3.9 74.8

0.38 2.01 0.27 3.9 525

0.73 2.01 0.27 3.9 274

1.61 2.01 0.27 3.9 120.7

2.43 2.00 0.26 3.9 74.8

0.20 1.03 3.9 525

0.38 1.02 3.9 274

0.84 1.03 3.9 120.7

1.20 0.99 3.9 f 74.8 
The test data shown in Table 8 is for the case where the

ground rods were spaced six feet (1.8 m) apart, the

resistance-to-earth of the source ground rod was 20.6 ohms and

the isolated ground rod was 23.9 ohms. In this case with 8.36

volts measured on the source system, a 274 ohm cow circuit

would only have 0.91 milliamperes flowing through her body

when she would come in contact with the neutral or something

bonded to the neutral and "true earth" . Comparing the current

flowing through the simulated cow for this test to tests where
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the ground rods were spaced only 6 inches (15.2 cm) apart, it

becomes apparent that the requirement of source to isolated

ground rod spacing' of 6 feet (1.8 m) by' the ‘ngtigngl

Elggtxiga1_§§fig§y_gggg is a conservative requirement. This

research shows that adequate isolation can be maintained under

most cases when the 6 foot (1.2 m) spacing is not achieved.

Soderholm (1982) stated that proper spacing must be maintained

to accomplish isolation. Data presented in Tables 4, 6, and

7, ground rods were only spaced 6 inches (15.2 cm) apart,

contradicts Soderholm' s (1982) statement. Given the grounding

electrodes' resistance-to-earth, Tables 4, 6 and 7 show that

a 274 ohm cow circuit can come in contact with the neutral of

an isolated neutral and ”true earth" would not have more than

2 milliamperes flowing through her body when the neutral-to-

earth voltage on the source system was at or below 3.92, 9.33,

and 4.14 volts respectively.



Table 8.
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Data collected from an isolated system where the

source and isolated ground rods were six feet (1.8

m) apart. The resistance-to-earth of the source

ground rod was 20.6 ohms and the isolated ground

rod was 23.9 ohms.

I1 1A Es El 1 RF RA

(111A) (mA) (Volts) (Volts) (Volts) (Ohms) (Ohms)

55.6 0.47 8.36 0.30 3.9 525

55.6 0.91 8.36 0.30 3.9 274

55.8 2.01 8.35 0.29 3.9 120.7

56.0 3.“) 8.33 0.29 3.9 74.8

29.4 0.25 4.42 0.16 3.9 525

29.2 0.47 4.40 0.16 3.9 274

29.3 1.06 4 40 0.15 3.9 120.7

29.3 1.60 4.39 0.15 3.9 74.8

2.15 0.08 3.9 525

0.23 2.14 0.08 3.9 274

0 48 2.10 0.07 3.9

2.09 0.07 3.9

0.05 1.06 0.08 3.9

1.06 0.08 3.9

0.23 1.06 0.08 3.9

0.36 115 013 3.9



VI . 001161.08IONS

Neutral-to-earth voltage is a difference of potential

between a grounded piece of equipment and true earth. The

presence of this neutral-to-earth voltage in animal contact

areas in dairy facilities has been implicated as causing

changes in behavior of dairy cows. Though there are many

different sources of neutral-to-earth voltage, there are

mitigating techniques that can be used to reduce the effects

on animals.

The conclusions which can be drawn from this study of

modifications to a grounding system are as follows:

1. Exceeding 2.0 volts, neutral-to-earth, on an

equipotential plane without some form of transition area

modification will expose a dairy cow to a step potential

which may alter behavior of some cows some of the time.

2. Exceeding 3.5 volts, neutral-to-earth, will permit a

dairy cow to experience a step potential which exceeds

the lower step potential threshold limit when a

transition area consists of eight foot ( 2.4 m) ground

rods driven at a 45 degree angle extending out away from

the equipotential plane.

85



86

Dairy cows will not experience a step potential above the

lower threshold limit with up to 5.0 volts on an

equipotential plane when a transition area consists of

AWG number 2 copper wire placed in the earth at

increasing in depths at a slope of one unit of depth to

ten units of distance away from the equipotential plane

up to a distance of 30 feet installed as specified in

Figure 26.

The equivalent circuit for a neutral-to-earth source

electrical system and an isolated farm electrical system

utilizing the earth as an isolation medium between a

ground rod of each system can be approximated by a the

linear resistive circuit of Figure 28.

Neutral-to-earth voltage of an isolated electrical system

isolated from a neutral-to-earth source electrical system

by a ground rod of each system separated by earth can be

determined by using equation 8.

Current flow through the isolated electrical system's

ground rod and neutral creates a voltage which is

subtractive from the gradient voltage created by a

neutral-to-earth source voltage electrical system at the

point where the isolated ground rod is installed, and

this subtractive voltage is of the magnitude of R, times

I, of equation 8.



87

Separation of six feet (1.8 m) between grounding

electrodes of an isolated system from a neutral-to-earth

voltage source system will provide adequate separation

to prevent a dairy cow"making contact with the isolated

system neutral from experiencing a current flow that

could elicit a behavioral response.

An animal circuit of 274 ohms from isolated electrical

system neutral to earth will not have a current flow

greater than 2.0 milliamperes with up to 5.0 volts

neutral-to-earth on a source electrical system where a

ground rod of the isolated and source electrical system

are separated by a distance of six inches (15.2 cm).



VII. SUGGESTIONS FOR FUTURE STUDY

This work is a fundamental study which explains some of

the effects that grounding has on the level of neutral-to-

earth voltages in cow contact areas. It can be used as a

starting point for more in depth theoretical and practical

research in this area.

It is suggested.that future studies on this topic include

determining the resistance between a cow's hooves and the

surface she is standing on. Also it is suggest that future

studies include evaluating equipotential designs and isolated

grounding systems effectiveness with different soil types and

soil parameters, such as moisture content and temperature.
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APPENDIX

Voltage Gradient Data

For the analysis of voltage gradients surrounding

equipotential planes, the data was collected in blocks. While

these blocks were of different sizes from test to test, they

were consistent in the sense that the blocks were established

from reference points that remained constant for all tests.

Data was recorded in rows and columns, see Figure 32. The

columns ran North to South, and the rows East to West. The

approach path for the equipotential plane was Column "8".

The tests of equipotential plane transitions were as

follows:

Test 1: No transition modifications (Figure 3).

Test 2: Ground rods driven at a 45 degree angle

extending out away from the plane (Figure 6).

Test 3: Single wire extending from the equipotential

plane (Figure 7).

Test 4: multiple wires extending from the

equipotential plane (Figure 8).
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Table 9. Surface to reference ground voltage measurements

for test 1 when 5.38 volts was measured from the

equipotential plane to a reference ground.

 

  

olPFolmJTLU lvlwlxIYIzLM

3.40 3.67 336 3.71 333 3.00 270 243 2.21 209 1.99 1.91

5.04 5.14 530 533 550 5.12 4.41 3.01 271 236 213 202 1.90

550 533 5.36 5.40 5.26 532 435 3.13 235 252 222 203 1.90

534 532 533 533 533 531 4.76 3.12 235 256 231 203 1.91

525 5.32 552 5.12 554 533 4.65 3.09 236 261 2.33 210 1.91

525 533 5.30 5.14 5.11 5.22 4.66 3.13 233 253 233 . 211 1.91

4.35 453 4.41 4.53 3.69 3.94 3.90 3.36 237 254 229 203 1.90

3.73 331 335 339 3.25 353 3.40 3.09 274 244 222 205 133

3.40 3.40 335 335 294 3.14 297 276 250 231 215 200 135

3.16 3.12 3.06 3.01 264 232 270 235 234 221 207 1.93 1.79

236 232 279 273 240 256 246 230 213 209 1.93 133 1.74

267 264 255 250 226 237 223 217 203 1.93 139 131 1.69

244 241 236 233 211 220 211 201 1.92 137 130 1.73 1.63

2.23 224 220 216 200 206 1.97 1.91 133 1.79 1.73 1.67 156

214 211 206 202 137 1.94 133 1.79 1.75 1.72 1.66 1.61 152

200 1.94 1.93 1.90 1.77 133 1.77 1.73 1.63 1.64 1.60 153 1.46

139 1.36 133 130 1.67 1.73 1.68 1.64 1.60 157 153 1.43 1.41

1.75 1.75 1.74 1.70 153 1.63 1.60 156 153 151 1.46 1.42 1.36

1.66 1.65 152 1.60 151 155 151 1.43 1.45 1.42 1.33 155 130

159 1.57 155 153 1.45 1.43 1.46 1.44 1.40 157 133 130 1.24

153 1.51 1.49 1.43 1.41 1.44 1.41 139 135 1.31 1.27 124 1.20

1.47 1.46 1.43 1.42 135 133 135 133 129 125 121 1.20 1.17

1.41 1.40 153 157 1.31 132 130 127 1.24 1.21 1.13 1.16 1.13
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Table 10. Surface to reference ground voltage measurements

for test 1 when 1.80 volts was measured from the

equipotential plane to a reference ground.

 

 
 

olrlofllslrlulvlwlxlylzlm

1.36 1.36 1.36 155 1.42 123 1.07 1.03 034 0.77 0.73 0.69 0.66

1.69 1.72 1.77 1.73 1.77 1.75 1.43 0.94 0.93 032 0.75 0.71 0.66

1.79 1.79 1.30 130 1.79 1.79 1.61 1.07 0.93 035 0.77 0.73 0.66

130 1.73 1.79 1.79 130 1.30 159 1.07 1.00 037 0.30 0.72 0.65

1.79 1.73 1.79 1.79 130 1.30 152 1.06 1.00 0.39 0.31 0.74 0.66

1.79 1.79 1.73 1.73 1.79 1.73 155 1.06 099 0.90 031 0.73 0.65

1.46 1.45 1.49 153 139 154 154 1.06 1.01 037 0.30 0.72 0.66

1.23 150 150 131 127 1.20 1.15 1.17 0.92 0.34 0.77 0.71 0.63

1.17 1.16 1.15 1.13 1.10 1.06 1.01 1.06 036 030 0.74 0.69 0.63

1.07 1.05 1.05 1.02 099 0.96 092 093 030 0.76 0.72 0.66 0.61

0.97 095 094 0.92 039 037 033 035 0.75 0.72 0.63 0.65 0.60

031 0.77 0.79 0.70 0.63 0.65 0.65 053

033 031 030 0.73 0.77 0.75 0.72 0.73 0.66 0.64 0.61 0.60 054

0.73 0.76 075 0.74 0.72 0.71 0.63 0.69 0.60 062 0.60 0.57 054

0.73 0.72 063 0.63 0.67 0.65 0.62 0.65 057 059 053 0.55 0.52

0.63 0.67 066 0.65 0.64 0.63 0.61 0.62 055 056 055 053 050

0.65 0.64 063 061 0.60 059 057 059 052 054 053 051 0.43

059 059 053 057 056 054 054 056 050 050 050 0.43 0.46

056 055 054 053 052 051 051 053 0.43 0.49 0.43 0.46 0.44

054 053 052 051 050 050 049 051 046 047 0.46 0.44 0.42

051 050 050 0.49 0.49 0.43 047 0.49 0.44 045 0.44 0.42 0.41

0.49 0.49 047 047 047 0.46 045 045 042 043 0.42 0.41 0.40

0.43 0.47 0.47 046 0.45 0.41 0.40 0.43 0.42 0.41 0.41 0.40 0.33
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Table. 11. Surface to reference ground voltage measurements

for test 2 when 5.29 volts was measured from the

equipotential plane to a reference ground.

 

  

olrlolwlleUlvlwlleerAA

337 353 3.74 3.61 339 260 243 231 223 215

5.12 5.17 520 5.19 502 4.15 3.00 273 255 233 221 212

5.14 524 5.27 5.24 5.13 456 3.23 293 269 243 232 216

525 526 5.23 5.24 5.20 4.47 3.43 3.05 276 255 235 220

526 5.26 5.29 5.24 523 4.43 351 3.17 235 260 243 224

524 5.24 529 5.24 5.16 453 3.66 335 297 269 243 223

4.71 4.86 5.15 5.16 5.14 5.05 3.96 3.47 3.06 279 254 235

4.43 4.66 432 4.35 435 4.55 3.96 3.43 3.06 233 254 237

4.25 432 451 454 450 431 331 333 3.02 277 255 239

4.00 4.04 4.16 422 4.16 3.99 3.61 326 299 279 253 237

3.75 3.79 3.95 3.95 332 3.63 3.42 3.10 233 266 247 231

354 356 359 3.65 353 339 3.19 297 274 260 240 227

326 3.04 337 335 324 3.15 295 276 261 243 232 213

293 273 3.10 3.03 296 235 275 260 243 233 223 211

275 250 232 279 270 263 255 246 235 226 211 205

254 232 246 253 247 244 239 230 223 213 204 1.96

233 216 230 226 227 224 221 213 210 202 1.93 1.37

219 204 212 . 214 213 215 210 206 1.99 1.92 135 131

206 1.94 201 201 200 200 1.97 1.93 137 130 1.75 1.71

1.96 137 1.93 1.93 1.91 1.90 133 135 1.79 1.74 1.67 1.64

137 130 135 134 132 130 1.73 1.74 1.63 1.64 1.60 156

130 1.75 130 1.73 1.75 1.72 1.74 1.60 1.61 153 153 150

1.73 1.74 1.74 1.73 1.70 1.67 1.63 1.60 154 151 1.43 1.44 k
i
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Table 12. Surface to reference ground voltage measurements

for test 2 when 3.58 volts was measured from the

equipotential plane to a reference ground.

 

  

olPLolLIsl'rIulvlwlexle/m

260 2.50 245 232 234 1.39 1.77 1.66 1.59 153 1.43 1.44

3.46 351 353 353 3.41 277 202 1.86 1.74 1.65 152 1.46

350 356 353 355 351 3.19 219 1.99 1.32 1.70 159 1.43

355 356 353 355 354 3.14 332 209 133 1.72 1.61 152

355 356 353 355 355 3.13 239 216 1.95 1.76 1.67 155

356 355 357 355 350 3.10 247 227 206 135 1.71 156

321 3.29 350 351 351 335 266 236 212 1.90 1.73 1.61

3.04 3.13 329 323 3.27 3.09 269 234 209 1.90 1.75 1.63

290 296 3.04 3.11 3.06 291 260 230 209 1.90 1.73 1.64

269 277 233 233 232 271 247 219 206 133 1.73 1.62

255 259 266 269 260 251 232 210 1.96 131 1.69 159

243 243 247 241 231 219 1.99 139 1.73 1.66 156

221 226 223 227 222 214 200 1.33 1.79 1.69 157 1.49

204 207 212 207 202 1.94 1.86 1.77 1.70 1.63 152 1.44

137 139 1.91 1.37 136 130 1.72 1.63 1.62 154 1.45 1.40

1.72 1.70 1.71 1.69 1.63 1.64 1.63 153 153 1.45 1.40 135

153 157 156 154 155 152 150 1.43 1.44 137 133 1.29

1.43 1.47 1.45 1.44 1.46 1.45 1.42 1.40 135 130 126 123

1.40 139 137 136 137 136 133 131 127 123 1.19 1.17

134 131 131 131 130 129 123 125 1.22 1.19 1.15 1.13

127 126 126 125 124 122 120 1.13 1.15 1.12 1.09 1.07

121 122 122 121 120 1.13 1.15 1.13 1.10 1.07 1.05 1.00

1.17 1.13 1.13 1.13 1.16 1.14 1.11 1.09 1.05 1.03 1.01 0.99
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Table 13 . Surface to reference ground voltage measurements

for test 3 when 5.75 volts was measured from the

equipotential plane to a reference ground.

 

  

olplolalslrlu lvlwlxlylzlm

437 4.24 4.19 4.12 3.96 3.45 295 265 246 235 224 214

5.23 5.22 5.65 5.71 5.70 5.65 4.45 326 295 262 246 223 215

5.66 5.61 5.70 5.73 5.70 5.69 4.75 3.43 3.13 277 256 236 219

5.72 5.69 5.70 5.75 5.73 5.70 430 3.43 3.19 236 262 240 221

5.70 5.72 5.73 5.77 5.73 5.71 5.05 3.46 3.19 294 265 244 225

5.71 5.72 5.63 5.72 5.63 557 4.77 352 324 294 263 246 223

4.75 431 4.32 5.21 5.15 4.43 435 3.69 327 292 274 243 227

4.43 4.42 433 457 4.77 420 3.93 350 3.13 237 267 244 220

4.09 4.14 4.13 432 437 3.91 3.64 333 3.05 230 262 243 229

333 339 3.94 4.09 4.10 3.72 3.44 3.17 293 275 243 239 225

352 3.67 3.77 3.94 4.02 3.62 323 3.07 236 267 254 239 222

3.43 355 3.61 330 3.37 3.52 322 296 275 260 243 230 221

323 336 3.45 3.63 3.63 339 3.14 231 266 254 243 223 215

3.12 321 332 351 353 324 3.01 274 253 249 239 224 214

3.00 3.09 3.13 333 3.47 3.13 292 270 256 244 235 221 209

236 296 3.03 3.27 336 3.07 235 263 243 237 229 216 203

279 237 297 322 330 3.05 231 262 245 234 224 211 200

272 277 237 3.09 3.20 292 277 2.60 243 231 213 207 1.96

251 267 234 3.07 3.13 290 272 255 236 225 213 202 1.91

250 266 273 299 304 239 263 249 231 213 206 1.97 1.86

243 257 275 292 293 235 262 246 225 211 202 1.91 133

239 251 270 231 294 230 257 237 221 204 1.93 139 1.73

234 245 261 273 293 271 253 231 211 1.91 1.91 135 1.75

221 233 257 273 233 264 243 223 205 1.91 137 133 1.69

211 231 247 266 263 243 230 212 1.99 1.33 132 1.76 1.63

201 213 231 245 245 233 213 203 133 131 1.75 1.65 155

1.92 200 209 221 227 214 1.99 1.33 1.79 1.71 1.67 159 150

1.30 1.91 1.93 202 201 1.94 139 1.73 1.71 1.65 1.60 152 1.44

1.67 1.73 1.77 1.31 131 1.73 1.74 1.69 1.62 159 1.55 1.47 133

157 1.60 1.63 1.69 1.63 1.66 1.65 1.60 156 152 1.47 1.40 133

1.52 153 155 157 1.60 153 156 153 1.49 1.45 1.40 136 130

1.44 1.45 1.46 1.47 1.49 1.43 1.47 1.45 1.42 1.39 135 130 1.25

1.33 1.39 139 133 1.41 1.41 1.41 133 1.34 131 1.23 125 121

132 132 131 1.32 133 133 1.33 131 123 125 1.22 120 1.17

126 126 126 126 125 125 124 123 121 1.19 1.13 1.15 1.14
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Table 14 . Surface to reference ground voltage measurements

for test 3 when 2.95 volts was measured from the

equipotential plane to a reference ground.

 

 
 

 
 

  

BQWOlPlQJMITlUlVLfi/IXIYFZIM

1 19 242 229 239 239 209 1.97 134 155 1.41 133 124 1.13 1.13

J n 277 294 296 295 295 295 250 1.71 153 137 1.30 1.19 1.13

. 12 296 297 293 3.00 293 293 264 1.79 159 1.45 131 124 1.15

. 1; 296 297 293 297 297 293 263 131 166 1.50 136 1.26 1.14

, M 297 295 295 297 297 296 250 130 165 152 139 126 1.13

. 1: 296 296 294 296 296 233 269 1.33 1.65 150 139 127 1.13

lg 247 247 250 270 263 233 226 1.96 169 153 1.40 130 1.19

, 11 230 230 237 253 253 203 131 1.63 1.49 139 129 1.29 1.19

m 213 215 215 225 230 205 1.91 1.74 159 1.45 137 127 1.19

1 12 202 203 207 213 215 1.97 1.30 1.65 1.52 1.45 1.33 125 1.17

m 133 1.93 1.96 204 203 134 1.72 159 1.47 133 132 124 1.13

, z; 1.31 131 135 1.97 200 132 165 153 1.43 135 130 1.19 1.13

z; 1.71 1.74 1.73 1.33 1.95 1.75 1.60 1.45 137 130 1.13 1.17 1.11

, z; 1.62 162 1.71 179 1.33 163 152 1.42 1.33 1.23 121 1.13 1.09

24 153 153 1.62 1 75 1.76 1.62 1.52 137 132 126 212 1.14 1.07

z; 1.47 152 153 1.66 1.70 156 1.46 135 127 121 1.16 1.10 1.04

zg 1.42 1.47 152 163 1.63 1.55 1.44 1.34 126 1.19 1.14 1.07 1.02

, 21 137 1.42 1.47 1.60 164 1.49 140 130 1.22 1.17 1.10 1.06 0.99

a 1.29 136 1.45 1.53 1.57 1.46 137 123 122 1.15 1.03 1.02 0.97

p 22 1.27 134 1.41 1.50 153 1.45 134 126 1.13 1.11 1 06 0.93 0.94

19 124 129 139 1 47 1.49 1.43 1.34 125 1.14 1.07 1.01 0.96 091

. 31 1.20 127 1.35 1.45 143 139 131 121 1.09 1.01 097 096 090

. 3; 01.15 124 129 1.42 1.46 137 1.27 1.17 1.03 093 096 094 039

, 3; 112 120 1.23 1.39 1.43 133 121 1.14 1.03 097 094 093 036

a 1.06 214 122 1.34 135 126 1.16 1.07 1.00 096 093 037 033

. 35 1.00 109 1.16 1.25 1.27 1.17 1.09 1.02 096 091 0.39 034 0.30

a 096 1.01 1.03 1.13 1.13 1.03 1.01 096 091 037 035 0.31 076

p 31 091 097 1.02 1.03 1.03 093 095 090 037 034 079 077 073

a 034 037 091 093 093 092 090 035 033 031 073 075 071

. 32 030 032 033 034 034 034 033 0.31 073 076 074 070 067

g 076 077 079 079 0.30 073 079 077 075 072 071 066 065

4; 072 073 074 075 076 075 074 071 071 069 063 066 063

g 069 070 069 070 070 070 070 069 063 066 064 063 061

4; 067 066 066 066 066 067 067 066 064 063 062 061 059

44 063 063 063 063 063 063 063 062 061 060 059 053 053   
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Table 15. Surface to reference ground voltage measurements

for test 5 when 5.04 volts was measured from the

equipotential plane to a reference ground.

 

 
 

oIPlolmrrlulvlwleYIzlAA

333 333 3.09 291 236 261 249 234 226 222 217

4.95 4.96 4.95 431 4.04 294 272 256 242 230 220

5.02 5.02 5.00 4.95 420 3.10 233 263 250 233 225

5.03 5.03 5.00 4.90 429 3.13 295 277 253 244 230

5.02 5.04 5.01 5.00 422 323 306 290 266 252 235

5.02 5.03 5.00 4.96 439 3.40 3.14 290 274 257 233

452 4.33 5.01 4.96 4.71 3.30 326 3.00 230 263 246

424 450 4.74 4.69 453 335 331 3.06 236 263 250

4.09 431 450 452 439 334 331 3.06 233 273 253

395 4.16 431 429 431 331 334 3.09 294 274 256

330 4.02 4.16 4.19 423 332 337 3.14 295 273 260

3.70 333 463 469 4.17 3.79 3.33 315 297 279 263

355 3.73 337 3.90 331 3.42 3.19 3.01 230 263

3.46 363 3.74 3.75 3.74 340 3.15 361 230 263

336 357 3.67 3.67 3.63 337 3.14 297 279 263

333 352 3.62 359 355 341 3.19 297 273 263

326 342 357 353 350 3.40 3.17 297 277 263

321 3.43 352 346 3.42 3.33 320 360 231 264

339 322 3.49 3.44 336 335 321 3.01 235 269

331
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3 79

3 67

3.56

3 48

3.42

3.37

3.21 3.44 3.40 3.34 3.31 3.28 3.21 3.02 2.87 2.70

3.22 3.39 3.48 3.41 3.33 323 3.24 3.17 3.01 2.89 2.72

3.22 3.38 3.50 3.44 3.34 3.26 3.20 3.14 3.04 2.92 2.75

3.50 3.44 3.33 3.25 3.20 3.15 3.07 2.95 2.78

3.23 3.36 3.48 3.44 3.33 3.24 3.20 3.18 3.12 2.99 2.83

322 3.36 3.46 3.41 3.28 3.22 3.21 3.21 3.16 3.04 ‘ 2.86

3.21 334 3.42 3.34 - 3.24 3.19 3.17 3.19 3.18 3.05 2.86

3.12 3.29 3.34 3.27 3.20 3.15 3.13 3.15 3.16 3.07 2.86

3.15 3.23 3.25 3.21 3.14 3.10 3.09 3.10 3.12 3.05 2.9

2.95 3.13 3.17 3.12 3.07 3.04 3.02 3.05 3.07 3.05 2.82

2.89 3.00 3.07 3.04 3.01 2.97 2.” 3.4!) 3.45 3m 2.84

2.81 2.91 2.96 2.95 2.” 2.89 2.89 2.92 2.97 3.4!) 2.84

2.65 2.77 2.82 2.82 2.82 2.79 2.79 2.83 2.87 2.” 2.82

2.54 2.64 2.67 2.70 2.70 2.65 2.68 2.71 2.75 230 2.70

2.40 2.47 2.52 2.53 2.55 2.54 2.57 2.58 2.63 2.63 2.61

2.27 2.32 2.35 2.35 2.35 2.36 2.39 2.42 2.45 2.45 2.43

2.13 2.16 2.18 2.18 2.21 2.22 2.24 2.” 2.29 2.3 2.24

2.1!) 202 2.04 2.04 2.04 2.05 2.43 2.11 2.13 2.13 2.12

1.89 1.91 1.92 1.93 1.93 1.95 1.96 1.97 1.99 1.99 1.95

1.77 1.78 1.78 1.78 1.78 1.78 1.78 1.79 1.82 1.84 1.81

1.67 1.68 1.69 1.70 1.69 1.68 1.68 1.68 1.68 1.71 1.72

1.“) 1.61 1.63 1.63 1.63 1.61 1.60 160 1.60 1.59 1.58

1.55

1.49

1.43

1.37

1.31

1.26    



LIST 0! ”FENCES



LI81‘ 01' REFERENCES

American Society of Agricultural Engineers.

WW-

Thirtieth Edition, ASAE Data: ASAE D321.1. ASAE,

St. Joesph MI, 1983.

Appleman R.D. and Cloud HMA. Strg1_31ggtrig_§uzrgg§;

' ' . Proceedings of the

20th. Annual Meeting of the National Mastitis

Council, Louisville, KY. February 15-18, 1981.

Appleman R.D. and Gustafson R.J. "Source of Stray

Voltage and Effect on Cow Health and Performance".

W. Vol 68. pp- 1154 - 1167.

1985.

Cloud H.A., Appleman, R.D. and Gustafson 12.3.

b w . North Central

Regional Extension Publication No. 125.

Agricultural Extension Service. ‘University of

Minnesota, St. Paul, MN, 1987.

Craine L.B-W1

’ . Institute

of Electrical and Electronic Engineers. Paper No.

75-303-3-1A, 1980.

Craine L-B- W231

WWW. ASAE

Winter Meeting. Paper No. 80-3502. Chicago, IL,

1930.

Drenkard D.V.H., Gorewit R.C., Scott N.R. and Skyer D.M.
s 'v' .

Current. ASAE Summer Meeting, Paper No. 82-3029,

June 27-30, Madison, WI, 1982.

Folen D.A. and Gustafson R.J. o

' . Paper

No. 84-4063, American Society of Agricultural

Engineers, St. Joseph, MI, 1984.

98

 



99

Gorewit R.C., Aneshansley D.J., Luddington D.C.,

Pellerin R.A. and Zhao xin. "AC Voltages on Water

Bowls: Effects on Lactating Holsteins," Journg1_gf

Daizy_figignge. Vol 72, pp. 2184 - 2192, 1989.

Gustafson R. J .

. IEEE Conference,

Paper No. CH2126-1/85, 1985.

Gustafson 8.3.W

WWW:-

National Rural Electric Cooperative Association,

NRECA Research Project 80-1, 1983.

Gustafson R .J., Brennan T.M. and Appleman R. D.

"Behavioral Studies of Dairy Cows Sensitivity to AC

and DC Electrical Currents".

ASAE. Vol. 28, No. 5, pp 1680-1685, 1985.

Gustafson R.J., Cloud, R.A.

. ASAE‘Winter'Meeting,

Paper No. 81-3511, Chicago IL, 1981.

Kammel D.W, Brooks L.A., Jones J. and Han R. Design

0 . Paper No. 86-

3021 American Society of Agricultural Engineers,

St. Joseph, MI 1986.

Kamel 13.". and Jones 8. WW

£1;ng_1n§;gllgtign§. Presented at the 1987 Summer

ASAE Meeting, Baltimore, MD, June 28 - June 1,

1987.

Institute of Electrical and Electronic Engineers. IEEE

'. ,, A 3t

 

.‘ IEEE, 345 East 47thW

30., New York, NY 10017, IEEE Std. 142-1932,1932.

Institute of Electrical and Electronic Engineers.

MW. IEEE 345 East

47th St., New York, NY 10017, 1984.

McCurdy J.A., Anderson P.M. and Fairchild J.W. Bonding

MW- Agricultural

Engineering Fact Sheet EPP-38, Penn State

University, Cooperative. Extension Service,

University Park, PA, 1982.

midwest Plan Service. WW.

Iowa State University, Ames, Iowa, MWPS-28, 1986.



100

National Fire Protection Association. W

W. Batterymarch Park. Quincy. MA

1990.

Norell R.J, Gustafson R.J., Appleman R.D. and Overmier

J.B. "Behavioral Studies of Dairy Cattle

Sensitivity to Electrical Currents," Transactions

91_§hg_A§AE. Vol 26, No. 5 pp 1506 - 1511, 1983.

Lefcourt A.M. and Akers R.M. ”Endocrine Responses of

Cows Subjected to Controlled Voltage During

Milking." lgnrnal_gf_naizx_fisience. Vol 65. pp-

2125 - 2130, 1932.

Lefcourt A.M. and Akers R.M. ”Correlation of Indices of

Stress with Intensity of Electrical Shock for

Cows," 192rnal.91_nairx_acisnsg3 Vol 69. pp- 833-

342, 1936.

Luddington D.C., Pellerin R.A., Aneshansley D.J. and

Gorewit R.C. 5

MW. Paper No. 87-3032, American

Society of Agricultural Engineers, St. Joseph, MI

1987.

Phillips D.S.M. and Parkinson R.D.J.

. Proceedings of the Ruakura

Farmers' Conference Week, pp 220 - 228, New

Zealand, 1963.

Prothero J.N., Lukecart B.W. and DeNardo C.M. Primary

- - v

. Paper No. 88-

3528, American Society of Agricultural Engineers,

St. Joseph, MI 1988.

Reese N.D. and Surbrook T.C.

W. Proceedings of the National

Stray Voltage Symposium, October 10-12 Syracuse,

NY, pp. 36-99, 1934.

Reese N.D. , Surbrook T.C. and Althouse J .R. 12911111119

W. Paper No. 88-3525, Presented at the

Winter Meeting of the American Society of

Agricultural Engineers, Chicago, IL Dec. 13 - 16,

1988.

59911119 R-S-W- 1333 Rural

Electric Rural Electric Power Conference, Paper No.

80CM, 1532-1-IA-C3.



101

Scott N.R., Gorewit R.C. and Drenkard D.V.H. W

v .

Proceedings of the National Stray Voltage

Symposium, October 10-12 Syracuse, NY, pp. 20 - 34,

1984.

Soares E.C. '

§y§§§m§_fgr_§§£gty. International Association of

Electrical Inspectors, 802 Busse Highway, Park

Ridge, IL, 1980.

Soderholm L.H. "Stray-Voltage Problems in Dairy Milking

Parlors.” 2:3n33931933_92_309_3333. ‘Vol 25. NO- 6

pp 1763 - 1767, 1933.

Surbrook T.C., Althouse J.R. and Reese N.D.

. paper No. 33-3520.

American Society of Agricultural Engineers, St.

Joseph, MI, 1988.

Surbrook T . C . and Mullen R . C . W

Electrification. South-Western Publishing Co,

Cincinnati, OH. 1985.

Surbrook T.C. and Reese N.D. WW.

Paper No. 81-3512, American Society of Agricultural

Engineers, St. Joseph, MI, 1981.

Surbrook T.C. and Reese N.D.

. Proceedings of

the National Stray Voltage Symposium, October 10-12

Syracuse, NY, pp. 20 - 34, 1934.

Surbrook T.C. , Reese N.D. and Althouse J .R. mining

lEauaL_Eu22lier_1Ema9nnel_JzL_£in§_JnflL_fignrse§-

ASAE Winter Meeting, Paper No. 87-3549, December

15-18, Chicago, IL, 1987.

Surbrook.T.C., Reese N.D. and.Althouse1J.R. ”Parameters

Affecting Neutral-to Earth Voltage Along Primary

Distribution Circuits.” WW

Indust:!_Annlisatigna. Vol 24 NO- 5. pp 798 - 804.

1933.

Surbrook T.C. , Reese N.D. and Kehrle A.M. "Stray

Voltage: Sources and Solutions."W

, Vol. 1A-22, No. 2, pp.

210-215, March/April, 1986.

. Volume 2 , Department

of Industry, Labor and Human Relations, 201 East

Washington Ave. , Madison, WI.



102

Woolford M.W. WM

21.011129.- Annual Report, Agricultural Research

Division, New Zealand Department of Agricultural,

1969.

Woolford M.W. WW.

Proceedings of the 2nd Seminar on Farm Machine

and Engineering, Hamilton, New Zealand, 1972.

Woolford M.W. and Phillips D.S.M.W

MEL—542W- v o e o . Farm

Production and Practice, Ministry of Agriculture

and Fisheries, Media Services, Wellington, New

Zealand, 1981.



"171111‘113111311111116

 


