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ABSTRACT

The theoretical groundwork in a previous paper [1]
showed how selective grounding improvements can be used
to reduce undesirable voltages on grounded conductors. A
field effort was engineered based on that work. Grounding was
improved at a number of taps to reduce interference voltage
being experienced on a cluster of power distribution systems
in Michigan. In this follow-up paper, the findings of this
application effort are compared to the theorized results
predicted in the previous paper, and the cost effectiveness of
grounding efforts is examined. Much more is also learned
about the practical aspects of grounding improvements on
electrical utility systems.

INTRODUCTION

Construction codes and industry specificationsprovide
a safety net of rules and guidelines, but on occasion the
conditionsare such that special measureshaveto betaken that
go beyond the standard requirements. Improvement of the
electrical grounding on utility distribution plantsand at other
industrial or commercial facilities is an engineering
consideration that comes up after the facilities are built, often
as a result of a safety or interference problem [1-3]. For
example, concernsover stray voltage haveinduced statessuch
as Wisconsin to step up the grounding requirements for
electrical distribution systems above the regquirements set by
the National Electric Safety Code, by requiring aground rod
at every poleinrural areas.

A previous paper [1] outlined an analytical approach
to study the effects of improving the grounding selectively.
It showed that a lattice network can be used to model the
grounded conductor of a distribution line in the presence of
interference signalsand other line conditions. Themodel can
beused to experiment with theextent and | ocation of grounding
improvements. For example, one objective may be to reduce
theneutral voltagesal ong thewholeline, because of poor earth
conductivity; another may be to decrease interference voltage
at line ends.

Theanalytical approach with groundingimprovements
ismore effective and much lesscostly thantrial experimenta
tion. The modeling can be used to identify the grounding
improvements in terms of location and amount that are
sufficient to resolve a problem, and optimize the solution for
the lowest possible cost. The analytical approach can show
whether the goals are achievable at all and at what price,
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beforea shovelful of soil iseven moved. Moreimportantly, it
helps to avoid costly mistakes, because the grounds are not
easily removed once they are installed.

This paper outlines and analyzes a grounding
improvement that was based on this approach and the results
of thepreviouspaper [1]. A real application of theseprinciples
providesexperienceand evidencefor thevalidity and usefulness
of this engineering approach, and also provides valuable
information on practical construction approachesand problems.
Most importantly, this paper provides cost-effectiveness
information, which isjust asimportant for engineering asthe
modeling tool because of the uncertainty associated with
grounding efforts.

BACKGROUND

The first paper outlined the effects of improving
groundinglocally or uniformly along apower distributionline,
at different levels of improvement, and in the presence of
various types of interferences. A resistive lattice was shown
to be smple and accurate enough for computer modeling of
the line grounded conductor: the modeling can be donein a
spreadsheet. It was shown that improving grounding is most
effective as a technique when the earth has a very high
resistivity. The dynamics of the phenomenon were compared
tothemovementsonabalancing scale. Thedistribution neutral
voltages have aminimum which isreferred to asthe fulcrum,
and asgrounding improvements cause voltagesto drop on one
sideof thefulcrum, they causevoltagestoriseontheother side
of the fulcrum, although not in alinear fashion.

The interference source has an effect on the voltage
distributionand theway neutral voltagesrespondto grounding
improvements[2-6]. Interference swellsand tail-end voltage
risesaremost sensitiveto grounding improvements. Improving
grounding only at the ends of a distribution line can be very
cost-effective as a first step, followed by uniform grounding
improvements along the line if more voltage reduction is
needed.

The most intriguing finding, however, was that the
greatest effect on a voltage problem can be achieved by
grounding improvement treatment at the last dozen poles of
theline. Thisisillustrated in the neutral voltage reduction
curves as afunction of the number of polestreated at the line
end, which isreproduced herein Figure 1. This concept was
capitalized on in designing measures to reduce interference
voltages in a rea situation by two power companies in



Michigan: Upper PeninsulaPower Company (UPPCO) and
Wisconsin Electric Power company (WEPCO).

JoB DESCRIPTION

A specia radio communications system [2, 3]
operating near the power frequency and utilizing earth as
the return path for current, causes small voltages to be
induced on a number of power distribution facilitiesin its
immediate vicinity. These voltages on the neutral line
conductor represent a nuisance and a potential safety
concern. Atsomedistancefromthissource, theinterference
is of amargina concern and located mostly at the end of
taps. One proposal was to improve the grounding at these
locations to lower the interference voltages enough so that
they would not be a concern, and thus require no further
interference mitigation work.

Two companies with interference on their plants
undertook such effortswith construction funds provided on
a reimbursement basis from the communications system.
A number of taps in the marginal interference areas were
identified (see Table 1) where the interference voltage on the
distribution line neutral could be lowered below the level of
concernwith improvementsin grounding. Thework affected
22 separatetaps, dispersed over fiverural distribution circuits,
clustered at a dozen noncontiguous locations in a sparsely
populated area of 600 sguare miles.

A dozen poleswereidentified at the end of each tap, in
accordance with the findings of the paper [1]. The tapswere
not all ideal and monotonic straight lines; many of them had
spurs of a few spans and zig-zagged along roadsides. The
design engineer used the dozen-poles guideline in selecting
manually the pol esto betreated from linemapsaugmented with
interferencevoltagedata. Theseriesof polestobetreated were
not contiguous, and transformer poleswere excluded to avoid
complications. Intheend, the number of polestreated on each
tap varied from aminimum of 3 to amaximum of 16, with an
average of 10 poles per tap. Asit turned out, the number of
treated poles were mixed with just as many untreated poles,
making the average length of treated tap 19 spans long.

Deep grounding was chosen asthe preferabletechnique
for grounding improvement because of the better results
comparedtotheuseof counterpoiseinthisareawheretheearth
haspoor conductivity. Deepgrounding referstotheinstallation
of long ground rods deep below the surface. Thisis achieved
by coupling standard 8-ft ground rods, as they are installed,
one after another and one at atime, typically until apoint is
reached at which the rod will not penetrate further. This
technique is especially effective in areas of poor earth
conductivity, because if the deep rod reaches into the water
table, amuchlower resistanceto earthisachieved notwithstand
ing the poor earth conductivity at the surface.
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Figure 1. Reduction of line neutral voltage at line
end vs. number of poles with improved
grounding at the line end.

Tablel
Description of taps for grounding improvements
Numbe Numbe
chbgp;gr; Location Tsw?g:}i’p, (:f (:f Taps
Section(s) Poles Spans
UPPCO-Barnum CR-PNA 27,47,30 5 7 1
UPPCO-Barnum CR-PL 27,47, 29-30 17 37 1
UPPCO-Gwinn CR-MS 26, 46, 26 7 11 1
UPPCO-Gwinn Shag Lake 26, 45, 24-26 15 31 1
UPPCO-Gwinn M35 26, 45,13 8 13 1
UPPCO-Perch L. CR-LY 30, 46, 26/35 3 13 1
UPPCO-Perch L. CR-LLN 29, 46, 31 4 9 1
UPPCO-Perch L. S. Rep. 29, 46, 30 25 57 3
UPPCO-Perch L. CR-LLL 29, 46, 19 7 7 1
UPPCO-Perch L. CR-LO 30, 46, 25 10 19 1
UPPCO-Perch L. S. Rep. 29, 46, 18 16 30 1
UPPCO-Perch L. Sub 29, 46, 06/08 13 22 1
UPPCO-Perch L. Michig. R. 30, 45, 36 7 14 1
WEPCo-Felch CR-426 28,4324 15 27 1
WEPCo-Felch CR-581 28,43, 14 14 24 1
WEPCo-Felch Turner Rd. 28,43, 22 12 19 1
WEPCo-Felch Cootw.Rd. 28,43, 36 21 38 2
WEPCo-Greens CR-601/478 29, 47,28 24 49 2
Totals 223 427 22
2




Various construction standardswere devel oped around
thisgroundingimprovement theme. Themaindistinctionwas
whether the deep ground rod was installed at the base of the
pole or some distance away fromthe pole. Figure 2 showsthe
construction standard developed for installing thedeep ground
rod 16 ft away from the pole. The objective was to keep to a
minimum the coupling between the existing rod at the base of
the poleand the new deep ground rod, to obtainthemost benefit
from the finished construction. However, it was unknown
beforehand how deep theground rod would beat any particul ar
site. Thedistance away from apoletoinstall the deep ground
rod was set at 16 ft, based on the rationale that the mutual
couplingisminimized by keeping the separation between rods
equal to the length of the longest rod [ 7], and the expectation
that the average deep ground rod depth would be 16 ft, or two
standard rod lengths. Furthermore, for budgetary cost consi-
derations, no morethan eight coupled 8-ft ground rod sections
could beinstalled at asite, and no morethan two attemptscould
bemadeat apoletoinstall adeep groundrodin caseof surface
rock. The average depth for the deep ground rod turned out
to be 30 ft, and amore optimal distance for locating the deep
ground rod would have been 30 ft from the pole.

CONSTRUCTION NOTES
"""""""""""" 1. Locate existing ground rod at the
base of the pole and measure its
resistance to ground (point W).
Stake deep ground rod 16 ft from
existing ground rod, away from the | 2 C 1 o =
pole and inside right-of-way. Dig 15 S - = . _ = : e . s
inch hole at stake. Figure 3. Typical installation of a deep ground rod
2. Dri d rod section at b:
W oemowss 2 MO | et e 16 ft away from the pole (note t_rench_
ZF i into the earth. Use coupler to dug by backhoe to bury connecting wire).
attach another rod and drive it into
161t the earth. Continue this process
til f the followi diti . . . .
e g condans Outside of these guidelines, the companieswerefreeto
DEEP GROUND ROD a the conglomerate rod decide in the field how to improve the grounding at a pole.
assembly REFUSES to ili =11
i Penetrae firther into the Thecompany could choosetq utili zgtheem sting _rod at th_e base
earth, or of the pole and add moreto it, turning the existing rod into a
¥ b.  the conglomerate rod has a ) i )
ekl 27 DEPTH of about 65 ft. deepgroundingrod. Alternatively, thecompany couldinstall
EFFORT,SUCH AS DG4 3. Cutrod so that the top of the a new deep ground rod 16 ft away from the pole and run a
| d is 1 ft bell . . I
g merate rod LSO hiried, bare, copper wire to bond the new rod to the existin
] : :
4. Use bare coppervire o comet | ONE @ the base of the pole (see Figure 3). In those f_ew cases
the deep ground rod to the existing | \where there was no ground rod at the pole, onewasinstalled,
ground rod and the pole ground ) ) N
Eﬁ[ﬁwsﬁrrgdce"""emg wire 1t together with the pole grounding wire.
5. Measure grounding resistance at Torecord thegroundingimprovements, the construction
poits Wand 2. crew wasasked to measurethe pol egrounding resi stance upon
6. Attach | he pol : H : HH g
MATERIAL o malo b marking e soegs | F€8CHING the site and before doing any modification. The
1. Ground rod section, 8 ft long, 5/8 inch diameter, having a deep ground. Record measurement was repeated by thesamecrew |mmaj| aely after
and copper-clad; 1 to 8 sections needed. number of rod sections used and I ) i A
2. Ground rod coupler; 1 1o 7 needed. complete documentation. Filin the the grounding improvement. This provided a measurement
ira: V/ u S . . .
8. Bare copper wire; AWG No. 6, 181 connecting wire. of the improvement of the grounding resistance at the pole.
4. Ground rod clamp; 2 needed. A A
I The resistance was measured using the AMC Ground
onstruction Specification .
DEEP GROUND REMOTE FROM THEPOLE ~ DG-5 [ Resistance Testers, Models No.3700, and 3730. The

] ] interferencevoltageonthelineneutral conductor wasmeasured
Figure 2. Sample of construction standard for by a separate crew by tapping onto the pole ground wire and
grounding improvement. using an earth referencetest ground rod installed temporarily
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50 ft from the pole and broadside to the line. The voltage
measurement wasdoneinthedaysimmediately beforeand after
the grounding work was performed for each tap, and provided
ameasurement of the effect of the grounding improvement on
the interference voltage reduction. The separation between
resi stanceand voltagemeasurementswasnecessary to measure
the impact on the interference voltage due to grounding
improvements along the whole tap, and not just the relative
improvement at a single pole.

RESULTS AND DISCUSSION

Thetwo companiesapproachedthejobindifferent ways.
UPPCO scheduled the job on days of slow activity in regular
company work and dedicated a crew that usually consisted of
two men but on occasion grew to four men. Thejob started in
January 1997 and ended in the spring. This company chose
toinstall most of the deep grounds at the base of the pole; only
a handful were installed 16 ft away. WEPCo did thework in
the summer of 1997 in just six days, with afield crew of 6 to
9men, working on different sitesat thesametime. Itinstalled
all deep ground rods 16 ft away from the pole. It rented a
backhoe to dig a trench to bury the connecting wire. Both
companies utilized standard 8-ft ground rods attached to each
other with compression couplers.

Table 2 isasummary of the work that was performed.
Altogether 231 line poles were treated and 791 standard 8-ft
rods were installed. The average depth of a ground rod was
30ft. Thedeepest rod was 64 ft, the maximum allowed under
the construction protocol, and occurred 10 times. Therewere
cases also where the depth was just afew feet, because of rock
present on the surface.

Table 3 isasummary of the statistical analysis of the
data collected during thisjob. The data, as mentioned above,
consist of ground rod resistance to earth and relative
interference voltage to remote earth measured at each pole
before and after the grounding improvement job. The data
sample size varies because datawere missed or |ost or because
of oversampling. The statistical analysis was carried out on
thelog-transform of the data, which providesadistribution that
is closer to the standard normal distribution (see Figures 4
and 5).

Table 3 indicates that the
averagepolegrounding resistance

Table 2
Work summary for the grounding improvement job

UPPCO | WEPCo | Total
Crew Size | 2-4men | 6-9 men
Performance Period 5 6 days
months
Sites Treated 148 83 231
Labor Hours 840 380 1220
8-ft Rod Sections 543 248 791
Average Depth of Rod 34 ft 24 ft 30 ft

reduction on average in the interference voltage.

It is interesting to compare these results to the ones
predicted in Figure 1. Using interpolation, the voltage drop
at the end of line (Figure 1) corresponding to treatment at the
last 10 poles of the line, with grounding improvement of 3.3-
times, isabout 15%. If the average number of spans affected
by the treatment,19, is used on the ordinate axis of Figure 1
instead of the number of poles, the voltage drop is about 23%.
Thissubstitutionisreasonablebecausetheinterferencevoltage
affected by thegroundingimprovement isrelated to the number
of spans and not the number of poles. Furthermore, littleis
known about the exact nature of the interference voltage, and
Figure 1 shows curves between specific interference patterns
to choose from. Another difference between the field results
and the theorized ones to keep in mind is that the results
presented here are statistical representationswhiletheresults
discussedinthepreviouspaper aredeterministic resultsspecific
toacase. Alsonotethe difference between voltagedrop at the
end of alineinthetheoretical analysis[1], andtheaveragepole
interference voltage drop in the field data analysis.
Notwithstanding all these differences, there seems to be
considerable agreement between the theoretical analysis and
thefieldfindings. Actually, thefield findingsseemtoindicate

Table3

Statistical summary of the log-transformed data

was 258 Q before the treatment

and dropped to 78 Q dfter the Zbefore Zafter Vbefore Vafter
grounding improvement. Thisis i

a 3.3-fold improvement in pole Sample Size 199 199 211 248
conductivity toearth. Theaverage Average 258 O 780 21V 16V
interference voltage was 2.1 V

before treatment and dropped to | Average 95 Percentile Range| 222-299Q | 65-93Q | 1.9-23V | 14-17V
1.6V after thegroundingimprove-

ment. This represents a 24% | Sample 95 Percentile Range| 32-2,083Q | 7-917Q |04-106V | 04-6.6V
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that the benefitsin interference voltage drop 0.10
may be at |east as what was predictable, and 0.09

maybe better.
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Figure4 outlinesthedistribution of the
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polegrounding resistancebeforeand after the
grounding improvements. It clearly shows
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adrop overall in pole grounding resistance,
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which is supported by the data in Table 3.
The drop in the samples average is not a

o
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=

Occurrence (%)
o
&

sample fluke, but a statistical fact, as shown

I\,

in Figure4, whichisnot surprising consider- 0.03

ing theclear-cut nature of theresistancedata. 0,02

Figure 4 shows the before-improvement

grounding resistancedistribution curvetoroll 0.01

- 258 \

off rapidly to zero at around 1,200 Q. This 0.00
is because the AMC meter Model 3730 has 1
a maximum range of 1,200 Q. There were
thereforemany measurementsthat pegged at
1,200 Q, and were recorded as such, even
though it was clear that the grounding
resistance was much higher. This suggests
that the actual grounding improvement is
higher that has been calculated. Note aso that following the
grounding improvement job, hardly any instancesarerecorded
with a grounding resistance above 1,200 Q.

Figure 5 similarly outlines the distribution of the pole
interference voltage before and after the grounding
improvements. It clearly shows a shift of the overall
distribution, toward lower voltages, with the grounding
improvements. The drop, however, is not
as marked as the one observed in Figure 4.
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Figure 4. Statistical distribution of pole ground resistance before
and after grounding improvement.

that isrequired on average to improve the grounding at asite,
it becomesarelatively simplecal culation to figure out the cost
in dollars (multiply labor hours by labor rates, add overheads,
useappropriatemultiplier or ratesbased onlabor hourstofigure
transportation and equipment usage, add material and any
additional chargesand fee depending onthecompany). Labor
hours is therefore used here as a normalized scale of cost.

Before Impraovemen

Theexpected probability range (95%) of the 0.16
sample averagesin Table 3, shows clearly
that thedropisnot merely astatistical fluke, 0.14
but a real effect. Figure 5 shows, more
importantly, a drop in cases of high pole 0.12

interference voltage. For example, the

o
[
o

number of poles with interference voltage
of 5V or higher drops from 14% before

After Improvement

treatment to 6% after grounding improve-
ment treatment.

Occurrence (%)
o
8

o
o
&

Returningto Table2, wecanappraise

the cost of thisjob and consequently obtain 0.04

the cost for the reported benefits. The / ] 5]
material used in this job (ground rods, 0.02 v pis
couplers, wire, and connectors) is of /’ 16 21 \\ :
relatively littlevalueand an easy-to-handle 0.00 TS

variablethat can be pegged asaconstant for 01 1o 100

theaveragesite. Thecost of transportation,
vehicles, and equipment, can be pegged to
the labor hours, because of the ordinary
natureof thisjob. Labor thusconstitutesthe
main cost component. Knowing the labor
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Figure 5. Statistical distribution of line neutral voltage in work area
before and after grounding improvement.



Table 2 shows that the cost of each pole grounding
improvements based on labor hours is 5.2 manhours. The
results and performance turned out to be remarkably similar
between the two companies. The differences were related to
the different approach taken by each company, the different
size of thejobs, the different time when each company did the
work, and the differencein soil encountered by each company
that affected the depth of the rod. The average depth of the
UPPCO ground rod was 34 ft versus 24 ft for WEPCo.
Furthermore, UPPCO did most of thework inwinter conditions,
which is known to be a cause of slower performance. It had
to clear the snow at the base of a pole and fight ground frost,
areason for doing most of the installations at the base of the
pole. WEPCo did thework during summer, using larger crews,
but it had to dig a 16 ft long trench at every pole to bury the
connecting conductor.

The cost for a 3.3-fold improvement in grounding
conductance at a pole is about 5.2 manhours of labor on
average. The cost has been estimated to be about $450 pe site
on average. The benefit of grounding improvement is a 23%
reduction overall in the interference voltage.

CONCLUSIONS

The question of grounding improvement, often an
afterthought in response to problems, has been addressed
systematically in these two papers. The first one laid out a
theoretical treatment, outlining the meansto engineer solutions
tailoredto aspecific situation. Somegeneric conclusionswere
derivedinthat paper by looking at typical problemsand seeking
cost-effective solutions.

This paper hasreviewed afield effort that was based on
that theoretical background to reduce an interference voltage
problem. Theeffort has been very informative. Although not
specifically designed so, the effort has provided a variety of
situations and circumstances that makethis effort very useful.
Twodifferent companieswereinvolved, each pursuingitsown
approach within aset of ground rules. One choseto do thejob
dowly during periodsof slack time, over many winter months,
installing the deep ground rod at the base of the pole; the other
company chose to do the job all at once in the summer, using
alargecrew, andinstalling thedeep ground rod 16 ft away from
the pole. The results were very similar.

Overall 231 poleweretreated, affecting 22 tapsdispersed
over awide area. The average ground rod depth was 30 ft,
although many went down to the prescribed cap of 64 ft.
Statistically wefound that the poleground conductanceto earth
wasimproved 3.3-fold on average, and this caused the overall
interference voltageto drop by 23% on average. Thelabor for
theinstallation of deep ground rodswas 5.2 manhours per site
on average.

Thejob provided somewhat better resultsthanwhat had
been predicted and wasinlinewiththetheoretical groundwork.
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Much more was learned on the practical sidein planning and
performing suchjobs. Thedatacontain much moreinformation
that will requirefurther analysisandinvestigations. Thereare
guestions about the aging of the deep ground rods as the
disturbed earth settles around them, and whether deep ground
rods are indeed a more effective way of utilizing ground
conductors vis-a-vis other systems such as counterpoises.
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