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FOREWORD

This report was prepared by Southwest Research Institute, Electro-
magnetics Division, 6220 Culebra Road, San Antonio, TX 78284 under
USBM Contract number J0188082., The contract was administered under the
technical direction of Pittsburgh Mining and Safety Research Center
with Roger L. King acting as Technical Project Officer. Doyne W. Teets
was the contract administrator for the Bureau of Mines. This report is
a summary of the work recently completed as a part of this contract
during the period 29 September 1978 to 30 November 1979. This report
was submitted by the authors on 22 February 1980.
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I. INTRODUCTION

The necessity for mobile cranes to work in the vicinity of overhead
power lines frequently results in severe hazards, jeopardizing the
safety of the equipment operator and nearby perscnnel. Present federal
regulations (77.807-2 and 77.807-3, Title 30, CFR) specify that equip-
ment of this nature should not be operated within ten feet (or more
depending on the line voltage) of an enmergized power line. However,
minor accidents, operator misjudgment, and other unforeseen eventuali-
ties occasionally result in equipment extensions coming in contact with
energized overhead power lines. Although accidents of this nature
account for only a small fraction of all electrical accidents, they do
account for a significant fraction of the total deaths by electrical
accident. In an effort to decrease the likelihood of such accidents, a
number of states have enacted laws requiring the use of insulating
safety guards around boom extensions and insulating safety links on load
lines to isolate heavy equipment hooks and the hoisting equipment it-
self. These devices provide a margin of safety to the operator and
others working directly with the heavy equipment, but do nothing to
prevent actual contact with the energized power line.

As an aid to avoiding equipment contact with energized power lines,
several warning devices are marketed that are designed to detect prox-
imity of equipment extensions to overhead power lines and provide both a
visible and audible warning to the operator.

The Phase I objectives of this contract were to perform a thorough
search to locate and purchase all commercially available power line
proximity warning devices and to conduct extensive comparative testing
on each device. Three proximity warning devices manufactured in the
U.S. were identified and purchased. All of the devices tested operated
on the principle of detecting the electrostatic field intensity for
determining proximity to the power lines, The performance of these
devices was tested using full-scale cranes and power line systems, a
scaled model facility, environmental testing facilities, and theoretical/
numerical analysis. Besides providing a qualitative comparison between
the tliree units, these tests monitored performance variation resulting
from such factors as power line configuration, crane configuration,
sensor placement, conducting structures, and environment.



II. EXECUTIVE SUMMARY

The goal of a proximity warning device for installation on cranes*
is to assist in safe crane operation near overhead power lines. To
accomplish this, a proximity warning device would ideally give an alarm
when (and only when) any portion of the crane boom (or equipment exten-
sion) is closer than some specified fixed distance to an energized power
line. However, in practice, the problem is made complex by distortions
in the electrostatic field environment and significant variations in the
configuration, reliability, and effectiveness of commercially available
proximity warning devices. The primary purpose of Phase I of this
contract was to purchase three proximity warning devices and test these
devices under a wide varilety of simulated and actual working conditions.
Comparison to theoretically predicted performance was also performed.

This study is not intended to evaluate the safety aspects or policy
of utilizing proximity warning devices. Rather, the purpose is to de-
termine the performance characteristics of such devices in relation to
the criteria specified in proposed MSHA regulations 77.805-4, i.e., the
devices must alarm at a distance of 10 feet from the power line. Fur-
thermore, this study is limited to the evaluation of proximity warning
devices operating without interaction with other safety systems.

The three proximity warning devices tested during this contract
were the Electro~-Alarm Model ECA-X, the Sigalarm,** and the SR Instru-
ments PD-102.%** As a minimum, each device consists of an electrostatic
field probe, a master control unit, and an audible alarm. Typically,
the electrostatic field probe is installed near the boom tip. The
master control unit is installed within convenient reach and view of the
crane operator, and includes a sensitivity adjustment that is necessary
for operation around various power line circuit configurations. The
procedure for adjusting the sensitivity of each device is to first
position the crane boom at the minimum safe working distance and then
adjust the sensitivity to establish alarm threshold at that boom posi-
tion.

*In prineiple, the proximity warning devices studied under this contract
could alsc be applied to other heavy equipment with extensions. However,
the analysis performed under this contract was limited te the specific
application of proximity warning devices for installation on cranes.

**The Sigalarm unit tested during this program was manufactured by Soncbond
Corporation of West Chester, Pennsylvania. At the time of this writing, the
manufacturing rights for the Sigalarm have been sold to another company.

The Sigalarm unit manufactured by Sonobond is no longer available.

***Reference to specific brands, equipment, or trade names in this report
1s made to facilitate understanding and does not imply endorsement by
the Bureau of Mines.



Each of the devices tested was found to perform repeatably, in that
alarming typically ceased when the crane boom moved away from the power
line and then reactivated when the crane boom moved back into the ini-
tial position, However, the tests also monitored the reliability to
properly activate the alarm when the crane i1s brought back into the
vicinity of the power line after changing the boom height (simulating
actual operation conditions). 1In general, the power line-to-boom dis-
tance causing alarm activation varied with changes in the boom height.
For all three devices tested, the nature of the line-to-boom distance
variation with boom height changed with changes in power line configura-
tion, with sensor placement on the boom, with boom orientation toward
the power line, and with the presence of additional adjacent power line
circuits.

The Sigalarm proximity warning device uses a probe that is distri-
buted along the entire length of the crane boom, thus providing inherent
protection along the entire length of the boom (on one side of the
boom). However, by nature of the distributed sensor, the Sigalarm
system demonstrated sensitivity variations with boom extension and with
the boom orientation toward the power line.

The SR Instruments device uses a small "point" sensor providing
essentially a sphere of coverage centered around the sensor and does not
provide adequate protection for the more remote portions of the boom.
However, since the SR Instruments device uses a point sensor, the dis-
tance between the sensor and the power line required to initiate alarming
remains essentially invariant with changes in boom length and boom
orientation.

The Electro-Alarm proximity warning device also uses a point sen-
sor, providing protection only in the vicinity of the sensor itself.
However, the Electro-Alarm system provides, as an option, several sen-
sors for installation along the length of the boom to increase the boom
protectional coverage.

Because each of the devices detects the proximity of an energized
power line by measuring a component of the electric field strength pro-
duced by the power line, each device is influenced by the nature of the
total electric field in its vicinity. TFor example, in the presence of
multiple power line circuits,* the electric field components in the
vicinity of the crane may combine to cancel and produce field nulls.
Under such circumstances, neither of the three devices nor any device
operating on electrostatic field detection principles alone can operate
reliably. Each of the three devices responds with maximum sensitivity
to electric field vector components oriented in a direction preferred by
the sensor/boom configuration, and produces a minimum (or even null)
response for electric field orientations orthogonal to that preferred
direction, As a consequence, each of the three devices experienced

*In a multiple circuit configuration, each power line circuit may have
a different line voltage, string of utility poles, and right of way.



gross sensitivity variations due to variation in electrostatic field
vector orientation. Each of the three devices also displayed a sha-
dowing phenomenon, whereby the sensor was shielded by the crane boom
whenever the crane boom position was such that the sensor and the power
line were on opposite sides of the crane boom.

In addition to the above physical limitations in the operational
characteristics,the three devices displayed several design differences,
The Electro-Alarm had the least usable range of detectable power line
voltages, showed regions of power line voltages in which operation was
completely unreliable, used fragile vacuum tube circuitry, did not pro-
vide means for adjusting the signal cable length as the boom extension
was changed, and failed completely at temperatures below 30° Fahrenheit.
The Sigalarm proximity warning device had the greatest dynamic range of
detectable power line voltages, had very adequate overlapping sensi-
tivity ranges, used solid state circuitry exclusively, operated well in
temperatures from -60° Fahrenheit te +160° Fahrenheit, and provided capa-
bility for conveniently adjusting the signal line length as the crane
boom length was changed. The SR Instruments proximity warning device
was also solid state, and while it operated over a wide temperature
range, it displayed unacceptable sensitivity variations with tempera-
ture, had an inaudible alarm, and did not provide means for adjusting
the cable length as the boom length was changed.

The investigations performed during Phase I of this contract pro-
duced the conclusion that of the three devices tested, the Sigalarm
device was the most reliable and effective unit. However, all of the
devices tested and, in fact, any proximity warning device based only
upon electrostatic field sensing will fail to alarm reliably under
certain configurations of multiple power line circuits. The other
deficiencies of the commercial devices tested, i.e., the sensitivity to
electric field orientation, to boom shadow effects, and to boom orien-
tation can be minimized by more sophisticated design. The recommended
design would utilize multiple point sensors located on all sides of the
boom and along the length of the boom, with each sensor being separately
monitored to report an alarm whenever its output exceeds a preset thresh-
old. The electronics would use a microprocessor for self-calibration
and more complex alarm/logic analysis.

10
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III. TECHNICAL DISCUSSION

A. Proximity Warning Device Performance Goal

To assist the crane operator in complying with federal regulations
and to allow safe operation, a proximity warning device would ideally
give an alarm when (and only when) any portion of the crane boom is
closer than some specified fixed distance to an energized power line. A
less ideal, but still desirable performance goal would result in an
alarm activation whenever some chosen point (e.g., the boom tip) is
closer than the specified distance. This concept is illustrated in
Figure 1, which shows the cross section of a power line conductor (the
nearest conductor) and a danger zone around the conductor. The alarm
contour is defined in accordance with proposed MSHA Regulation 77.805-4 and
is the locus of all boom positions where the device is at the threshold of
alarm activation. Whenever the crane boom penetrates the alarm contour,
the alarm activates. The vertical portion of the ideal alarm contour is
required, since the crane's extended work cable is closer than the
specified safe distance when the crane boom tip passes through the
vertical line.

Any departure from the ideal performance described above either
jeopardizes the safety or the productivity of the crane operator and
surrounding personnel. Obviously, whenever the proximity warning device
allows the crane boom to encroach into the danger zone shown in
Figure 1, personnel safety is compromised. However, whenever the
proximity warning device alarm activates for boom positions that are not
in the danger zone, either the crane productivity is sacrificed, or the
alarm is viewed with less confidence and is perhaps ignored. Finally,
since the boom position at which alarm sensitivity is to be adjusted may
unknowingly be chosen at a position of minimum sensitivity, any depar-
ture whatsoever from the ideal alarm contour potentially allows the
crane boom to enter the danger zomne.

B. Proximity Warning Device Literature Search

During the process of searching for commercially available prox—-
imity warning devices, product descriptive information was requested
from the manufacturer of each device. In addition, a search of U.S.
patent literature was performed to provide auxiliary information about
devices for this application, and the principles on which they operate.
Finally, literature describing tests that have been performed on prox-
imity warning devices was collected and studied. The product descrip-
tions, test reports, and a list of most relevant U.S. patents are pre-
sented in Appendix A.

C. Methods of Energized Line Detection

An energized power line generates both electric and magnetic fields
in the vicinity of the electric wires. Consequently, the presence of an
energized power line may be detected by measuring either the electric
field strength or the magnetic field strength. The intensity of the
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Ideal Alarm Contour

(Dividing line between alarm
activation and no alarm condition)

Nearest
Power Line
Conductor

FIGURE 1

ALARM CONTOUR FOR IDEAL PROXIMITY WARNING DEVICE
MEETING PRCPOSED MSUHA REGULATION 77.805-4
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generated magnetic field at any point around the power line is a func-
tion of the power line geometry and of the current that is being carried
by the power lines. Since the power line current varies with the elec~
trical demand that is placed on the power system, the magnetic field
strength varies with the electrical loading conditions. Thus, although
detection of the magnetic field strength is an indication of an energized
power line, it cannot reliably be used to give information about dis-
tance to the power line.

In contrast, the electric field generated by an electric power line
is a function of the transmission line geometry and of the voltage at
which the transmission lines are maintained. All of the relevant para-
meters that determine the electric field strength distribution are fixed
for a specified power line configuration, and measurement of the elec-
tric field strength may therefore be used as a more reliable indicator of
distance to an energized power line.

D. Proximity Warning Device Descriptions

Three different proximity warning devices, each operating by de-
tecting the electric field, were purchased for evaluation as part of
this contract. As a minimum, each device consists of a probe, a master
control unit, and an audible alarm. Typically, the probe is installed
near the boom tip and the master control unit is installed within con-
venient reach and view of the crane operator. The master control unit
for each device includes a coarse sensitivity adjustment, a continuously
adjustable fine sensitivity control, alarm lights, and circuit moni-
toring lights. FEach device monitors the 60 Hz electrostatic field at
the device probe, and amplifies and rectifies the resulting 60 Hz signal
to produce a dc level proportional to the 60 Hz signal. Whenever the
de voltage exceeds a fixed threshold, an audible and visible alarm circuit
is activated. Whenever the dec voltage falls below the threshold level,
alarming ceases. The procedure for adjusting the sensitivity of each
device is to position the crane boom at the minimum safe working dis-
tance and adjust the sensitivity to establish alarm threshold at that
boom position. The distinguishing features of the three devices are
described below.

1. Electro—-Alarm

Figure 2 is a photograph of the Electro-Alarm model ECA-X
proximity warning device manufactured by Electro-Alarm Corporation of
Fresno, California. Figure 3 is a block diagram of the basic Electro-
Alarm system consisting of a probe module, a master control unit, and a
warning horn. The Electro-Alarm is also designed to permit the instal-
lation of multiple probe units. The probe module consists of (1) a 57"
length of protective rubber hose encleosing the electrostatic field sen-
sor wire and (2) a 3" x 4" x 6" metal box containing a signal preampli-
fier. A .shielded three conductor signal/feed cable, connected between
the control unit and the preamplifier, supplies dc power to the prempli-
fier and carries the 60 Hz signal to the master control unit.
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The Electro-Alarm proximity warning device uses  vacuum tube
circuitry in both the master control unit and. the probe preamplifier.
The plate supply voltage is produced from a dynamotor, which is a dc
motor-driven generator. The logic circuits use electromechanical
relays.

The Electro-Alarm coarse sensitivity adjustment is provided
by a two-position toggle switch giving a "high volts" and a "low volts"
range. Under alarm activation conditions, the relay logic repetitively
flashes the alarm light and sounds the horn at about one second inter-
vals. A system self-test circuilt continuously monitors the operating
conditions of each vacuum tube and the feed cable. 1If a failure is de-
tected, the test circuit turns on a separate warning light.

2. Sigalarm

Figure 4 is a photograph of the Sigalarm proximity warning
device, manufactured by Sonobond* Corporation of West Chester, Pennsyl-
vania, Figure 5 is a block diagram of the basic Sigalarm unit, con-
sisting of a probe wire, a master control unit, and a warning horn.
Soncbond Corporation also offers exterior horns, exterior warning lights,
and various accessories, including manual or automatic antenna sensor
reels for adjusting the sensor length as the crane boom length varies.
The probe wire consists of ordinary two-wire, jacketed ac line cord.

One conductor is connected to the alarm circuitry and the other is con-
nected through a test switch to a signal injection circuit. At the
remcte end of the probe cable, the conductors are connected together to
complete the signal injection path. The sensor cable is typically in-
stalled underneath the crane boom with about two feet extending free

near the boom tip. Installed in this manner, the entire length of the
sensor wire extending from the master contrpl unit is sensitive to the
electrostatic field produced by the power line. By switching on the
signal injection circuit, a test signal is routed through the sensor into
the master control unit, activating the alarm circuit and verifying the
operational integrity of the sensor, electronics, and horn. The Sig-
alarm uses solid state circuitry exclusively and requires only a single
relay to activate the horn and alarm light. The Sigalarm coarse sensi-
tivity adjustment is provided by a six-position rotary attenuator switch.
At threshold conditions for alarm activation, the horn and light operate
repetitively at about one second intervals. As the 60 Hz input signal
increases, the repetition rate increases correspondingly, alerting the
operator that the crane movements are bringing the boom into even .
stronger electrostatic fields.

Manufacturers information describing the Sigalarm is pre-
sented in Appendix A.

¥At the time of this writing, the manufacturing rights for the Sigalarm

have been sold to another company. The Sigalarm unit manufactured by
Sonobond is no longer available.
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3. SR Instruments

Figure 6 is a photograph of the PD-102 proximity warning
device manufactured by SR Instruments of North Tonawanda, New York.
Figure 7 is a block diagram of the PD-102, consisting of a preamplifier
probe module and a master control unit. Both the probe module and the
master control unit use solid state circuitry exclusively. The probe
module consists of a 1" x 1" x 2" metal block, housing the preamplifier,
and a nine-inch rigid probe. The probe module is connected to the master
control unit by a shielded two conductor cable. Since the shielded cable
is insensitive to the external electrostatic fields established by a
power line system, the PD-102, like the Electro-Alarm ECA, is essen-
tially aTﬁoint sensor system. The audible alarm of the PD-102 is a small
Sonalert™™ mounted to the chassis of the master control unit. The PD-102
coarse sensitivity adjustment is continuously adjustable. Under alarm
activation conditions, the alarm light and the SonalertT™ are activated
continuously, in contrast to the pulsating alarms of the Electro-Alarm
and Sigalarm units. A test circuit in the SR Instruments unit continu-
ously monitors the dc operating point in the active sensor module and
extinguishes a light if an open or short circuit condition occurs in the
shielded cable.

E. Electrostatic Field Distribution Around an Overhead Power Line

The primary geometrical factors that determine the electrical field
strength in a power line system are the diameter and separation of the
various phase conductors in the power line. The distance between the
conductors and ground level is also a factor, but can usually be neg-
lected since the conductor height above the earth is typically larger
than the conductor spacing. By neglecting the ground plane, discus-
sions of horizontally separated power limne conductors are also relevant
to vertically separated power line conductors. The acecuracy of the re-
sulting model is compromised to the degree that either the line separa-
tion or the observation point distance (i.e., 10 to 15 feet) from the
power line becomes greater than the power line height above ground. For
interpretational simplicity and contractual efficiency, the majority of
the theoretical and experimental analysis was performed with single
phase power line systems. A limited amount of three phase system analysis
was performed to verify that alarm performance characteristics are similar
for both three-phase and single-phase power lines.

Figure 8 is a cross—section of a single-phase horizontal power line
geometry. The electrostatic potential distribution ¢ that is forced by
such a configuration may be described#* as

VO (x - a)2 +‘y2

&(x,y) = 1 Ln 5 7
4 cosh (d/R) (x+a) +y

*W. Ramo, J. R. Whinnery, and T. Van Duzer, Fields and Waves in Com-
munications Electronics, New York, Wiley, 1965.
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Where
(x,y}) = Rectangular coordinate location of observation point at
which ¢ is desired.
VO = Power line voltage.
2d = Conductor separation.
R = (Conductor radius.
a = d2 - R2

The electric field vector, which is more relevant to discussion of
proximity warning devices, is determined from the gradient of the
electrostatic potential distribution

E = -vo

2 2 z)h o
_ aV0 (:c - a -V a + 2xy§y

cosh—l(d/R) [(x - a)2 + y2][ (x + 3-)2 + Yzj

where QX, ﬁy are unit vectors in the x and y directions.

FEquation (2) is an expression for the electrostatic field varia-
tion as a function of position. As can be seen from Equation (2), the
electrostatic field distribution is a function of line geometry (con-
ductor separation and conductor radius), line veltage, and position. For
a fixed power line configuration and power line voltage, the electro-
static field distribution is a function only of position, thus forming
the basis for an electrostatic sensing device to be used as a proximity
warning detector. However, neither the amplitude nor the orientation of
the electrostatic field vector is a function of mere distance from the
power line and thus cannot provide the basis for exact compliance with
the ideal proximity warning device performance. In addition, the elec-
trostatic field distribution given by Equation (2) is valid only for an
undisturbed power line and is significantly altered by the presence of
the crane boom. Experimental measurements and theoretical discussions
will form the basis for discussing these discrepancies in the following
sections.

F. Experimental Testing Program

The three purchased proximity warning devices were tested to deter-
mine performance characteristics and severity of anticipated difficul-
ties for various operating conditions. The difficulties investigated
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include performance variation with changes in power line geometry, false
alarms due to large grounded metal objects, performance degradation due
to multiple power line circuits, false alarms from nearby thunderstorms,
minimum detectable distribution voltages, the effect of the boom con-
figuration, susceptibility to environmental conditions, and response to
out-of-band interference. These tests were conducted using a scaled
model laboratory facility, full-scale cranes and power lines, environ-
mental test facilities, and a field mock-up of a crane boom.

In both the scaled model testing and the full-scale crane testing,
the primary procedure for measuring variations in proximity warning
device performance was to record the alarm contour (i.e., the locus of
all boom tip positions for alarm initiation) under various operating
conditions. The typical procedure for determining the alarm contour
was to first move the cramne towards the power line to a reference posi-
tion where the crane boom tip is at a point representing 10 feet from
the nearest conductor. If the proximity warning device meets the ideal
performance goal, the reference point (at a 10-foot spacing) may be
chosen in any direction from the power line. There is no basis for
choosing a reference point in any particular direction from the power
line unless there is a prior knowledge of the actual alarm contour for
the particular combination of device, sensor installation and power line
configuration in gquestion. WNormally, the reference position during these
tests was arbitrarily chosen at a point on the same horizontal plane as
some selected power line conductor. In a few instances, the basis
for choosing the reference point depended on other criteria. For example,
at the Alcoa mine site, the crane boom was restricted to maintain a
minimum distance of 10 feet from the power line. 1In some of the Alcoa
tests, the above arbitrary reference point criteria would have resulted
in the majority of data points being unavilable, since they would have
been closer than 10 feet to the power line. Consequently, the reference
points at Alcoa were chosen by trial and error to be near the point of
least alarm sensitivity, thus allowing a maximum number of alarm posi-
tions to be recorded at a distance greater than 10 feet.

At the reference position selected, the alarm sensitivity was
adjusted (or in the case of scale model measurements the power line
voltage was adjusted) so that alarming was initiated. With the alarm
sensitivity thus established, the crane boom height would be changed by
a2 known increment and the crane moved either closer to or farther from
the power line to a position where the device was again at the threshold
of alarm activation. The location of the boom tip at the new point was
recorded and plotted. The process of changing the boom height, moving
the crane to a new point of alarm activation threshold, and recording the
data was repeated until sufficient data had been gathered to describe
the alarm contour around the overhead power line. (For reference,
Figure 1 shows the ideal alarm contour.)
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1. Scaled Model Laboratory Tests

Scaled models were used for the laboratory testing to provide
the wide range of flexibility necessary to test the above conditions
in a variety of combinations. The scaled laboratory tests were supple-
mented by a limited set of validation tests performed on actual cranes
with overhead power lines.

a. Theoretical Basis

Since the power line proximity alarm responds to electro-
static field component amplitudes, a properly scaled power line system
is representative of an actual power line system and the two systems
produce the same electric field wvectors at corresponding geometrical
locations., The electric field vectors are preserved by applying iden-
tical scale factors to the system voltage and the system geometry. To
demonstrate that this is true, consider again Equation (2) which des-
cribes the electric field from a parallel wire transmission line

2 2 2),. a
<':1V0 (x -a -y ax+2xya

E,(x,y) =
A c()sh--:L (d/R) [:(x - a)Z + Yj[(x + 3)2 + YZ:I

Now apply an identical scaling factor o to each of the

geometrical parameters x, y, d, R, and consequently a. Also apply the
same scaling factor a to the voltage Vg. The resulting electric field

strength for the scaled system is
ocz(aVO) 2 [:(x2 - 32 - yz) ﬁx + 2xy&

R o
E (ax,ay) = ¥y
S cosh—l [(ad) /(aR)] az [(x - a) 2 + y2]u2 [(x + a 2 + yz]

) aVO (x2 - a.2 - yz) @x + 2}‘:}73y
cosh-l(d/R) [(x - a)2 + yz:l[(x + a)2 + YZJ
= -F:A(x,Y)

b. Equipment Description

Figure 9 is a sketch of the 1:10 scaled model system used
to test the proximity alarms. The system includes a variable transformer
cascaded with a high voltage transformer to allow system voltages to be
varied from O to 7.5 kV. The separation and height of the power line
conductors were adjustable to simulate a wide variety of power line con-
figurations. The height of the power line was adjustable from near 0 to
5 feet, representing an actual power line system height of up to 50 feet.
Likewise, the spacing of the power lines was adjustable from near 0 to
approximately 4 feet allowing simulation of power lines having up to
40 feet conductor separation.
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Figure 10 is a photograph of the scaled model cramne, which
is an approximate model of a Galion 150. A nonconducting wooden handle
was added to the scaled model to facilitate crane movement with a
minimum of electrostatic field disturbance by the technician. A small
12 volt battery to operate the proximity alarms was stored inside the
rear compartment of the scaled model crane. As shown in Figure 10, the
proximity alarm master control units were individually mounted on the
rear compartment of the scale model crame. A 1:10 scale model of a
D9 bulldozer was alsc part of the scaled model system and was used to
test the influence of nearby large metal grounded objects that might be
present in a mining environment. Finally, a second scaled model cir-
cuit was included to test the effect of multiple power line circuits.

Figure 11 is a photograph of the laboratory scaled model system showing one

of the power line circuits, an earlier scaled model crane, the D9 bull-
dozer, transformer and voltmeter.

For laboratory persomnel safety, high voltage test lead
wire rated at 5 kV and tested at 29 kV was used for the power line con-
ductors. In addition, a neon sign transformer, having a low output cur-
rent capability was used for the high voltage transformer.

2. Full-Scale Tests

Scaled model testing of the proximity warning devices was
supplemented by full-scale testing using actual cranes and full-scale
power lines. These tests were conducted to (1) verify the scaled
model test results, (2) perform testing that was not practical with the
scaled model facility, and (3) gain experimental data in an actual
mining environment under MSHA regulations. The boom tip position in
the full-scale crane tests was determined occasionally by estimation,
but most often by measuring the horizontal and vertical displacement of
the extended work cable.

a. City Public Service System

A number of tests was performed using the Sigalarm
proximity warning device installed on a City Public Service crane
operating near a single-phase power line. The purpose of these tests
was to establish the validity of the scaled model tests being per-
formed in the laboratory. Figure 12 is aphotograph of one of the CPS
test sites with the CPS crane., Figure 13 shows the sensor wire of the
Sigalarm installed along the boom of the crane. After the CPS data had
been recorded and analyzed, the CPS power line configuration and the
CPS crane boom configuration with Sigalarm sensor wire were modeled and
the CPS tests were simulated on the scaled model system. A first series
of tests, in which the CPS tests were only loosely simulated in the
laboratory, failed to show satisfactory comparison. However, when addi-
tional details (i.e., boom shape and elevation angle) were modeled in
the laboratory, the agreement between the CPS test results and the
laboratory scaled model test results was very good. Figure 14 shows
the comparisons between tests performed with a vertically configured
single phase power line and the crane oriented perpendicular to the
power line.

27
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FIGURE 12. PROXIMITY ALARM TEST WITH CITY PUBLIC SERVICE CRANE



v

31

CPS CRANE BOOM WITH SIGALARM SENSOR MOUNTED BENEATH BOOM

FIGURE 13.
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Analogous tests that were performed with the crane
oriented parallel to the power line did not show such good agreement
as that shown in Figure l4. The disagreement was attributed to the
inability to accurately control the pivot point in the scaled model
crane as compared to the actual full-scale model. Both laboratory and
field tests have verified that the alarm performance is influenced by
the orientation of the crane boom with respect to the power line and
the consequent failure to control the pivot point of crane cab rota-
tion would produce discrepancies between compared tests. The agree-
ment shown in Figure 14 was deemed sufficient to confirm the validity
of the scaled model tests.

b. Full-Scale Testing on the SwRI Campus

Approximately one week of full-scale testing was per-
formed on the SwRI campus using a 16-ton Bucyrus Erie crane. The pri-
mary objective of the SwRI full-scale tests were to perform tests that
could not adequately be performed on the scaled model facility., These
tests included evaluation of the Electro-Alarm proximity device, since
its large physical size, weight, and power consumption would not allow
testing on a2 1:10 scaled model. 1In addition, tests were run to provide
a direct comparison between the sensitivities and the dynamic ranges of
the three devices, Figure 15 shows the Bucyrus Erie crane with the
Electro-Alarm installed. The sensor hose for the Electro-Alarm is pro-
jecting from the extreme tip of the crane boom. The master control unit
of the Electro-Alarm was mounted temporarily on the right front fender
of the crane and the combination signal return/power supply line for the
active probe is mounted underneath the crane boom. The power line shown
in Figure 16 was an existing 500-foot run of telephone poles and con-
ductors that had been used for previous experiments at SwRI. The con-
ductors were temporarily connected through a single phase neon sign
transformer to a 110 volt variable transformer for this test.

c. Alcoa Mining Site

The third set of full-scale tests was performed at the
Alcoa mining site near Rockdale, Texas. The performance of the Sig-
alarm, the Electro-Alarm, and SR Instruments proximity warning devices
was evaluated under typical mine site operating constraints. The crane
and crane operating crew were provided by Texas Power and Light (TP&L).
Figure 17 is a photograph of the crane, an 18-ton Grove Crane, leased by
TP&L for a utility construction project at that site. Figure 18 shows a
closer view of the boom tip with the SR Instruments probe and two non-
conducting "hot sticks" orthogonally installed on the boom. The hot
sticks were installed with exactly 10 feet extending beyond the boom tip
and provided a capability for precisely positioning the boom at 10 feet
below or beside a power line conductor.
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The evaluation tests were similar to those using the
scaled laboratory model and those using the CPS crane. However, the mine
site tests were conducted in accordance with MSHA and TP&L safety regu-
latijons, and care was taken not to bring the crane boom closer than 10
feet to an energized conductor. Furthermore, the crane remained grounded
with outriggers extended during the test periods. All tests performed
were performed with the objective of setting the alarm sensitivity to
allow operation of the crane to within 10 feet without alarm activation.

Two areas were selected at the Alcoa mining site for per-
forming the tests. The first site was a single three-phase 33 kV cir-
cuit with the neutral and three-phase conductors arranged at the four
corners of a square.

The second site consisted of a 12 kV circuit passing
under a 33 kV circuit at an approximate angle of 60°. The four conduc-
tors of the 12 kV circuit were arranged in a horizontal configuration.
This site was chosen to evaluate proximity warning device performance
in the viecinity of multiple circuits.

3. Field Tests for Thunderstorm Induced False Alarms

The proximity warning devices were tested to observe their
susceptibility to thunderstorm induced false alarms. Each device was
installed on a simulated full-scale crane boom at an SwRIfield site
and monitored continuously for several weeks. The crane boom was simu-
lated by a 30-foot metal mast with a four-inch diameter cross-section
erected at an angle of about 30° with respect to earth. The alarm elec-
trical output of each device was comnected to a 1 mm/min strip chart
recorder to monitor alarm events vs time of day.

4. Environmental Tests

Each proximity warning device was subjected to a set of
standard controlled tests te determine the durability of the device
with respect to moisture, temperature, shock,and vibration conditions
simulating the extreme range of these parameters expected in a mining
environment. A high temperature test was performed to determine the
susceptibility of the proximity devices to elevated temperatures en-—
countered during typical service life for both operating and storage
conditions. Similarly, a temperature test was performed to demonstrate
the effects of low temperatures on the devices during storage and
service conditions.

Humidity tests were executed to observe the device suscepti-
bility to the effects of a warm, highly humid atmosphere.

A drip-proof test was implemented to determine whether falling
drops of liquid or solid particles cause operational problems in the
proximity device.
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Finally, each device was subjected to vibration and shock
tests to determine if the device construction would withstand antici-
pated dynamic vibrational and shock stresses without performance degra-
dation.

5. Frequency Response Tests

To validate the corona RFI rejection capability of the proximity
alarm devices, the devices were subjected to a series of tests des-
cribing the circuit sensitivity vs signal frequency. The measured alarm
sensitivity provided a quantitative measure of the device rejection to
out-of-band signals, i.e., those signals not confined to the frequency
band near 60 Hz. The tests were performed with signal generators con-
nected directly to the sensor input port of each device.
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IV. ANALYSIS RESULTS

The above described tests were performed to evaluate the relative
performance of each proximity warning device and to provide an under-
standing of the device limitations. A large class of performance defi-
ciencies is common to all of the devices and principally arises from
the physical limitations of the basic operational principles. A second
class of deficiencies varies from one device to another and is in general
due to individual design limitations within the various devices.

A. Limitations Arising from Operational Principles

Fach of the three tested devices operates by detecting a component
(ox components) of the electrostatic field distribution around an ener-
gized overhead power line. Consequently, the reliability of each device
is influenced by variations in the electrostatic field distribution.
The electrostatic field distribution around an energized overhead power
line is influenced to varying degrees by the interfering electrostatic
fields from adjacent power line circuits, by the electrostatic field
disturbance from the conductive crane boom, by the power line configura-
tion, or by large conducting nearby objects. In addition, the relia-
bility of the device operation is influenced by interactions between the
device sensor and the crane boom and by the device sensitivity to the
electrostatic field vector orientations.

Table 1 is a list, presented roughly in decreasing order of impor-
tance, of physical factors that influence the reliability of proximity
warning device operation. These limitations are discussed in the fol-
lowing paragraphs, both from their physical bases and from experimentally
observed results. The discussion of the physical limitations of the
devices is also augmented by numerically calculated results based upon
Equation (2). Except where explicitly discussed, the experimental and
numerically generated results assume a single-phase line.

The importance of the experimental results to be described lies
not in their detailed descriptions, but rather in the classes of per-
formance deficiency that they illustrate. Indeed, the presented results
are influenced by configuration details in the power line, the crane,
and the device installation, and are not necessarily valid in quanti-
tative detail for modified configurations.

1. Electrostatic Field Distortion from Multiple Power Line Circuits

In the vicinity of multiple power line circuits, an electric
field sensing proximity warning device responds to the total electric
field being produced at the peoint of the alarm sensor. The total elec~-
tric field at the point of the alarm sensor is a vector superposition of
the electric fields from the various power line circuits. The relia-
bility of the proximity warning device is compromised whenever the



TABLE 1

INFLUENCING FACTORS FOR PROXIMITY WARNING DEVICE RELIABILITY

Electrostatic field distortion from multiple power line
circuits

Sensitivity variation with electrostatic field orientation
Sensor-boom interaction

a. Sensor shading by boom

b. Sensor placement

c. Sensor shading by work cable

Boom orientation with respect to power line

a. Azimuth

b. Elevation

Power line configuration

a. Line spacing

b. Line height

c. Vertical vs horizontal
d. Three-phase vs single-phase
e. Location of neutral

f. Voltage

Nearby objects

41
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electric fields from the more distant power lines are of the same order
of magnitude or greater than the electric field of the nearest power
line at safe working distances.

Figure 19 1is a numerically generated curve of the electric
field strength amplitude as a fuunction of distance from a 35 kV power
line having 500 mcm conductors separated by six feet and located 30 feet
above ground level. At the minimum safe working distance from a 220
volt power line, the maximum electric field strength is calculated to
be about 1.5 volts per meter. Consequently, if a crane operator were
to adjust the sensitivity of his proximity warning device to alarm as his
boom passes the minimum safe distance from a 220 volt power line of this
class, his device would alarm whenever he came within 175 feet of the
35 kV 1line. For reliable alarm operation near the 220 volt power line,
the operator must remain well in excess of 200 feet from the 35 kV
power line. Figure 20 shows the numerically calculated electric field
strength around the safety zone of a 30-foot high 220 volt power line
that is separated from the 35 kV power line by 200 feet. Even at this
distance, the distortion of the electric field strength around the 220
volt power line is of such a magnitude as to severely compromise the
utility of an electrostatic proximity warning device. The device could
not operate in the region between the two power lines because of the
heavy contribution of the distant 35 kV line, For example, if the
device sensitivity were set to alarm at 1l.44 V/m (corresponding to 10 feet
distance horizontally toward the 35 kV line), the alarm would sound for
all horizontal positions corresponding to 20 feet above ground (at a
level 10 feet below the power line) between the two power lines, since
at that height the field strength does not go below 1.75 V/m. At the
surface of the safety zone on the more distant side of the 220 volt power
line, the resulting distortion is still so severe that the total electric
field strength varies by a factor of almost 4:1, thus limiting alarm
reliability.

The combination of a 35 kV primary distribution line and a
220 volt secondary distribution line is admittedly an extreme combina-
tion, but does emphasize the difficulty of operating safely in a region
of multiple power line circuits. Similar but lesser difficulties would
be anticipated for a 7.2 kV power line near a 35 kV line, but separa-
tions between the two lines could be much closer before alarm relia-
bility would be compromised.

Figure 21 shows a plan view of the testing configuration at
Site #2 at the Alcoa mining site at Rockdale, Texas. In Figure 21(a),
the alarm sensitivity was established with the tip of crane boom operating
at 10 feet underneath the 12 kV power line at a point that was roughly
35 feet from the 33 kV power line. With the sensitivity established
at that point, the crane boom was rotated along the arc shown in
Figure 21(a). Figure 22 is the resulting alarm contour produced by the
Sigalarm proximity warning device and demonstrates the loss of relia-
bility when operating in a multiple circuit environment. The Electro-
Alarm and the SR Instruments device performed similarly. Only by moving
to the position shown in Figure 21(b), which is about 70 feet from the
33 kV power line, would the proximity warning devices operate in the
normal manner around the 12 kV power line.
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A number of scaled model tests were also performed to ob-
serve the influence of multiple power line circuits. Some of the most
pronounced effects of field cancellation were conducted with two cir-
cuits mounted on the same pole, such as shown in Figure 23. Circuit #1
consisted of two conductors in a vertical configuration with an equiva-
lent full-scale spacing of 45 inches. A single-phase, three-conductor
(i.e., two "hot" wires and a neutral) circuit was mounted in a horizontal
configuration 45 (equiv) inches below the lower wire of circuit #1. The
horizontally configured circuit #2 was equivalently 30 feet above the
earth's surface.

To demonstrate worst case effects of multiple circuits, the
line voltages were adjusted one at a time to provide an equal alarm res-
ponse at the reference point. Then both circuits were switched on and
alarm contours were measured. The field distortion from the multiple
circuit configuration was so extensive that dead zones were created
wherein the crane could actually move toward the power line and alarm
activation would cease. Fipure 24 is an alarm contour plot using the SR
Instruments device, and shows a dead zone on the same level as cir-
cuit #2. The dead zones are a result of electric fields from the two
circuits canceling each other, producing abnormal field component nulls
in the near vicinity of the two circuits.

2. Variation of Polarization with Position

Each proximity warning device responds to the voltage gradient,
i.e., the electric field component, between the probe and the crane boom.
Consequently, the variation of electric field polarization around a
power line can produce severe sensitivity wvariations in the proximity
warning device. The presence of the crane beoom significantly alters
the electric field distribution in its vicinity. However, a very rough
first order description of polarization influences on proximity alarm
performance can be gained by considering the action of a small, isolated
electric field probe in the undisturbed electric field distribution of
an energized power line.

As described in Equation (2), the individual vector compo-
nents of electric field strength vary as separate functions of posi-
tion. Since the two vector components vary as different functions of
position, the orientation of the electric field vector at any point also
varies with position. Figure 25 is a numerically generated* plot showing
the amplitude and orientation of the electric field wvector at various
points along the minimum safe working distance boundary for a 35 kV
horizontal power line configuration. Thus, for the horizontally con-
figured line, the electric field in any given quadrant varies from com-
pletely horizontal to completely vertical and back to completely hori-
zontal again. Since an electric field probe responds only to a single

*The Fortran listing of program COMPONENT used to generate the points
for Figure 25 is presented in Appendix B.
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component of electrostatic field, a fixed orientation electric field
probe experiences nulls as it moves along the minimum safe working dis-
tance boundary. Figure 26 shows the twoe conductors of a horizontally
configured power line and several numerically generated loci of points
producing constant electric field probe outputs. Each locus of points
in Figure 26 assumes a small electric field probe oriented in a

fixed direction and passing through a point 10 feet to the side of the
nearest conductor. To the extent that the effect of the crane boom
disturbance can be ignored, Figure 26 approximates alarm contours for
various probe orientations, and predicts a significant departure from
the ideal alarm contour described in Section TT.A.

The contours shown in Figure 26 assume a point sensor with no
distortion introduced by the crane boom. Figure 27(a) is an experi-
mentally measured alarm contour recorded with the SR Instruments proximity
warning device probe mounted on the extreme tip of a Bucyrus Erie 1l6-ton
crane. Since the small probe was mounted at the boom tip, the alarm
responded primarily to electric field components oriented along the boom
axis. The boom was long compared to the power line height, and remained
essentially horizontal. Consequently, the alarm was responding pri-
marily to horizontal electric field components. Another factor, simpli~
fying this particular example, was that the probe was between the power
line and the entirety of the boom structure. As a result, the boom
introduced a minimum of field component distortion in the neighborhood
of the small probe. Consequently, the experimental alarm contour in
Figure 27(a) compares very closely with the numerically synthesized curve
for the horizontal probe shown in Figure 26. In general, the field dis-
tortions introduced by the presence of the crane boom are very signifi-
cant and cannot be ignored, so that typical alarm contour curves do not
match so closely with the undisturbed field loci shown in Figure 26.
However, the occurrence of polarization nulls was observed for all three
devices during both full-scale and scale model tests, and for both single~
phase and three-phase systems.

In contrast to the SR Instruments and Electro-Alarm probes, the
sensor wire of the Sigalarm extends along the entire length of the crane
boom. This feature produces a net alarm response that is a collective
effect from all points along the entire sensor wire and minimizes the
influence of electric field polarization at any single point. Conse-
quently, the Sigalarm typically displays less severe polarization nulls
than do the two "point sensor" alarms. However, Figure 27(b) does show
one example of a Sigalarm sensitivity null from polarization phenomena
around a vertically configured three-phase scaled model system,

Figure 27(c) shows a polarization null as experienced by the
Electro-Alarm operating under a horizontally configured three-phase

power line at the Alcoa mine site near Rockdale, Texas.

3. Crane Boom Influence

The output voltage from each proximity warning device probe
is the average of the voltages distributed along its length. The mas-
sive conducting crane boom causes a significant distortion in the
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electrostatic field distribution around the energized power line estab-
lishing its own surface as a surface at zero volts. Consequently, rather
than measuring the voltage gradient of the undisturbed field distribu-
tion around the power line, the proximity warning device sensor provides
a measure of the average resulting voltage gradient between the sensor
and the crane boom.

Figure 28 shows two alarm contours for two different orienta-
tions of SR Instruments sensor at the same location on a Bucyrus Erie
crane boom. Within experimental measurement error, the two curves are
identical. The close agreement for orthogonal sensor orientations is
in strong contrast to the distinctly different loci shown in Figure 26
for differently oriented isolated electric field probes. The close agree-
ment for the two curves shown in Figure 28 is because the probe is not
functioning as an isolated electric field probe, but rather is responding
to the voltage gradient (i.e., the electric field component) between the
sensor and the crane. Even though the alarm contours shown in Figure 28
did not change with sensor orientation, the alarm system sensitivity did
change. Since the electric field in the very near vicinity of a per-
fectly conducting surface is always perpendicular to that surface, the
alarm system sensitivity is greater when the probe i1s likewise oriented
perpendicularly to that surface.

Because of the strong boom influence on the alarm sensor res-
ponse, the performance characteristics are significantly influenced by
the sensor position on the crane boom. The manufacturer's recommended
installation procedure for the Sigalarm proximity warning device sug-
gests mounting the sensor wire inside or underneath the crane boom.
Various other mounting positions were investigated beth to provide in-
sight into sensor/boom interaction, and to determine if other positioms
might provide operational advantages. Figure 29 shows a comparison of
alarm contours for the Sigalarm sensor mounted below and above the crane
boom. The two contours of Figure 29 demonstrate that sensor placement
definitely influences the performance characteristics of a proximity
warning device.

Figure 29 also demonstrates sensor ''shading' or shielding by
the crane boom. Whenever the alarm sensor and the energized power line
are on opposite sides of the crane boom, the boom shields the sensor from
the source of the fields, lowering the alarm sensitivity. Consequently,
in the lower half of Figure 29, the bottom mounted sensor is in the boom
"shadow" and is less sensitive and therefore allows the boom to come
closer to the energized power line before activating the alarm. Corres-
pondingly, in the upper half of Figure 29, the top-mounted sensor is in
the shadow zone of the boom, and allows the crane boom to come closer to
the power line. As shown in Figure 30, the shadowing effect can be so
complete as to allow the crane boom to be raised into actual contact with
the power line without activating the alarm.

Various scaled model tests were performed comparing open simu-
lated grid work booms with solid tubular booms, but no changes in sensi-
tivity or alarm contours were observed to result from that aspect alone.
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However, Sigalarm recommends routing the sensor wire inside of, instead
of under, an open framework boom. Mounting the sensor wire inside the
boom effectively shields the enclosed portion of sensor wire, leaving
only the recommended two-foot extension near the boom tip to be sensitive
to the electrostatic fields produced by the power line, This mounting
procedure reduces the Sigalarm sensor to the identical performance char-
acteristics of the short sensor probes used by the SR Instruments and
Electro-Alarm systems. To the extent that the Sigalarm sensor wire is
fastened directly to the crane boom, it is also shielded by nature of its
close proximity to the boom.

Figure 31 demonstrates that boom cross section also influ-
ences the shadowing effect of the proximity alarm device. To produce
the two contours in Figure 31, the Sigalarm sensor wire was mounted
along the top of a 2" diameter round scaled model boom, and then along
the top of a 1" x 1/2" rectangular scaled model boom. As illustrated
in Figure 31, the more massive boom produces a greater reduction in
sensitivity at the higher positions.

Boom length also causes a variation in the performance charac-
teristics of the Sigalarm, if the boom is being extended and retracted
during operation. The Sigalarm response variation with boom length
occurs because the entire length of the Sigalarm sensor is typically
sensitive to the electrostatic field. Consequently, as the boom length
changes, the sensor length and thus the system sensitivity changes. A
related difficulty is that the sensor wire slack changes as the boom
length changes. Increased slack in the sensor wire causes increased
distance between the sensor and the boom, and results in increased device
sensitivity,

A large number of tests was also performed with and without
lowered work cables on the crane. Usually, the alarm response for the
two work cable configurations agreed within experimental error. However,
for higher boom elevation angles, the work cable hangs closer to the alarm
probe and reduces the sensitivity. Consequently, the presence of the
work cable produces decreased sensitivity with increased elevation, be-
coming more pronounced at higher elevation angles. Figure 32 is an ex-
treme case, showing a comparison between Sigalarm responses with raised
and lowered work cables for operation with a City Public Service crane.

To the extent that the proximity warning devices can be con-
sidered isolated point sensors, the azimuthal orientation of the crane
boom with respect to the power line has only a minor effect., The in-
fluences of boom/sensor interaction does prevent the proximity warning
device from exactly performing as an isolated point sensor and conse-
quently produces some contour variations as the boom azimuth is varied.
Whenever a distributed sensor is utilized, the effect of azimuth orienta-
tion becomes much more significant. Figure 33 shows the parallel and
perpendicular alarm contours for the Sigalarm with the sensor wire
mounted above the boom. Conceptually, if a crane were to rotate about
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the boom tip, the portion of sensor between the tip and the cab would

be farthest when the boom is perpendicular to the power line and closest
when the boom is parallel to the power line. Consequently, the distri-
buted sensor system is more sensitive when the boom is parallel to the
power line, as demonstrated by the more distant alarm contour for the
parallel orientation of the boom.

The performance of the proximity warning device also changes
with boom elevation angle, since the orientation of the probe polariza-
tion null and the probe maximum response rotate with crane boom elevation
angle. In addition, the previously described phenomenon of probe
shielding by the work cable is elevation dependent, since the work cable
moves closer to the sensor probe at higher elevation angles. Finally,
if the probe of a point sensor proximity warning device is elevated to a
position very much higher (e.g., 20 or 30 feet) than the power line,
the crane can conceivably move the lower portion of the boom intc actual
line contact without activating the alarm.

4. Influence of Power Line Configuration

The physical configuration of the power line also has varying
degrees of influence on the operating characteristics of proximity
warning devices.

a. Proximity Alarm Sensitivity

As expressed in Equation (2), the electric field inten-
sity at all points around the power line is proportional to the term

av
0

cosh_l(d/R)

regardless of position. Consequently, the electric field intensity in-
creases with increased separation (a), line voltage (Vp), or wire radius
(R). A uniform increase or decrease in the electric field strength
caused by configuration changes leaves the alarm contour unchanged
{unless the field strength becomes so small as to become undetectable
by the device), if the device sensitivity is adjusted for the changed
configuration.

The phenomenon of increasing electric field strength with
increasing voltage is obvious, and does not merit discussion,

The occurrence of decreasing electric field stremgth
with decreasing phase separation arises from the increased tendency of
the fields generated by the two equal and opposite voltage conductors
to cancel each other as the conductors approach each other. An extreme
instance of this effect arises whenever the insulated power line con-
ductors are bundled together, a practice commonly employed with 220 volt
secondary distribution lines.



The phenomenon of increasing electric field strength with
increased conductor radius can be understood by examining the electro-
static potential at a point very near the surface of a large conductor.
At a point very near the surface of a larger conductor, the electro-
static potential is essentially the potential that is forced on the
conductor itself (i.e., the power line voltage). As the conductor
radius is made smaller while maintaining a fixed axis position, the
conductor surface moves away from the observation point. With a con-
stant enforced potential on the conductor, the electrostatic potential
at the observation point must decrease as the conductor decreases in
size, moving away from the observation point. As the electrostatic
potential at the observation point decreases, the electric field strength
likewise decreases. This effect can be extrapolated from an observation
point very near the surface of the conductor to all points in the elec-
tric field.

b. Proximity Alarm Contour Effects

A vertically configured set of power line conductors pro-
duces a distribution of electric field vectors that are rotated 90° from
the orientation of electric field vectors produced from an otherwise
similar but horizontally configured power line. For this reason, a
given crane/sensor configuration will result in distinctly different
alarm contours for vertically and horizontally configured power lines.
According to the same line of reasoning, multiphase power line config-
urations not having all conductors in a single plane will produce still
different alarm contours.

Figure 34 shows the difference in alarm contours for
operation around a vertically configured and a horizontally configured
three-phase power line. Both contours were produced with the SR Instru-
ments device. The probe was mounted on the top surface of the scaled
model Galion 150 crane.

The location of the neutral wire presents another diffi-
culty for achieving the ideal alarm contour. First, the placement of
the neutral wire modifies the electric field distribution, and conse-
quently the alarm contours. Secondly, the neutral wire is at the same
electrical potential as the crane boom, and is not a direct source of
electric fields. As a consequence, the grounded crane boom can occa-
sionally come into actual contact with the neutral wire without acti-
vating the alarm. Figure 35 is an alarm contour arcund a single-phase
7.9 kV primary distribution line for a Sigalarm installed on a City
Public Service crane, operating parallel to the power line. As shown in
Figure 35, the crane boom actually extends past the neutral wire to a
point midway between the neutral and "hot" wires before the alarm is
activated.

The form of Equation (2) infers that line spacing can
influence the distribution as well as the amplitude of electric field
vectors. However, within the limits of measurement accuracy, no alarm
contour variations for line spacing were observed in either numerical
simulations or experimental measurements.
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Variations in line height have typically demonstrated
only a slight influence on the measured alarm contours. However,
Figure 36 is a significantly differing pair of measured scale model
alarm contours for two different line heights, with all other configura-
tion parameters remaining constant. Since the line spacing is typically
small compared to the height above ground surface, the contribution from
ground plane images can be ignored. Rather, the variation is inter-
preted as resulting from the associated variations in boom elevation.

3. Influence of Large Grounded Metal Object

A number of scaled model and full-scale tests were per-
formed to monitor the influence of large grounded metal objects in the
vicinity of the crane. Minor variations were occasionally observed upon
introduction of the large metal object. However, the variations fol-
lowed no trend, showing both slight increases and decreases in alarm
sensitivity for various configurations.

6. Crane Boom/Power Line Contacts

Sufficient scaled model experimental data on the Sigalarm
and SR Instruments device was collected to produce more than 150 alarm
contours. Each contour characterized the alarm system performance for a
different combination of power line, crane, alarm device, and sensor
configurations. The configuration combinations were chosen to determine
the severity with which various parameters would influence the device
operational characteristics. From these contours, a total of 57 contacts
between the crane boom and the power line were observed in which no
alarm was produced. No actual contacts were recorded for the Electro-
alarm device since that unit could not be tested on the 1:10 scaled
model. However, the Electro—-Alarm, like the other two devices, operates
by monitoring the electrostatic field, and it is resonable to conclude
that boom contacts with the power line would have similarly occurred if
scaled model tests with the Electro-Alarm had been performed.*

In interpreting the quantitative distribution of con-
tacts, it is important to realize that the three devices were not always
tested under identical conditions. For obvious safety reasons, no
boom/power line contacts were allowed during full-scale tests. The
wider variations for Sigalarm sensor feed wire mounting positions (e.g.,
inside the boom, above the boom, below the boom, etc.) prompted a number
of tests with the Sigalarm that were not relevant for the SR Instruments
device. Finally, since two SR Instruments devices were purchased, where-
as only one Sigalarm was available from the manufacturer, some tests
involved only the SR Instruments alarm device. Consequently, the actual
counts of power line contact presented here should not be interpreted as
direct indicators of comparative device performance, but rather as
evidence that a number of hazardous operational conditions were simulated
in which no alarm was produced.

*This conclusion was strengthened during full-scale testing with the Electro-Alarm
where seven instances were documented in which the crane boom approached within
two feet of the power line without producing an alarm. For safety reasons, the
boom was not moved closer to the power line, but it was apparent that boom con-—
tact with the power line could have occurred without producing an alarm.
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The 57 contacts between the scaled model crane boom and
power lines included a number of variations in crane grounding and work
cable configurations. However, the testing performed under this con-
tract indicated that the device performance variatlons caused by the
crane grounding and by the work cable positions were generally negli-
gible. When the grounding and work cable variations are excluded, a
total of 39 instances remain in which the crane boom contacted the power
line without causing alarm activation. Tables 2 and 3 summarize the
system configurations associated with the 39 distinguishable instances
of contact.

7. Field Tests for Thunderstorm Induced False Alarms

Results of the field tests for thunderstorm induced false
alarms indicate a higher incidence of false alarms during increased
thunderstorm activity, regardless of which particular device was being
tested. Although a number of the alarm activations could be positively
attributed to nearby lightning strikes, very little correlation was
observed between alarm activation and independently monitored electro-
static field intensity. All of the alarm events that were directly
attributed to thunderstorm activity were transient alarms and as such
should be readily distinguishable from alarms due to power line prox-
imity.

8. Proximity Warning Device Settings for Traveling Cranes

In addition to the performance goal of maintaining a minimum
safe distance from an energized power line while working in its wvicin-
ity, another objective for proximity warning devices is to warn the
driver of a traveling crane when he is in the neighborhood of a high
voltage power line. Ideally, the device would be switched to a preset,
fixed sensitivity for operation in this mode. Since high voltage power
lines are common with a wide range of voltages and geometrical con-
figurations, a wide range of alarm distances must be tolerated. For-~

tunately, however, the electric field decreases much more rapidly than a
simple inverse amplitude with distance relationship.

Various geometrical configurations of three-phase high voltage
power lines over an ideal ground plane line were numerically* analyzed
to estimate the range of electric field intensities at distances of 50
and 100 feet, The geometrical configurations included vertically and
horizontally configured power line circuits and circuits arranged with
the four conductors (three phases and one neutral wire) arranged at the
four corners of a square. In addition, various placements of the neutral
wire were analyzed.

Both the upper and lower extremes of calculated electric field
strength occurred for horizontally configured lines. Depending on the
placement of the neutral wire, the vertical component of the electric
field at 10 feet above the earth can theoretically vary from as much
as 80 volts/meter to as little as 35 V/m at 50 feet from a 69 kV line,

*The Fortran listing of program MULTI used to predict the electric
field strength from three-phase systems is presented in Appendix C.
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and from 4 to 15 volts/meter at 100 feet from the line, Similarly, the
electric fields from a 7 kV three-phase line can vary theoretically from
4 to 8 volts/meter at 50 feet and from 0.5 to 1.5 volts/meter at 100
feet. To the extent that the effects of terrain, nearby structures, and
other secondary influences can be ignored, a proximity warning system
with a preset alarm threshold sensitivity of 4 volts/meter would be
expected to alarm at a minimum distance of 50 feet from a 7 kV power line
and a maximum of 100 feet from a 69 kV power line. The effects of terrain
and nearby structures, as well as power line voltages outside the 7-69

kV range, would result In a corresponding increase in the spread of alarm
distances.

B. Comparison of Proximity Warning Device Characteristics

As discussed in Section A, each of the proximity warning devices
displayed limitations resulting from the physical principle of operation.
However, during the testing phase, various differences became apparent
in the operational characteristics of the three devices, The compara-
tive characteristics of the three devices are summarized in Table 4
and are discussed in the following paragraphs. F¥For completeness, some
information already presented will be duplicated.

1. Electro-Alarm

The Electro-Alarm, like the SR Instruments and the Sigalarm,
operates by detecting the presence of electrostatic fields in the direc-
tion preferred by the probe/boom configuration. As a consequence, the
Electro-Alarm (like the other two devices) experienced polarization
nulls, proved unreliable in the presence of multiple power line cir-
cuits, performed differently with different power line configurations,
and changed operational characteristics when the sensor placement was
changed. The Electro-Alarm displayed a very moderate change in both
the sensitivity and the ghape of alarm contours when the boom orienta-
tion was changed from perpendicular to parallel with respect to the
power line wires. Since the Electro-Alarm is basically a point sensor
warning device, the device basically offers a "sphere' of protection
around the point sensor and does not give protection along the full
length of the boom. For example, whenever the probe is mounted near the
boom tip and the boom is extended to the full length, the lower part of
the c¢rané boom is unprotected by the Electro-Alarm sensor. However,
Electro-Alarm does offer multiple probes as an option to be mounted at
various points along the boom. The addition of sufficient multiple
probes should minimize the problem of "point" coverage. Since the
Electro-Alarm warning device 1is basically a point sensor system and uses
shielded signal wire between the point sensor and the master control
unit, the system sensitivity (i.e., the distance between the sensor and
the power line to produce alarm) is not changed by changing the boom
length. However, the Electro-Alarm has no convenient method for adjusting
the shielded wire length as the boom length changes.
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During the full-scale crane tests at SwRI, a series of tests
was performed to directly compare the basic sensitivity and the dynamic
range of the three devices. These tests were accomplished with each
device installed on the crane according to the various manufacturer's
recommended procedures. The crane boom tip was stationed at a distance

of 10 feet from the test power line and the power line voltage was adjusted

until alarm threshold conditicns were established. The test power line
was an 18-foot high, 2-conductor, single-phase line with a 40-inch separa-
tion between No. 8 conductors. The maximum sensitivity of each device
was within 4 dB of the other two devices. The Electro-Alarm has only

two sensitivity ranges, a high volts range and a low volts range with
about 10 dB and 20 dB dynamic range, respectively. Furthermore, the two
ranges do not provide an overlapping region of reliable operation. If

a sensitivity setting midway between the two ranges is required, the low
volts switch must be set and the fine adjustment of the sensitivity must
be turned down to its minimum setting. However, with this setting, the
Electro-Alarm displayed a saturation effect whereby the voltage of the
SwRI power line system could be raised to produce alarm activation, and
raised still further to result in a cessation of the alarm. The Electro-
Alarm also showed saturation during the Alcoa mine tests, first producing
the appropriate alarm as the crane approached the power line, and then
deactivating the alarm as the crane approached closer to the power line.

The Electro-Alarm circuitry uses vacuum tube electronics with
relay logic and a small motor driven generator (Dynamotor) to supply
the high voltage required for the vacuum tube operation. Consequently,
the Electro-Alarm proved to be the least rugged of the three devices,
as evidenced by the results of the shock tests. 1In addition, because of
Dynamotor freezing, the Electro-Alarm would not perform for temperatures
below 30° Fahrenheit. However, the variation of the Electro-Alarm sensi-
tivity with changes in environmental temperature was less than the varia-
tion of the other two devices. This desirable characteristic was attri-
buted to the vacuum tube design. Finally, the Electro-Alarm weight size
and power consumption were each significantly greater than those of
the other two units.

2. Sigalarm

As described for the Electro-Alarm, the Sigalarm proximity
warning device is not reliable in the presence of multiple power cir-
cuits, is susceptible to polarization nulls, is strongly influenced by
the choice of sensor placement and by the power line configuration.
However, since the Sigalarm uses a distributed rather than a point sensor,
the Sigalarm device should be less susceptible to polarization nulls
than are the other two devices. Also, since the Sigalarm proximity
warning device uses a sensor that is distributed along the full length
of the boom, it offers intrinsic protection along the full length of the
boom (on one side only). However, because of the distributed sensor
wire, the Sigalarm shows a significant change of sensitivity with boom
extension and with boom orientation toward the power line. On the other
hand, only the Sigalarm has provisions for conveniently adjusting the
signal wire length as the boom length is changed. The Sigalarm provides
(as options) (1) a manually retractable sensor wire on a rotatable drum
and (2) a spring loaded drum that automatically reels the sensor wire
in as the boom is shortened and releases the sensor wire as the boom
is extended.
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The Sigalarm uses a rotary switch to provide six sensitivity
ranges. By using the fine sensitivity adjustment, each range extends over
approximately 20 dB and overlaps the adjacent ranges by about 5 dB. As
a consequence, the dynamic range and the overlap in the sensitivity ranges
of the Sigalarm are very adequate.

The Sigalarm incorporates a circuit feature which produces
an audible alarm blast rate that increases as the electrostatic field
increases. Under normal circumstances, this has the advantageous effect
of giving the operator information that he is moving in the wrong direc-
tion if the blast rate is increasing.

3. SR Instruments Device

As was true for the other two devices tested, the SR Instru-
ments proximity warning device operates on the principle of electro-
static field detection and consequently shares several basic limitations
with the other two devices. The reliability of the SR Instruments
proximity warning device is degraded by the presence of multiple power
circuits, and is influenced by the local polarization of the electro-
static field. Likewise, the operational characteristics of the SR
Instruments device are influenced by the location of the sensor and by
the power line configuration. Since the SR Instruments device is basi-
cally a point sensor device, its operational characteristics are only
moderately influenced by boom orientation with respect to the power
line. However, because of the point sensor, the SR Instruments device
basically offers only protection in the vicinity of the sensor itself
and may not provide warning that the lcower part of the boom is moving
into proximity with the power line.

During the SwRI full-scale crane tests to compare sensitivity,
the SR Instruments unit responded to about 200 volts on the power line
at a distance of 10 feet. This was the minimum required line veltage
for alarm excitation of the three devices measured. The SR Instru-
ments unit has about 40 dB of dynamic range contrelled by continuously
adjustable coarse and fine sensitivity controls.

The SR Instruments device showed very poor stability with
temperature variations. During the field tests for evaluating suscepti-
bility to thunderstorms, the SR Instruments device produced false alarms
continuously from approximately 4:00 a.m. to 6:00 a.m. each morning, a
period during which the ambient temperature was at a minimum. 1In addi-
tion, during a two-hour operational full-scale field test at SwRI, the
device sensitivity decreased with increasing ambient temperature and
allowed the crane to come significantly closer to the power line than had
been originally allowed when sensitivity was first adjusted.

The SR Instruments unit uses a Sonalert™ type audible alarm
which, because of typical crane engine noise, cannot be reliably heard
by the crane operator and cannot be heard at all by the crane crew.
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Like the Electro-Alarm, the SR Instruments device uses a
shielded signal wire between the sensor and the master control unit, and
the device sensitivity is not influenced by variations in the boom
length. However, the SR Instruments has no provision for adjusting
the length of the signal wire as the boom length changes.

C. Environmental Test Summary

‘ Environmental tests were performed on the three proximity warning
devices to determine the mechanical vulnerability of the units to harsh
environments that might be encountered in mining applications. The
results of those tests are only summarized in this section, but a more
complete discussion of the environmental tests and test results are pre-
sented in Appendix D.

During the low temperature tests, the Electro-Alarm proximity
warning device failed, apparently due to the low temperature induced
selzing of the dynamotor assembly. Both the SR Instruments and the
Sigalarm units operated satisfactorily at -30°F, but both showed a signi-
ficant increase in sensitivity as compared to 80°F sensitivity. All
three units performed satisfactorily after returning from the extreme
cold temperatures to ambient temperature.

All three units performed adequately during and after the high
temperature cycle, except that the SR Instruments device displayed a
significant decrease in sensitivity at 120°F.

All three units performed well after the humidity tests, with only
minor corrosion occurring in each of the three alarms.

All three units performed well after being subjected to a 1.5 g
vibration test. A vibration of 1.5 g from 7 to 2500 Hz was injected along
all three of the major axes.

During the drip test, the SR Instruments unit showed extemsive
evidence of moisture collecting throughout the device and the Electro-
Alarm showed evidence of water leakage in the sensor device enclosure,
but the Sigalarm showed no evidence of internal moisture. All systems
responded properly when placed in the operational mode after the drip
tests.

Each of the units was subjected to harsh shock tests. The SR
Instruments device and the Sigalarm suffered minor packaging damage. In
addition, a printed wiring cable was torn in the Sigalarm. The Electro-
Alarm was extensively damaged, apparently because the dynamotor broke
away from its shock mounts, causing damage to the vacuum tubes and relays
inside themaster control unit. The SR Instruments unit and the Sigalarm
unit responded properly after the shock tests, although the test cir-
cuitry in the Sigalarm was inoperative. The damage to the Electro-

Alarm was so extensive that even after major repairs some of the elec-
tronics components still failed to respond properly.
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D. Frequency Response Results

The frequency response measurements were performed by connecting a
signal generator directly to the sensor input port of each device and ob-
serving the signal level required to activate the alarm at various fre-
quencies., This measurement procedure determined the high frequency
cutoff frequencies and the rate of sensitivity falloff in the rejection
skirts. The measured high frequency cutoff points are 400 Hz for the SR
Instruments device, 900 Hz for the Sigalarm, and 5 kHz for the Electro-
Alarm.

All three devices showed an effective sensitivity falloff rate of
12 dB per octave above the cutoff frequencies. 1In addition, theSigalarm
displayed an 18 dBper octave falloff rate beginning at two octaves above
the high frequency cutoff point. The measurements also indicated a
6 dB per octave low frequency rejection falloff rate for all the devices,
with the low frequency cutoff points being 25 Hz for the Sigalarm, 95 Hz
for the SR Instruments device, and 350 Hz for the Electro-Alarm.

Based on these measurements, the high frequency sensitivity would
be 60 dB down from the 60 Hz sensitivity at 10 kHz for Sigalarm, 17 kHz
for the SR Instruments device, and 640 kHz for the Electro-Alarm.

Since the RF fields created by corona discharge are less than the 60 H=z
fields at 10 feet from the power line, the high frequency rejection
should be very adequate in each of the units.
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V. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

Several design deficiencies were observed in the three commercial
proximity warning devices tested under this contract. These design
deficiencies, which vary from device to device, include inadequate
overlap in sensitivity ranges, utilization of fragile vacuum tubes and
electromechanical parts, excessive sensitivity to temperature, inaudible
alarms, and lack of provisions for boom length variations. The elimina-
tion of these deficiencies is straightforward and within the present
state of the art.

In addition, several aspects of the proximity warning device relia-
bility are severely limited by the physical principle {(i.e., electro-
static field sensing) on which the devices operate.

Six categories of physical phenomena were observed to produce un-
desirable performance in the commercially available proximity warning
devices. These phenomena included field distortion from multiple power
line circuits, electric field polarization effects, sensor shielding by
the crane boom, partial boom protection, sensitivity variation with boom
orientation, and sensitivity variation with boom extension. The ina-
bility of the devices to operate reliably in the presence of multiple
power line circuits results from an interaction of the electrostatic
field vectors produced by the individual power line circuits and can
cause extreme departures from the electrostatic field produced by a
single power line circuit. These variations are so diverse and extreme
as to render unreliable any device operating on electrostatic field
detection principles alone. However, a more sophisticated proximity
warning device system can be designed to minimize the above limitations
and substantially improve the operational reliability in the vicinity of
a single circuit power line.

B. Recommendations
1. Recommended Design Objectives for Improved Performance
a. Minimize Electric Field Polarization Effects

Electric field polarization effects were observed during
the tests of all three commercially available devices and arise from the
nature of a single sensor/boom configuration to have a maximum sensi-
tivity for a preferred orientation of electrostatic field vector. At
positions where the electrostatic field vector is oriented orthogonally
to the preferred orientation, the system sensitivity is minimized,
allowing the crane boom to be positioned much closer to the power line
without producing an alarm. To overcome this difficulty, separately
monitored multiple sensors placed on all sides of the crane boom are
recommended. In this configuration, even though the electrostatic field
vector orientation may be orthogonal to the preferred direction for some
sensors, other sensors mounted in positicns responding to different
preferred field orientations will respond to the electrostatic field.
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b, Eliminate Sensor Shielding by the Crane Boom

Sensor shielding by the crane boom was also observed
for all proximity warning devices tested. Whenever the electrostatic
field sensor and the electrostatic field source {(i.e., the power line)
are on opposite sides of the crane boom, the massive conducting struc-
ture of the crane boom effectively shields the sensor probe, severely
reducing its sensitivity. To eliminate this effect, multiple sensors
placed on different sides of the crane boom are recommended, making it
impossible for all sensors to be simultaneously in the "shadow" of the
crane boom.

C. Provide Full Boom Protection

Two of the devices tested, the Electro-Alarm and the SR
Instruments, used short (i.e., "point'") sensors and gave effectively only
a sphere of protection .about the sensor. Consequently, with the point
sensor placed near the boom tip, the base of the crane boom would not
be adequately protected and could come into contact with the power line
if the boom tip were raised to a high position above the power line. To
overcome this limitation, multiple sensor placement along the entire
length of the boom is recommended.

d. Minimjze Sensjitivity Variation with Boom Orientation

One of the devices, the Sigalarm, used a distributed
sensor and displayed significant sensitivity variation with boom orien-
tation. As the boom was rotated from a position parallel to the power
line to a position normal to the power line, the sensitivity decreased
severely. To minimize the sensitivity fluctuation with boom orienta-
tion, point sensors are recommended.

e. Eliminate Sensitivity Variations with Boom Extension

The Sigalarm used a distributed sensor, and by its nature
showed decreasing sensitivity with decreasing boom length. To eliminate
this variation, point sensors are recommended.

2. Recommended Improved Proximity Warning Device System Design

To incorporate all the features of the above recommended im—
provements, the improved proximity warning device system must incorporate
multiple point sensors distributed around the boom and along the length
of the boom. The output of each sensor must be separately monitored to
produce an alarm whenever the power line approaches within ten feet (or
some other established distance) of that individual sensor. 1In this way,
an approximately uniform distance-sensitivity can be established along the
entire length of the boom and on all sides of the boom, regardless of
the field orientation, the boom orientation or the boom extension.



In addition, it is recommended that the device incorporate a

feature that automatically turns on the device to maximum sensitivity when-

ever the crane operation begins. This "wake up" sensitivity of the de-
vice would be factory adjusted to alarm whenever the crane comes within
50 to 100 feet from a high voltage power line. Such a capability would
warn a traveling crane operator that he is coming into the vicinity of
a high voltage power line.

To minimize the difficulty of establishing the proper sensi-
tivity at the beginning of operation, it is recommended that the sensi-
tivity adjustment controls be replaced by a single pushbutton switch
that activates an automatic sensitivity adjustment.
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APPENDIX A

PROXIMITY WARNING DEVICE LITERATURE
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Epdeodnneiion

. QA 8™ Power lines have always been a hazard to equipment with booms or
"/“"‘"erf/(% ST extensions, and while contact with overhead high voltage lines represents

i, b only 5% of the total electrical accidents, it is responsible for 43.5% of
the fatalities. Many of these accidents can be avoided by the installation
I Cah R Loty and proper use of a proximity warning system. This system is now
available, It is called SIGALARM.

. SIGALARM is a patented, solid state electronic safety system used for
2 9@@@{;\:’ pi=i\Sg ’ detecting the electro-static field of any AC power line. It provides
7 SIS ,’ both an audio and visual warning signal to alert the operator of the
imminent danger.

Today, with the passage of the Federal Construction Safety Act of 1969
and the Occupational Safety and Health Act of 1970, it is incumbent
upon management and safety officials to provide the ultimate assurance of
safe working conditions.

applications

Construction
Heavy equipment such as cranes, power shovels, concrete
pumps with bocoms, etc.

SIS

= Vo T
s

Utility Companies
Aerial towers and platforms.

Fire Department
Snorkel units, aerial towers and platforms, water towers
and aerial ladders.

Ruailroads

Locomotive cranes and railroad wreckers.

Aircraft

For installation on helicopters to alert the pilot that the
craft is setting down in the vicinity of high voltage lines.

Government
Miscellaneous construction equipment, aerial ladders for
street light maintenance, etc.

Signs (Billboard)
Telescoping arms and booms.

Other
Farm equipment, portable drilling rigs, house movers and
truck-mounted “A” frames.

prineiple of operation

SIGALARM is based on the principle that all live power lines develop

a concentric electrostatic field that grows stronger as you get closer

to the line. SIGALARM detects and measures this electrostatic field. As
the vehicle gets closer to the “hot™ power line, the intensity of the

field becomes strong enough to trigger a circuit that activates the warning
light and warning horn. The distance at which the alarm triggers is
determined by the voltage of the power line and the sensitivity controls. This
setting can be adjusted from less than one foot to several hundred feet.
The frequency rate of both the audio and visual alarm increases as

the boom or extension moves closer to the “hot™ power line. The warning
continues until the boom is withdrawn from the danger zone.

13
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features

Mounting brackets securely
fasten SIGALARM to interior

of cab, No special installation. Weather-proof, tamper-proof,

rugged housing.

Fail-safe, redundant, flashing
light and interior howler is
activated by proximity to
power lines. High reliability,
long-life automotive-type light
bulb.

Coarse and fine sensitivity
control permits adjustment
from less than one foot to
several hundred feet sensiti-
vity.

SERSIR
1ESL Lawar

{‘ S7T SENSITIVITY CONTROLS 10 MAXIMUM FOR

..POWER LINE DETECTION,
2. ADJUST CONTROLS TO SAFE WORKING COND-
ITHON AT EACH LOCATION. Test button allows operator

, N
ST SWITCH- ALARM LIGHT FLASHES (A (ALARM OK A
3 2§§§mes Y5 ON (SENSOR OK). to test cucult.ry and antenna

) ' sensor. Test light glows green
when power is on to indicate
proper operation.

Exterior alarm switch acti-
vates exterior howler(s).

nector assures positive contact
with sensing antenna.

All external and internal
alarms connect quickly and
positively to terminal sttip.
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aceessories

Automatic Antenna Sensor Reel with 50° of Antenna Sensor: An
automatic reel which will extend and retract the sensor with the operation
of telescopic booms and extensions. Required for installation on hydraulic
booms, fork lifts and ladder trucks. Reels may be connected in series

for extensions longer than 50 feet. Complete with all necessary

support hardware and idler wheel.

Manual Reel with 200’ Antenna Sensor: A manually-operated reel which
mounts in the bottom section of the boom, allowing addition or removal
of sections in the boom. Recommended where frequent boom length
changes are made. Maximum capacity of reel 300’. Complete with all
necessary support hardware for complete installation.

Exterior Alarm Howler: An audible sounding device for warning operator
and ground personnel when SIGALARM is activated. Sound differs from

horn signals to avoid confusion. Tone adjustable. Connects to SIGALARM
terminal strip with single wire. Single and double projectors to
concentrate and direct audio warning signals also available.

Remote Light: A single light for mounting in line of sight of operator.
Works simultaneously with light on SIGALARM. Connects to
SIGALARM terminal strip with single wire.

Boom Alarm (Visual): An accessory consisting of a micro-switch and
amber light using SIGALARM as its power source. Makes an integral
safety system to warn the operator when the crane boom is approaching
the boom stops (vertical critical‘position ). Connects to SIGALARM
terminal strip with single wire,




specilications

A. Input Voltage: +11to +15 VDC
B. Input Current:
Standby : 200 ma DC max
Operating: 4 amperes DC peak
2. Ignition Noise Suppression
Noise pulses on the internal power bus shall not exceed
0.5 Volis when noise pulses at the input power terminal are
200 micro-seconds or less in duration and 80% or less of
the input voitage ( Battery voltage) in magnitude.

3. Operating Temperature
—29°F 10 +158°F

4. Alarm Qutpurs
The Sigalarm provides alarm outputs in two forms simut-
taneously: 1) visual, by means of a flashing red light
mounted on the Sigalarm and 2) external, by means of
voltage pulses applied to the external alarm terminal through
an exterior alarm switch. An alarm is defined to mean one
flash of the red light, and simultaneously, one voltage pulse
at the external alarm terminal through the external alarm
switch.
A. Visual (Red Flashing Light)
Repetition Rate: Proportional to electric field inten-
sity at the sensor cable, up to a maximum of 5+ 10%
Alarms/second.
On Time: During each alarm, the red flashing light
shall be on for a duration of 60 to 90 milliseconds.

B. External {External Alarm Terminal to Ground)
Output Voltage Pulse Amplitude to External Alarm
Terminals: +10 to +16 volts (same amplitude as
input battery voltage) Maximum Output Current:
5 amperes
Repetition Rate: Proportional to electric field inten-
sity at the sensor cable, up to a maximum of 5 10%
Alarms/second.

On Time: During each alarm, the voltage pulse at the
external alarm terminal shall have a duration of 60
to 90 milliseconds.

S. Maximum Alarm Response
2 seconds nominal

6. Sensing
Electrostatic Field, 49 to 450 Hertz.

7. Sensitivity Adjustment

Front panel controls shall provide means for coarse and
fine adjustment of the sigalarm sensitivity. The course con-
trol attenuates the sensitivity by 1.0, 10, 100, 1000, and
10,000. The fine control attenuates the sensitivity within
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each range set by the coarse control, providing a means of
continuous attenuation of sensitivity from zero to the maxi-
mum sensitivity set by the coarse control.

8. Minimum Sensitivity

The Sigalarm must give a repetitive visual alarm when the
sensor cable, short-circuited at the remote end, is subjected
to an electric field intensity representative of 121 volts RMS/
meter over the frequency range from 49 Hertz to 450
Hertz.

8. Operational Test

A single push button shall be provided to test the conti-
nuity of the sensor cable and to test the operation of the
electronic circuitry and associated visual and external alarms.

10. Weight
Gross weight not to exceed J tbs.

11, Size
7"x 7.55" x 5.30".

12. Range of Effectiveness

Depending upon the proximity of the overhead high-
voltage line, and its intensity, SIGALARM can be adjusted
to actuate the warning alarm at any desired distance from
less than one foot to several hundred feet.

Range of Effectiveness
Approximate Operating
Range (feet)

Volt Line
110-115
12,000
69,000
110,000

Howler:

1. Db Rating: Adjustable from 0-97 Db.

2. Construction: Die cast aluminum housing. Exterior
howler (optional) is sealed and weatherproof. Internal
howler is non-weatherproof.

T
SIGAlAR 760-1 WEST ORANGEWOOD AVENUE, ORANGE, CALIFORNIA 92668 / (714) 633-8334

BOWER By
INDUSTRIES. INC DVISION
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Model PD 102

Proximity Detector

PROXIMITY DETECTOR
Model PD 102
Description

The S R Instrument Model PD 102 Proximity Detector is designed to detect AC
electrostatic fields around power lines and provide audible and visual alarms
to safeguard personnel and construction equipment. The unit employs a small
sensor with short antenna that is mounted on a crane boom or other equipment
whose proximity to power lines is to be monitored. This sensor is connected
with a two wire cable to the control module located in the cab or other con-
venient position. The control mcdule contains a green line test lamp that is
1lit whenever the cable to the sensor is connected and functioning properly.
If the input cable is shorted or open, the line test lamp is extinguished.
The sensitivity of the control module is adjusted with fine and coarse knobs
to activate the alarm when the sensor is at the nearest position desired rel-
ative to power lines. Whenever the sensor is placed closer than this posi-
tion, a flashing red lamp and pulsing audic tone is activated. This proximity
may be adjusted from a few feet to several hundred feet for higher tension
lines,

S R Instrument Corporation 173 Robinson St., North Tonawanda, N.Y. 14120
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Specifications

Range, adjustable less than one foot to the following:

50 ft for 110 v line

3060 ft for 12,000 v line
600 ft for 69,000 v line
750 ft for 110,000 v line

Alarms flashing red light, pulsing 2900 Hz tone

Sensor Line Test green lamp lights for proper operation
lamp extinguishes for shorted or open line

Sensitivity Adjustments coarse and fine controls

Power Model PD 102-12 12 - 15 VDC .5 A max
Model PD 102-24 24 - 28 VDC .5 A max

Size Sensor 1.5 x 1 x 1" mounts with two #10 screws
Control Module 6.5 x 3 x 4" " H T kY serews

Temperature -20 to +120° F



PROXIMITY WARNING DEVICE RELATED PATENTS
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Number Title Authors Date
2,615,969 Electrical Power Line A. H. Albrecht 10/28/52
Warning Device for Vehicles
with Extended Booms
2,789,282 Automatic Approach Alarm D. R. Winters 04/16/57
3,125,751 Proximity Alarm D. R. Winters 03/17/64
3,168,729 Proximity Alarm H.W. Volberg 02/02/65
3,201.775 Voltage Proximity Detector R. D. Pedersen 08/17/65
3,296,494 Voltage Responsive Devices A. Stenger, Jr. 08/03/67
and Methods of Voltage
Detection
3,745,549 Proximity Alarm Richard M. Jepperson 04/19/71 (filed}
C. Warren Simmonds
4,064,997 Crane Swing Safety Control Eugene Richard Holland 12727777

Melvin Glynn Schlieman
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THE USE OF MOBILE CRANES has increased
at a rate that parallels the growth of
electric power distribution in the
United States and the world. Distribu-
tion systems using poles and masts to
support conductors crisscross both
urban communities and rural areas while
high voltage transmission lines sup-
ported on steel and wooden towers of
diverse designs can be seen across the
skylines everywhere. One result has
been to increase the possibility of
accidental contact between crane booms
and overhead electrical conductors,

770778
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owneTl A PraCtical ReView Of

High Voltage Safety

Devices for Mobile Cranes

George S. Allin, Jack T. Wilson, and
Richard E. Zibolski

Harnischfeger Corp.

Manufacturers of mobile c¢ranes are con-
cerned with the increasing danger of
accidents involving electrical contact
with power lines.

This concern has led crane manufac-
turers to test high voltage safety de-
vices offered by crane auxiliary equip-
ment suppliers in an effort to evaluate
their effectiveness in preventing acci-
dents. These devices are designed to
aeither serve as insulatecrs or power
line proximity warnings.

One device consists of a cage sup-
ported by electrical insulators and

This paper presents a discussion
of insulators and powar line proximity
warning systems sold by suppliers of
auxiliary equipment for use on mobile
cranes. These devices are offered as
a solution to the problem of crana
booms, loads and load lines accident-
ally contacting electric power lines.

This discussion shows that insu-
lator devices and electronic warning
systems do not solve the problem of
preventing these accidents.

ABSTRACT

The number of these accidents will
only be reduced when those having ad-
ministrative and supervisory responsi-
bility of work projects near power
linas recognize the hazard and take
precautions before work is begun.
Effective planning including consult-
ing with power companies to determine
precautions is the only dependable
solution to the problem.
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fitted to a crane boom so as to shield
a limited area of the boom. We will
call these "insulated boom cages".

Another method uses an electrical
insulator or dielectric link inserted
in the hoisting line just above the
hook or other material grappling device.
These devices are designed to isolate
the hook and load in the event the boom
or hoist line of the crane comes in
contact with a power line so that a
person standing on the ground or
grounded footing would not be subjected
to electric shock should he touch the
load. We will call these "insulator
links".

A third type of high voltage
safety device is an electronic appara-
tus consisting of an antenna attached
to a crane boom and a control box in
the operator's cab. This device is
designed to give a warning whenever
the crane comes within a certain dis-
tance of a power line. We shall call
these “"proximity warning devices™.

THE INSULATED-‘BOOM CAGE AND INSULATOR Fig_ 1 - Insulated boom cage mounted
LINKS on crane boom

THE INSULATED BOOM CAGE -~ Figure 1
shows this device mounted on a crane
for test purposes. It consists of a
tubular steel cage provided with fiber-
glass standoff insulators. It is
mounted on the tip of the boom and
extends approximately 12 to 15 feet

back along the boom pendant lines.
The device tested was manufactured

by the Saf-T-Boom Corp. of Little Rock,
Arkansas and uses standoff electric
insulators manufactured by the A. B.
Chance Co., The standoff insulators
are designed to prevent the charge
from being carried from the cage to
the crane if the cage makes contact
with a power line.

INSULATOR LINKS - The davice pic-
tured in Figure 2 is an insulator link
manufactured by the E. D, Bullard Co.
of Sausalito, California. Tt consists
of a cylindrical block of dielectric
material with steel inserts anchored at
each end. The ceylindrical block is
made up of multiple straps of fiber-
glass impregnated with insulating res-
ins surrounding a core of insulating
material. This construction is en- Fig. 2 - Insulator link of the type
closed in a smooth cylinder which con- that places the insulator in tension
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tains a solid £ill of dielectric resins
and fillers. The entire weight of any
load carried on this type of hook is

sustained by the arrangement of fiber-
glass and plastic materials. Although
no tests ware conducted to evaluate
the potential hazard, these resins and
glass constructions may rapidly age
under field conditions resulting in a
danger of the link fracturing.

The unit illustrated in Figure 3
is a Miller Swivel Insulated Hook manu-
factured by S.S5.P. Construction Equip-
ment Inc., Pomona, California. The
construction of this insulated link
includes multiple plates of steel
attached to the shanks at each end in
such manner that the insulating mater-
ial is held in compression. In the
event of breaking or cracking of the
insulating material the metal plates
are designed to fall into contact with
each other and support the load. The
breakage of the insulating material
would, however, destroy the effactivae-
ness of the electrical insulation.

All the above devices depend upon
insulators to isolate the crane or load
from electrical charges which would
result from contact with power lines.
Because the hazard of current travel-
ling along the surfaces of such insu-
lators is greater than the hazard of
it going through the dielectric mater-
ial, the probklem any electrical insu-
lator has performing in a high voltage
field is that its performance is abso-
lutely dependent on the surface condi-
tion of the insulator. When the sur-
face of an insulator is perfectly
clean or has been thoroughly cleaned
under laboratory conditions the per-
formance characteristics will prove
to be considerably different than they
will when the surface has been soiled
under typical construction site hand-
1ling and storage conditions. It is
important to note, however, that dur-
ing electrical testing of the link pic-
tured in Figure 2 current paths were
established through the insulator as
well as on the surface.

To determine the aelectrical perfor-
mance of a clean insulator link, the
unit pictured in Figure 3 was taken into
the laboratory and placed in a large
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Fig. 3 - Insulator link of the type
that places the insulator in compression

sink. Tap water at a temperature of
120° was flowed across the molded rubber
insulated section and, after the surface
had beccome thoroughly moistened and
warmed, a small gquantity of laboratory
cleaner was applied with a medium soft
bristle brush. This removed all traces
of residual oils and greases and pro-
duced a c¢lean surxface after rinsing.

The hook was then suspended for one

hour to permit it to dry.

A hook cleaned and dried in this
manher performs well even up to 50,000
volts, the maximum voltages for which
it is specified. If the hook is con-
taminated, however, the guality of its
performance will be greatly diffarent.
In order to be a practical test the
hook should carry the amount of surface
contamination which would be the result
of normal handling in a contractor's
plant and in his operations.

To determine how to treat the sur-
face of an insulator to simulate two or
more weeks of exposure in a contractor's
vard, the following experimental proce-
dures were tried.

The insulator link was placed on
the ground in an area where materials
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handling trucks are contihuously pre-
sent. Rasidual salt in the soil is one
type of contaminant which readily af-
fects the insulator's surfaca condition.
A garden hose was used to spray tap
water on the soil near the hook and the
link was allowed to dry carrying what-
ever residual of spattered soll pro-
duced by this treatment. The link was
then taken to the laboratory and mea-
sured for dislectric strength, It was
shown that the salt and other ionizable
contaminant produced a conducting sur-
face which caused spark-over at a vol-
tage of 22,000 volts.

When the insulator link was thor-
oughly ¢leaned with the laboratory
washing powder as described above and
tastaed the dielectric strength had
been restored.

The following steps were taken in
the second method of testing surface
conditions on the insulator:

1., Dust the clean hook with fine
clay collected from an area adjacent
to a roadway or truck path.

2, Wipe off all excess dust with
a shop rag which has been spotted with
ordinary crank-case lubricating oil.

3., Dust again with the fine clay.

4. Roll the insulator on bare
ground typical of shop and yard areas.

5. Apply a light spray of tap
water with a spray bottle.

6. Allow the hook to dry in air
and rub the hook gently with clean shop
rags to remove apparent traces of con-
taminants before testing.

The above method seams to be a
practical means of duplicating those
conditions which may exist with normal
storage in a contractor's shop or
storage sheds. A hook tested under
these conditions broke down electrically
at voltages between 16,000 and 33,000

volts,
Tasting of insulators from insu-

lated boom cages and insulator links
has shown that an accumulation of dust
and yard dirt reduces the insulating
properties of the safety device to
alarmingly low values. Further labor-
atory tests have shown the accumulation
of street salt used in winter to thaw
ice and snow will seriously degrade

the insulation surface toc the point
where tracking will be produced across
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the insulator surface when exposed to
an electrical potential of between
5,000 to 7,000 volts, 60 cycle AC for
a period of three minutes.

Current levels wera kept low fox
these tests to avoid unnecessary damage
to the insulators and equipment. The
electric arcs observed across the
soiled insulator surfacas would be cap-
able, however, of sustaining electrical
currents of many hundreds of amperes
with consequent destruction of not
only the insulators but other objects
in the electriecal circuit, This type
of electrical spark-over is one of the
greatest hazards associated with the
use of any type of the insulator link
or standoff insulator block.

PROXIMITY WARNING DEVICES

Proximity warning devices of
various brand names have been marketed
in the United States, Canada and Eng-
land. They are all similar in that
they are electronic devices designed
to sensa the presence of an electrical
charge on a conductor.

The system used in the following
field test summary was the Sigalarm
Proximity Warning Device marketed by
Bower Industries of Oranga, California.
Tt includes a control box containing
the circuitry connected through ter-
minal blocks to a 12 velt D.C, power
supply, the antenna sensor cable and
external warning devices,

The controls include coarse and
fine adjustment dials, a battery
switch and a red signal light which is
used as a warning flasher and in cir-
cuit performance testing. The control
panel also provides a test switch, an
alarm switch and a test button to check
the operating condition of the signal
lamp. The sensor cable is an insulated
two-wire electrical conductor strung
along the boom and terminating at the
tip with an extended section approxi-
mately 18 inches long.

This particular device is claimed
to be sensitive to aelectrostatic fields
or the voltage gradient between an
elactrical conductor and the ground
or nearest object at an electrical po-
tential different from that of the
elactrical conductor. Studies of the
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circuitry and operating characteristics
reveal that the device actually oper-
ates as a broad band low frecuency
radio receiver with a high gain ampli-
fier coupled with a signal pulsing out-

put network,
The impedance of the electrical

circuitry has been designed to respond
to frequencies ranging from about 50
cycles per sacond up teo and including
480 cycles per second. A system of
tuned electrical filters and capacitors
is used in the circuit to filter out
radio frequencies,

The magnitude of the radiation
field into which the sensor cable is
exposed along with the adjustment of
the sensitivity controls will detexr-
mine the rate at which the warning
light flashes. The triggering thrash-
0ld produces an intermittent flashing
with slow rhythm. As the field
strength increases the flashing se-
quence becomes more rapid. A signal
horn is sounded with each flash of
the lamp.

Figure 4 shows a crane equipped
with a proximity warning device for
the test procedures. The outriggers
have been extended and the chassis of
the crane elevated so that the weight

of the machine is no longer supported
by the rubber tires. The antenna

assembly is mounted on the crane boom
as illustrated in Figure 5., The an-
tenna wire terminates in a bracket at
the boom tip with a section of the
antenna allowed to dangle. A small
rubber ball weight at the end of the
antenna holds the 18 inch length in
approximately a vertical position
independent of boom angle.

Figure 6 illustrates the view
the crane operator has of the power
lines used in the tests. A field
lighting transformer is shown on one
of the poles. Floodlighting for the
parking lot and street lighting fix-
tures are also shown, The power line
assembly is made up of six conductors
at the top level supported by crossarms
consisting of two sets of 3-phase lines
carrying 13,000 volts, 60 cyclaes A.C.,
one set on each side of the supporting
pole. A crossarm below the six lines
supports a 3-phase group carrying 4
kilovolts. Below the 3-wire system

Fig. 4 - Mobile crane equipped with
proximity warning device in position
for field demonstrations

a crossarm supports the single-phase
conducteors for a street lighting cir-
cuit. A 120/240 volt, single-phase
group of conductors is carried below
the lighting circuit conductors. A
large telephone cable is located below
that assembly. The lowest assembly

on the poles consists of 240 volt,
3-phase line assembly.

TEST NO, 1 - The first demonstra-
tion used the cement truck and con-
crete bucket shown in Figures 7 and 8.
The crane picked up the bucket and
then was positioned so the boom was
parallel to and a distance of 30 feet
from the power lines. The sensitivity
adjustment was set so that if the boom
was swung toward the power line the sig-
nal would trigger when the tip of the
boom was 10 feet from the line.

The concrete truck was driven in
the lane between the crane and the
power line. When the truck was along-
side of the crane, the signal stopped
sounding. When the boom was moved
closer to the power line with the con-~
crete truck remaining stationary, the

.signal did not trigger until the sen-
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Fig. 5 ~ Proximity warning device
antenna and take-up reels mounted on
¢crane boom

different positions the alarm would
begin to sound even though the crane
boom position was not moved. At other
positions the alarm would stop sound-
ing. This test shows that the position
of a large vehicle batwean a power line
and a proximity device may greatly in-
fluence the response characteristics

of the deteactor.

TEST NO. 2 - The second demonstra-
tion involved the truck shown in Figure
9 and a bundle of aluminum pipe approx-
imately 18 feet long which was suspended
from the crane hook as shown in Figure
10. A cord was tied to one end of the
bundle so that it could be swung to any
azimuth position under the hook. The
axis of the pipe was adjusted to coin-
¢ide with that of the boom with the
pipe approximately 10 feet off the
ground. The alarm sensitivity adjust-
ment was made to trigger slowly at
o 1 this position.

When the axis of the pipe was
swung through 90 degrees, the alarm
triggered more rapidly. The trigger-
ing frequency could be modified from
slow to fast by adjusting the azimuth
position of the pipe bundle.

Lt
s
e

Fig., 6 - Power lines used during
field demonstrations

sitivity adjustment was advanced to The scrap metal truck was driven
the maximum setting. in the lane betwean the crane and the
The boom was swung away from the power line while the pipe was held
power line to a position parallel with with its axis coinciding with the boom,
the power line and the concrete truck At several different positions of the

driven slowly forward. At several scrap truck the sensitivity of the
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Fig. 7 - Cement
lines and crane
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truck betwean power
lifting cement bucket

Fig. B - Crane lifting cement bucket

detactor was greatly diminished, and
at one position, the truck could re-
main stationary and the indicator
signal could be triggered or extin-
guished by changing the angle of the
pipe axis.

When the boom angle was elevated
and the proximity indicator antenna
came into the stronger field of the
upper conductors, the position of the
truck and the pipe axis had less ef-
fect on the sensitivity of the detector.

This test shows that the sensitiv-
ity of the detector is affected by the
configuration of metalic objects in
the vicinity of the crane and that
the device requires continued read-

justment of sensitivity if the signals
from the detector are to be trusted.
TEST NO. 3 - For the following
series of demonstrations the boom sec-
tions were extended and the boom anglae
raised to approximately 45 dagrees.
At this position the boom tip was at
about the same plane as the middle
wire of the top group of 3-phase con-
ductors. The sensitivity was adjusted
so that the detactor flashed slowly
whaen the tip of the boom was about
25 feet from the middle conductor of
the top most group.
When the boom was returned to a
low angle, the sensitivity of the
detector was no longer effective in
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Fig. 9 - Material hauling truck used

in demonstrations

Fig. 10 - Truck betwean power lines
and crane lifting pipe bundle

triggering the signal even when the
boom was swung within three feet of
the lower group of power lines.

It was also observed that the
sensitivity of the device was dimin-
ished appreciably by the capacitance
of the boom when the boom approached
the power line with the boom between
the antenna and the power line,

TEST NO, 4 - The upper structure
of the crane was rotated so the tip
of the boom was approximately 10 feet

-from the nearest power line of the
lowar group. The controls were ad-
justed to a slow rate of signal re-
sponse. The operator then rotated

the boom away from the power lines.
As the boom tip moved away from the
power lines, thefrequency of the de-
tector signal increased and reached
a peak when the boom was parallel to
the wires. As the boom moved through
a large arc the signal frequency
diminished and finally stopped al-
together. The boom was moved slowly
through a full half circle and as
it approached the line again the sig-
nal bacame frequent, reached a peak,
and, as the boom approached the power
lines, diminished.

This observation shows that the
array of power conductors precisely
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determines the regions where partial
cancellation of induced elsctrical
field will occur. For each different
configuration, there will be totally
different zones of diminished or c¢an-
called induced fields.

TEST NO. 5 - Positioning the boom
directly under the power lines revealed
some vary curious behavior of the prox-
imity warning device. Figure 11 shows
the boom directly under and approxi-
mately perpendicular to the power
lines. When the boom tip was posi-
tioned so that the centerline of the
power conductors bisected the antenna
section supported above the boom by
the reel brackets the signal halted.
The boom was elevated to within 6
inches of the lowest power lines and
the detector device gave no signal
even when the sensitivity adjustment
was at the highest possible level.

These regions of cancellation
are well understood by power distri-
bution engineers. Telephone cables
are purposely placed in these raegions
of cahcellation in order to minimize
undasirable signals on the telephone
system. (A discussion on this sub-
ject is presented in Chapter 19 in the
ELECTRICAL TRANSMISSION AND DISTRIBU-
TION REFERENCE BOOK published by the
Waestinghouse Electric & Manufacturing
Company.)

It is important to point out that
ragions of partial signal cancellation

can be very confusing to the proximity
device user. Only the most advanced
technigues of analysis of electrical
potantial gradients would make it
possible to plot the highly complex
induced electrical force field distri-
bution in the area of a crane and a
typical multi-conductor power lime.

A crane operator could notdetermine
the hazards of depending upon signal
triggering as a means for safe gui-
dance in the operation of his crane un-
less he had carefully plotted regions
of field strength in his working area.

TEST NO, 6 - The final demonstra-
tion illustrates the behavior of the
proximity indicator when the crane is
used to transport materials in yard
operations.

Figure 12 shows the crane with
the concrete bucket lifted, the crane
boom parallel to the lines and the
outriggers of the crane chassis lifted.
The proximity indicator was adjusted so
that when the tip of the crane boom was
four or five feet from the line the
proximity device responded with a
rapid signal,

The crane was moved so that the
center of the crane chassis was per-
pendicular to the power lines and
approximately 90 feet from their mid-
line. The crane boom was elevated
as shown in Figure 13. At this posi-
tion, the telescoping boom was ex-

Fig. 11 - Crane boom extended beneath
power linas



Fig. 12 - Crane with outriggers raised
and lifting cement bucket
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Fig. 13 - Crane driving toward power
lines with suspended cement bucket

tended until a slow signal of the
proximity warning device sounded.

The angle of boom elevation was
increased and the crane was driven
toward the power line. When the steel
cable supporting the hook came within
approximately 20 feet of the power
line, the warning signal sounded.

The crane was moved back away from
the lines, the warning signal stopped
sounding and the boom angle was lowered.
Without changing the sensitivity ad-
justment of the warning device, the
c¢rane was moved toward the lines with
the boom tip approaching the lower
conductors. The warning device did

not sound even though the boom tip
came within 30 inches of the lowest
conductors.

This demonstration again illus-
trates that unless the sensitivity
controls of the proximity device are
readjusted whenever boom angle or
the orientation of the crane chassis
is changed the crane boom can be
dangerously close to power lines with-
out triggerhg the warning signal.

In order to understand the per-
formance of the proximity warning
devics it is important to study the
behavior of an electric charge in a
conductor and to observe what proper-
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ties of a charge may manifest them-
saelves in the area surrounding a
conductor.

Most conductors carry alternating
current in which the electrical polarity
changes 60 times per second. Any such
conductor acts as a broadcast antenna
transmitting at 60 cycles. It is al-
most impossible to design and build a
dependable proximity warning device
because it is very difficult to dis-
criminate between the energy produced
by a power line and the random fre-
guencies which are broadcast by many
sources. Urban communities and aven
rural areas are flooded by radio broad-
casts and standing waves of broadcast
patterns which may confuse any proxi-
mity warning device giving it all
manner of false triggerings. Sixty
cycle signals and signals ranging
through 50 cycles up to seaveral hun-
dreds cycles are found in great abun-
dance in areas of construction.

Soma years ago gasoline engines
in all types of vehicles used DC
generators for battery and ignition
systems, In modaexn equipment, however,
the DC ganerator has been replaced
with alternator systems which produce
radiation signals of variable fre-
guency ranging in value through the
ragion most sensitive to the proxi-
mity warning device.

A proximity warning device de-
pends upon an electrostatic or an
electromagnetic field of force sur-
rounding power transmission lines.
Unfortunately, the distribution of
this energy does not occur as a
uniform gradient in most cases.
Rather, a complex pattern of energy
distribution will result from the
affect of nearby objects which may be
elactrical conductors at ground poten-
tial or may exhibit large electrical
capacitances.

Much rasearch has been completed
during the past few years which examines
the theory and the actual measurement
of electrical gradients surrounding
power lines, The computation of vol-
tage gradients at ground level below
power transmission lines has been
published in great detail. Chapter 8
of the TRANSMISSION LINE REFERENCE

BOOK, gsponscored by the Electrical
Research Council of the Electric Power
Resaarch Institute contains a full
discussion of this subject. An im-
portant presentation of theory and
actual measurement has been submitted
for publication in the Transactions of
IEEE as paper Code F 76 180-0. This
paper, authored by Dr. Don W. Deno,

is entitled TRANSMISSION LINE FIELDS.

The above papers concern ultra
high voltage power transmission lines
in which the space facteors and vol-
tage gradients are much larger than
would be commonly encountered around
moderate voltage power transmission
and distribution lines., The techniques
of field strength measurement are,
howaver, of great importance to our
considerations in this report.

The literature treats extensively
the space between the electrical con-
ductor and ground. Since c¢rane booms
would normally approach a power line
from the side, any study of the pro-
blem of detecting the approach of a
crane boom to power lines must also
carefully consider the field distribu-
tion in the areas above and to the
side of the conductor.

The electrical field surrounding
both single-phase and poly-phase power
transmission lines can be predicted.
The analysis, however, redquires com-
puter technology making the construc-
tion of an energy field chart at any
given crane operating area totally
impractical.

Field strength measuring instru-
ments have bean used to compare proxi-
mity warning device responses to in-
strument measurements in an effort to
both predict and explain some of the
erratic performance of the proximity
warning device. Unfortunately, crane
operators and their crews have neither
the time nor the skills to make in-
strument measuremants on the field
strength of electrostatic potentials
in the crane working area before be-
ginning a job., Such measurements
would regquire the services of speci-
ally trained electronics experts.

DISCUSSION

Up to this point we have dis-
cussed some of the practical problems
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involved in the use of safety devices
designed to either insulate workers
from power lines or to signal the
dangerous proximity of a crane boom
to power lines., We will now examina
some accepted administrative safe-
guards dasigned to completely avoid
the hazard of working close to ener-
gized power lines.

The prime contractor must accept
overall responsibility for work site
operating procedures including job-
site safety. The construction fore-
man and the crane operator also have
a rasponsibility to take every possi-
ble safeguard to avoid accidental
contact with electrical conductors.

As soon as a construction site has
been chosen it is the responsibility

of the contractor to detarmine the
location of all overhead alectric
power lines and other utilities which
may offer a hazard. It is necessary
to inspect the work site for the pre-
sence of power lines which may not have
bean shown on the charts or diagrams
used in planning the operation. When
power lines are present, the means of
safaeguarding against accidental contact
must be carefully plannaed taking into
consideration all national and state
laws which govern and control the dis-
tances a boom, load cables, or other
types of tools may approach electrical
conductors,

The local power company must be
consulted whenever an operation is
planned near power line and must be
informed of the nature of the job and
the proposed dates for carrying out
the work. Planning and coordinating
the work with the power company is per-
haps the single most important safe-
guard to be taken by those responsible
for crane operations in the vicinity
of power lines.

Power companys are anxious to
avoid any danger that may be asso-
ciated with the use of electric power,
When informed of an intended operation
near power lines, they are eager to
assist in planning the job and select-
ing the safast location for cranes
and other eqguipment. They will supply
diagrams designating the clearance
requirements specified both by law

owner

as wall as by their policies and offer
additional safety information concarn-
ing work dona in the vicinity of
elactrical conductors.

Many jobs require that the power
be cut off from lines in the wvicinity.
The decision to do this will rest
with the power company. Inh many in-
stancaes, howevar, the power company
can rerocute the power and thus parmit
a saction of the line to be deactivated
and grounded, In pther instances it
is possible to disconnect the power
and ground the line for short periods
of time. The power company's engineers
may choose to use insulating sleeves
to cover the electrical conductors in
those regions which might accidentally
be contacted by booms or load hoisting
lines.

The nature of the slectric power
line itself and the voltages which
ara carried in the conductors as well
as the type of crane work to be per-
formed will determine the specific
precautions that should be taken.

CONCLUSION

We have briefly described the
obsarved operating characteristics
of insulated boom cages, insulator
links and proximity warning devices.
Mobile crane manufacturers will con-
tinue to evaluate these accessories
to detaermine if they contribute to
the overall safe use of cranes. At
the present time the limitations of
these devices are such that they
clearly cannot be recommended for
ganaral usage.

The boom cage offers no protection
for the load lifting cable and only
limited coverage of the boom tip. An
even greater limit to the dependable
performance of this type of davice is
the hazard of dirt accumulations on
the standoff insulators.

The greatest risk in using in-
sulator links is the very real hazard
of electrically conductive contaminants
accumulating on the surface of the in-
sulator blocks which will produce
flashover at typical power line vol-
tages. The mechanical safety of a
hook which relies upon resins and fiber-



glass structures to carry loads is also
gquastionable.

In addition to the serious pro-
blem of insulator breakdown through
surface contamination there are other
hazards associated with insulator
links bacause they will only isolate
that portion of the load which is
carried by the hook or grappling device.
In the event of an accidental contact
with a power line the steel cable
which suspends the load above the
insulator would become charged and so
would the entire structure of the
crane including its mcbile carriage.
Should a person accidentally contact
the carriage or any part of the crane
or the load line above the insulator
while standing on a grounded surface
the insulator link would give no pro-
taction against the danger of electro-
cution.

The electrical proximity warning
device does not reliably detect power
lines in typical power distribution
systems consisting of multiple con-
ductors, All manner of geometric
arrays of powar lines intersecting
at all angles can be found in abun-
dance in modern power line systems,
The variety of power line configura-
tions coupled with the movement of
trucks, materials and the crane it-
self tend to confuse or cancel the
sensitivity of the detector.
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All of these devices tend to give
crane operators and working personnel
a false sanse of confidence in their
protection against exposure to electro-
cution. Such unfounded confidence may
cause serious accidents or electrocu-
tions to construction workers which
could have bean avoided through proper
safaty procedures providing for strict
avoidance of power linas.

Our examination of mechanical
insulator devices and electronic warn-
ing systems has shown that they do
not solve the problem of preventing
electrical accidents. The most effec-
tive solution to the problem lies in
the proper execution of the administra-
tive and supervisory responsibility of
a work project. Planning the position
of a mobile c¢crane so that no part of
it or its load suspending cable can
possibly touch an elactrical conductor
is clearly the safest practice. When
close proximity to a power line is
unavoidable it is esgential that strict
safety procedures be developed with
the assistance of the power company.
If possible, power lines in the area
should be disconnected and grounded.
No other safety practice 1s as effec-
tive. When human life is at stake the
extra effort necessary to take thease
precautions is mandatory.
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FIELD EVALUATION OF A PROXIMITY ALARM DEVICE
by

Richard L. Reynolds!

ABSTRACT

This report examines the use of a proximity warning device on a crane
boom to provide a warning when the boom approaches a predetermined safe
distance from an energized powerline. The purpose of this study was to
determine the sensitivity and ruggedness of the device under field operating
conditions.

INTRODUCTION

In the past, industry as a whole and the mining industry in particular
have been faced with the hazard of bare high voltage lines in the vicinity
of work areas. These lines were not a hazard until a crane or similar type
of equipment containing a boom or mast was brought into the work area. In
spite of the efforts of the equipment operators, the boom or masts of their
equipment, on occasion, would strike the overhead lines. 1In the past 2
years the mining industry has experienced four electrocuticns from such
accidents.

Because of these electrocutions MESA's Coal Mine Health and Safety
requested Technical Support to evaluate a proximity alarm device which could
give a warning and thus prevent such accidents.

The proximity alarm device, which was evaluated, is known as '"Sigalarm.'®
The purpose of the evaluation was to determine-=-

1. If the device would operate properly in the mining environment for
an extended period of time, and

2. If it needed any design changes to produce the margin of safety
necessary to prevent future electrocutions resulting from contact of equipment
with high voltage lines.

1Chief, Mine Electrical Systems Group-.

2Reference to specific brands, equipment, or trade names in this report is
made to facilitate understanding and does not imply endorsement by the
Mining Enforcement and Safety Administration.
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FIELD TESTS

On October 25, 1973, a '"Sigalarm” system was installed on a Bucyrus Erie
Hydrocrane for evaluation. The crane was located at the Electric Shop of the
Central Division of Consolidation Coal Company. The following people were
present during the installation and tests:

Consolidation Coal Company
Henry Gilham
Tom Russiello
Sam Hartley
Ivan Coleman

Heither Associates, Inc.
Sam Midkiff

Bower Industries, Inc.

Arthur C. Gregr

MESA
John Greenhalgh Coal Mine Health and Safety
Roy Jones Coal Mine Health and Safety
Fred Williams Coal Mine Health and Safety
Richard Reynolds Pittsburgh Technical Support Center

The following tests were conducted to determine the sensitivity of the
device under simulated working conditions (see appendix I).

Radial Swing Test

After the initial installation of the "Sigalarm,” the crane was posi-
tioned approximately 50 feet away from a 4,160 volt distribution line, which
was about 25 feet above the ground. The sensitivity was set to detect the
high voltage line when the boom was at a reference point approximately 15
feet from the line. The boom was then swung clockwise and counterclockwise
from the reference position (see figure 1, Radial Swing Test).



Reference pBint
Antenna \\\'
~;

RADIAL  SWING TEST
(Boom below but not under line)
FIGURE 1, - Radial swing test,
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This test was performed to deter~
mine the ability of the warning device
to repeat its signal within a reason~-
able distance from the reference point.
It was found that while swinging the
boom from either direction toward the
reference point, the device would pro-
duce a warning when within 1 foot of
the reference point.

Vertical Lifting Test

With the boom of the crane at the
same reference point as in the radial
test, the boom was lowered and raised
vertically. 1In this test the alarm
produced a warning within 1 foot of
the reference point. (See figure 2,
Vertical Lifting Test.)

In this test, it was noted that,
although the antenna for the detection
¢ircuit was along the crane boom, the
boom did not appreciably shield the

antenna from the electrostatic

field of the energized lines

_;”'"\\ during the test.
\ ) Boom Extension Test
________ N
The crane on which the
"Sigalarm" was installed had an
15 ft extendable boom (see appendix 1I),
radius As the boom was extended the

VERTICAL LIFTING TEST
{Boom under line)

FIGURE 2. - Vertical lifting test.

antenna became longer and changed
the sensitivity setting of the
device. Therefore, a test was
designed to detect the effect of
setting the sensitivity with the
boom extended and then operating
the crane with the boom con-
tracted. For this test the boom
was extended in a parallel posi=-

tion to a 66 kv line which was approximately 120 feet away, as shown in

figure 3.

At this point, the sensitivity of the device was set so that a warning

was barely detcctable.

Next the boom was contracted and swung toward the

lines until a warning was again detectable as in figure 4.
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66-kv line 1
66-kv line )
120 ft
71 Contracted
F “t [y
-cr_::::;T- L] ] [O° g-i‘ ‘~ u
[ 3
Boom extended =
FIGURE 3. - Boom extension test, extended., FIGURE 4. - Boom extension test,
contracted,

.

The results of this type of test can be very illusive depending on the
percentage of change in antenna length as the boom is extended and contracted.
In the test described, the boom was moved through a 10° arc toward the lines
before a warning was given. This situation has the inherent good feature that
the boom is always shorter when the sensitivity is reduced. However, the
operator should be cautioned to always reset the sensitivity when the boom
length is changed.

Multiple Lines Test

It is not unusual to find several powerlines on the property where a
crane may be working. Therefore, for this test the crane was positioned
between two powerlines which were approximately 150 feet apart, as shown in
figure 5.

In this situation, it was found that the device could not practically be
adjusted to detect the 110 v line. This was because the electric field of
the 66 kv was much larger than the field of the 110 v line at the chosen posi-
tion in the crane work area. Because of this, extra caution should be exer-
cised in using the devices between two powerlines.

/ 66-kv line OBSERVATIONS

The following observa-
tions were made during
installation and field tests:

AT ] 1. By placing the

150 ft antenna along the boom and
spacing it approximately
8 inches above the boom
structure, there is no
appreciable shielding of the
antenna by the boom.

-v line
[1C-v line 2. The device gave

consistent results during
the test. 1t produced a

FIGURE 5. - Multiple lines test,



warning within 1 foot of the set point regardless of the direction of boom
movement as was demonstrated in the vertical and radial tests.

3. The device did hold up under vibration and varying weather conditions
to which it was submitted.

4. 1t was accepted favorably by the two crane operators at the mine.

5. The operator of a crane with an extendable boom should be aware that
the device is less sensitive when the boom is not extended.

6. When the crane is operated between two powerlines, that are trans-
mitting at different voltage levels, it is possible that the device could be
keying on the higher voltage line when the more immediate hazard is the lower
voltage line.

CONCLUSTIONS

When this particular device is used on an extendable boom the crane
operator must adjust its sensitivity and be very familiar with its limitations
before he begins to rely on it for warnings. In no case should the device
be used to indicate when the boom is actually in a dangerous positionm,
that is, 1 foot from a 66 kv line. The device should be used to warn the
operator when the boom of the crane penetrates the safe limits as set forth
in the Title 30, Code of Federal Regulations, Section 77.907-2 (see appendix
I11).

The following are some desirable design changes which would improve the
device's operation:

1. The device should be energized automatically when the crane is
readied for operation.

2. The device should automatically set itself for maximum sensitivity
when it is energized. This would necessitate the operator adjusting it for
proper operation and prevent him from forgetting to make the adjustment.

Field tests for a period of 6 months demonstrated that the device is
rugged enough for mine use and that it does, indeed, operate with very good
reliability. If installed on equipment with masts and booms, it will alert
the operators of such equipment to the hazards of overhead lines and has
the potential to prevent contact electrocutions and save lives in the future.

It also has the capability of automatically stopping a machine function
such as boom swing, boom elevate, and boom extend if the operator fails to
heed the audible warning.

112



APPENDIX I
Powerline Distance to Number of
Test voltage powerline from trials
reference point
Radial swing test.....eccvvennaennns « ] 4,160 v 15 feet 4
Vertical lifting tesSteseeseociasceess | 4,160 15 feet 4
Boom extension testesseessisoiivsans 66 kv 120 feet 3
Multiple lines tesSt.ee.cecciancenananns .| 66 kv 145 feet 4
110 v 10 feet 4

113



114

APPENDIX II

Reproduced from
best available copy.
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APPENDIX III

77.807-2 Booms and masts; minimum distance from high-voltage lines.

The booms and masts of equipment operated on the surface of any coal
mine shall not be operated within 10 feet of an energized overhead powerline.
Where the voltage of overhead powerlines is 69,000 volts, or more, the minimum
distance from the boom or mast shall be as follows:

Minimum distance

Nominal powerline voltage (in 1,000 volts) ' (feet)
69~114 0., et eieeiiseeeaanaen .. 12
115=220. . i vennvinnrasscans fher e aca e 15
230=340 . s sttt e st e e 20
T4 5 T 1 1 T, . 25
S00 OF MOTEseaeercnsnerorsnnsnnansrsssocss 35

INT.-BU.OF MINES5,PGH.,PA, 21069/238
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APPENDIX B

FORTRAN LISTING OF COMPUTER PROGRAM COMPONENT



OO0

900

19
20

PROGRAN COHPONENT COKPUTES LOCII OF CONSTANT ELECTRIC FIELD
STRENGTH COMPONENTS
IN SPECIFIED DIRECTIONS. BASED ON EQUATION 2 PHASE I REPORT
REAL K ;EGUIVALENT ANPLITUDE OF RELATIVE ELECTRIC FIELD
}STRENGTH COMPONENT
ACCEPT “R{IN)’,RIN SWIRE RADIUS(IN)
RFT = RIN/12.  UIRE RADIUS(FT)
ACCEPT “D’,D  ;1/2 WIRE SEPARATION(FT)
A = SORT(D¥*2 - RFTs2)
ACCEPT ‘K’,K 3K MUST BE DETERHINED BY TRIAL AND ERROR 10
s INSURE THAT THE LOCUS
PASSES THROUGH A POINT 10 FT TO THE LEFT(I.E. ¥R=-10) OF THE
NEAREST VIRE.
ACCEPT “ELEVATION ANGLE, ELEV
WRITE(12,900)RIN,D,K,ELEV :DOCUNENT INPUT PARAMETERS ON
sOUTPUT LISTING
FORNAT(1X,F6.3,F7.1,F7.0,F7.0)

THETA = ELEV/57.29578
COSTH = COS(THETA)
SINTH = SIN(THETA) :
Do 20 Xk = -20,0,1 s ITERATE XR(THE X COGRUINATE RELATIVE
170 NEAR WIRE) FROM -20 FT7 70 O FT
X=XR -1 +X COORDINATE RELATIVE TO TRANSMISSION LINE CENTER
Y = -20.01 sINITIALIZE Y FOR REFERENCE CALCULATION
B = ((X-A)#x2 + Yx:2)%{{X+A}+x2 + Y*x2) [DENONINATIOR OF EG(2)

; IN FHASE(1) REPORT

CX = Ke(X#$2 - AR22 - Yix2) ;NUMERATOR FOR X CONPONENT
CY = KsXaY sHUNERATOR FOR Y COMPONENT
EL = B - CX«COSTH - CY«SINTH  FINITIAL "LAST" VALUE OF QUANTITY

yNHICH MUST BE ZERD ON CONTOUR

bo 10 Y = -20,20,.01 JSWEEP Y FROM 20 FT BELOW WIRES TO 20 FT7
tABOVE WIRES

B = ((X-AY*¥2 + Y#x2)%{(X+A)¥%2 + Y*x2)

CX = Kx{Xx%2 - A%32 - Y¥%2)

CY = KaX#Y

E = B -~ CA+COSTH -~ CY*SINTH sCURRENT VALUE OF QUANTITY UWHICH

;MUST BE ZERO ON CONTOUR
IF(EL#E.LT.0.)WRITE(12,9) XR,Y THE RESULTING OQUTPUT COORDINATE
;IS WITHIN 0.01 FT OF THE CONTOUR
FORMAT(1X,2F7.3)
EL = E ;THE CURRENT VALUE E VILL BE USED AS THE LAST VALUE "EL"
+IN THE NEXT ITERATION
CONTINUE
CONTINUE
END
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APPENDIX C

FORTRAN LISTING OF COMPUTER PROGRAM MULTI



PROGRAM WULTI COMPUTES EFIELD CONPONENTS FOR MULTI-CIRCUIT,
WULTI-PHASE POVER LINE SYSTEN. CIRCUITS NUST BE PARALLEL.
CONPLEX F,EX,EY,V,0

EQUIVALENCE {@,V)

DIKENSION XUME12),YW(12),RU(12),KV(12),V(12),0¢(12),P(78) ,EXV{14)
DIMENSION EYV(14) ,BEG(12)

REAL KV

ENTER THE LINE DESCRIPTION

ACCEPT "NUMBER OF CONDUCTORS: “,N

DO 10 I=1,N

TYPE "CONDUCTOR :*,1

ACCEFT "WIRE DIAMETER "“,D

RUCII=(D/2)%2.54/100

ACCEPT "COORDINATES (X,Y) IN FEET ", XFT,YFY

ACCEPT “"VOLTAGE AND PHASE (KV,DEG) ",KV(I),DEG(I)
XU{I)=XFT*.3048 ;CONVERT COORDINATES FROM FEET TO METERS
YU{I)=YFT+.3048 ;CONVERT CODRDINATES FROM FEET TO METERS

VOLTS=KV(I)=1000 ; CONVERT FROM KILOVOLTS TD VOLTS

CALL EONVIVDLTS,DEG{1),V(I})

CONTINUE

CALL MATRIXCXW,YW,RUW,N,P) sCALCULATE THE ELEMENTS OF THE

P MATRIX AND STORE IN A SINGLE DIMENSION REPRESENTATION OF

DINENSION MATRIX

CALL SBROT(P,v,0,1,N)  RECIPROCATE THE NATRIX EQUATION V=PQ
*T0 SOLVE FOR THE INDIVIDUAL LINE
sCHARGES PER UNIT LENGTH

WRITE HEADER FOR PRINTOUT

URITE(12,20)

FORMAT(2X,"LINE DESCRIPTION"//8X,"X",BX,"Y",8X,"KV",8X, "PHASE",

8X, "RADIUS"/)

DO 50 I=1,N

WRITE(12,45) XW(I)/.3048,YN(I)/.3048,KV(I) DEG(I) RW(I)/, 0254

FORMAT(1X,2¢4X,F6,2),2(4X,14),10X,F5.3)

CONTINUE

ENTER THE HORIZONTAL AND VERTICAL LIKITS BETUEEN WHICH

ELECTROSTATIC FIELDS ARE TO BE CALCULATED,

ACCEPT “HDRIZONTAL LINITS (LEFT,RIGHT) ", XLF,XRF

ACCEPT “VERTICAL LINITS (UPPER,LOMER)",YUF,YLF

SX = (XRF-XLF}/13 ;X INCRENENT

SY = (YLF-YUF)/13 ;Y INCREKENT

TYPE "X INCREMENT:™,SX
TYPE "Y INCREMENT:",S5Y
TYPE "LEFT LIMIT : ", XLF
TYPE "RIGHT LIMIT 2 “,XRF
TYPE “UPPER LIMIT : “,YUF
TYPE "LOWER LINIT 2 ",YLF

WRITE HEADER
WRITE(12,9){7,T=XLF,XRF,5X)
FORNAT (//T5¢,"EH(V/N)"/T92,"EVIV/H)"/
2X," XU, 14(F3.1,1H7,3X)/
" Yll)



[w el

190

900

200

ITERATE THE OBSERVATION CODRDINATES(X,Y) AND CALCULATE TOTAL E-FIELD.

BO 200 YFT = YUF,YLF,S5Y ;INCREMENT Y

Y = 0.3048%YFT ;CONVERT 70 METERS
1=0
DO 100 XFT = XLF,XRF,SX ;INCREMENT X

I=1#

X = 0.3048«XFT ;CONVERT TO METERS.

CALL EFIELD(Q,XW,YW,N,X,Y,EX,EY) sCALCULATE E-FIELD
EXV(I) = CABS(EX)

EYV(I) = CABS{EY)

CONTINUE

WRITE(12,900)EXV,EYV, YFT
FORMAT(1HO, 14¢1X,18)/2X, 141X, 18)/1X,F5.1,1H")

CONTINUE
sToP
END
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SUBROUTINE CONV(V,PH,V0)

SUBROUTINE TO CONVERT VOLTAGE AMP AND FHASE TO
VOLTAGE PHASOR

INPUTS 1
V - VOLTAGE ANPLITUDE
PH - PHASE IN DEGREES

DUTPUTS -
V0 - VOLTAGE PHASOR

COMFLEX J,V0

PHR = PH / 57.29577951
J = CHPLX(0.,1.)
Vo = V « CEXP{L = PHR)

RETURN
END
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c SUBROUTINE MATRIX CALCULATES THE ELENENTS OF THE P MATRIX AND
C STORES THE ELENENTS IN AN EQUIVALENT REPRESENTATION OF A TWO
C DINENSIONAL MATRIX

SUBROUTINE NATRIX(XW,Y¥ RY,N,P)

COMPLEX P(78) ;SINGLE DIMENSION VERSION OF P MATRIX

DINENSION XWC(1),YW(Y) 5 (X,Y) COBRDINATES OF EACH WIRE
DINENSION RW(1) ;RABIUS OF EACH WIRE

DATA EP50,P1/8.854E-12,3.14159265/

IF(N.GT.12)STOP N.GT.12 ;PREVENT ARRAY OVERFLOW

D0 100 I = 1,N

DO 100 J = I,N

RNIJ = SORT((XWCI) = XW(J))#22 + (YU(D) - YW(J))#%2)  :DISTANCE
€ BETWEEN I “TH AND J “TH WIRE

RDIJ = SORTCOXM(I) - XM(J))*#2 + (YW(I) + YW(J))s%2)  ;DISTANCE
C BETWEEN I “TH AND J “TH INAGE

IF(RNIJ.EQ.0.)RNIJ = RU{(I) ;SELF TERN

PIJ = ALOG{RNIJ/RDIJ)/(2.#PI+EPS0) s I,J ELEMENT DF MATRIX
C EQUATION V=Pg

K= (I-1)eN - (I#1 - 1}/2 + )

P{K) = PIJ ;STORE IN 1-D MATRIX
100 CONTINUE

RETURN

END
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SUBROUTINE SBROT  THIS SUBROUTINE CONSIDERS THE MATRIX EQUATION
ZI=V WHICK REPRESENTS A SYSTEN OF SINULTANEDUS LINEAR EQUATIONS.
THE SQUARE MATRIX Z IS ASSUMED SYMMETRIC.  SUBROUTINE SGROT WAS
DEVELOPED BY PROFESSOR J. H. RICHHOND OF OHID STATE UNIVERSITY AS
PART OF CONTRACT NGL-008-138 FOR NASA.
SUBROUTINE SRROT(C,S,IWR,I12,NEB)
COMPLEX C{1),5(1),55
FORMAT(1X,115,1F10.3,1F15.7,1F10.0,2F15.4)
FORNAT( 1HO)

N=NEQ

IF(112.€0.2)60 T0 20

£01)=CSARTI(CL))

PO 4 K=2,N

CK)=CLK)/C(1)

B0 10 I=2,N

140=1-1

I1PO=1+}

1D=(1-1)N-{1*1-1)/2

11=1D+1

B0 5 L=1,1H0

LI={L-1)#N-{LsL-1)/2+1
COITY=C(ID)-CILDACILD)
C{11)=C5ORT(C(II)

IFCIPO.GT.NIGD TO 10

B0 8 J=IPO,N

1J=10+J

PO 6 N=1,IHO

HD={M-1)#N- (HeN-H) /2

MI=HD+]

HJ=HD+J

COII=CCIII-C{NI#CIRT)
C{ID=L{IN/CUD

CONTINUE

S¢11=5(1)/C(1)

BO 30 I=2,N

1HO=1-1

b0 25 L=1,IND

LI={L~-1)2N-(L*L-L)}/2+1
$(1)=8¢1)-C(LI)&S(L)
I1=(1-1)#N-(1$1-1)/2¢1
S(1)=8¢I)/L(II)

NN=( (N#1)2H) /2

S(N)=S(N)/CINN)

NND=N-1

DO 40 I=1,NND

K=N-1

KPO=K+1 )
KD={K-1)#N-{K¢K-K)/2

D0 35 L=KPO,N

KL=KD+L

S(K)=§(K)-CIKL)#S(L)

KK=KD+K

S(K)=5(K) /C{KK)

IFCIURLLE.O) GO TG 100

CNOR=.0

DO 50 I=1,N

SA=CABS(S(I))

IF (SA.6T.CNOR)CNOR=5A

1F (CNOR.LE.0.)CNOR=1.

B0 40 Ist,M

123
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§8=8(1)
SA=CABS(SS)
SNOR=SA/CNOR
PH=.0 '
IF(5A.6T.0.)PH=57.2957B8+ATANZ (AINAG(SS) ,REAL(SSE))
SER=REAL (85)
SEI=AINAG(ES)
60 WRITE(6,2)1,5NOR,5A,PH,55R,551
WRITE(4,3)
100 RETURN
END
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SUBROUTINE EFIELD CALCULATES TOTAL PHASOR ELECTRIC FIELD COMPONENTS
AT (X,Y) RESULTING FRON N LINE CHARGES LOCATED AT (XW,YW) AND HAVING
0(I) COLUMBS PER UNIT LENGTH

SUBROUTINE EFIELD(B,XU,YW,N,X,Y,EX,EY)

CONFLEX EX,EY ;X Y COMPONENTS OF ELECTRIC FIELD VECTOR

COMPLEX 0 ;PHASOR CHARGE FER UNIT LENGTH

DINENSION QC1),X0(1),YN(T)

DATA EPSO,PI/8.B34E-12,3.14139265/

EX = 0

EY = 0

D0 100 1 = 1,N

DENA = (X-XW(I))##2 + (Y-YW(I))*#2  ;SOUARE OF DISTANCE TO ACTUAL LINE
DENI = (X-XU(I))*#2 + (Y+YU(I))s#2  ;SQUARE OF DISTANCE TO INAGE LINE

EX = EX + Q{D)*{(X-XW{I))}/DENA - (X-XH{1))}/DERID) ;ADD CONTRIBUTION
OF I “TH ACTUAL AND IMAGE LINES TO X COMPONENT OF ELECTRIC FIELD VECTOR
EY = EY + QCIM*C(Y-YR(I))/DENA - (Y+YW{I))/DEND) sAID CONTRIBUTION

OF J ‘TH ACTUAL AND IMAGE LINES TG Y CONPONENT OF ELECTRIC FIELI VECTOR
CONTINUE

EX = EX/(2.#PI+EPSO) sHKS UNITS CORRECTION

EY = EY/(2.%PI+EPSD)

RETUKN

END
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APPENDIX D

ENVIRONMENTAL TEST DETAILS
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ENVIRONMENTAL TEST DETAILS

Pretest performance and test chamber operations checks were conducted
prior to commencing with actual tests. These checks were conducted to
establish a working standard to be used for comparisons throughout the
remaining environmental testing. These tests (and/or checks) were per-
formed at ambient conditions with the standards established as shown in
Table D-1.

The response of the devices was tested during various stages of the
environmental tests by injecting a test signal directly into the probe
input port of each device. As shown in Figure D-1, the injection signal was
a 60 Hz signal, amplitude modulated by a triangular wave. For each device,
the peak amplitude of the injection signal was adjusted to be about
twice the alarm threshold signal for ambient conditions. This form of
injection signal provided a quick indication of device sensitivity fluctua-
tions, since the total on-time of the alarm signal would increase for in-
creased device sensitivity. The parameters labeled "unit on/time" in
the following tables provide a measure of the sensitivity variation, and
vary from zero to nine seconds. A value of zero on-time indicates that
the device sensitivity has decreased to the extent that even the peak
injection signal produces no response. A value of nine seconds on-time
indicates that the device sensitivity has increased to the extent that the
minimum resolvable amplitude of injection signal produces alarms.

1.0 Low Temperature Tests

The low temperature test was conducted on all systems simultaneously
in a Model TR4D-100240 test chamber (Mfgr: Tenney Engineering, Inc.).
The low temperature test limits were set at -60°F for two hours and -30°F
for two hours. Each system was operated at -30°F and test data recorded.
The systems and chamber were allowed to return to ambient and test data
again recorded. The equipment was visually inspected for deterioration
and corrosion. The results are tabulated in Table D-2.

The no response of the Electro-Alarm system was attributed to a
seizure of the dynamotor assembly.

2.0 High Temperature Test

The high temperature test was conducted on all systems simultan-
ecusly in the above mentioned test chamber. The test chamber was pro-
grammed to provide 120°F for three hours, elevate to 160°F for four hours,
and finally lower to 120°F for one hour. Test data was sampled at the
end of the one hour 120°F cycle. The systems and test chamber were al-
lowed to cool to 80°F ambient and test data again recorded. The high tem-
perature tests were repeated until three full cycles were completed. The
results are tabulated in Table D-3.



Unit

SR Instruments
Electro-Alarm

Sigalarm

TABLE D~1

EQUIPMENT STANDARDS

Unit On/Time Total Cycle Time
(Seconds) (Seconds)
4 9
4 9
4 9

Strip chart recorder set at 2 mm/second.
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TABLE D-2

LOW TEMPERATURE

Unit On/Time Total Cycle Time
Unit (Seconds) (Seconds)

SR Instruments

Pretest Cal 2 9

-30°F 8 9

80°F Ambient 3 9
Electro~-Alarm

Pretest Cal ' 4 9

~30°F No response -

80°F Ambient No response -
Sigalarm

Pretest Cal 3 9

-30°F 7.5 9

80°F Ambient 3 9

Strip chart recorder set at 2 mm/second.

All systems showed absence of any deterioration or corrosion.



Unit

SR Instruments

Pretest Cal

120°F 1st Cycle

80°F Ambient

120°F 2nd Cycle

80°F 3rd Cycle

120°F 3iad Cycle

Test Concluded

Electro-Alarm

Pretest Cal

120°F 1st Cycle

80°F Ambient

120°F 2nd Cycle

80°F Ambient

120°F 3rd Cycle

Test Concluded
Sigalarm

Pretest Cal

120°F lst Cycle

80°F Ambient

120°F 2nd Cycle

80°F Ambient

120°F 3rd Cycle

Test Concluded

TABLE D-3

HIGH TEMPERATURE

Unit On/Time
(Seconds)

4

No response
3

No response
2

No response
*

&~ B~ o

3.5

I &

Strip chart recorder set a 2 mm/second.

Total Cycle Time
(Seconds)

| Il i w

I OO OPYWOwo

I WD WO O WO W WD

*Third ambient cycle terminated for the following:
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SR Instruments stops responding to the injection signal at approximately

85°F at 2 seconds On/Time with cycle time remaining at 9 seconds,
Instruments unit begins to return on cool down to ambient at approxi-

mately 80°F at 1 second On/Time with cycle time of 9 seconds.
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3.0 Humidity Test

The humidity tests were conducted on all equipment simultaneously
in the above mentioned test chamber over five continuous 24-hour cycles.
The test chamber was programmed for 957 relative humidity, cycling from
150°F within two hours and continuing on 150°F for additional 16 hours to
a decrease in temperature to 80°F within 7 hours and maintaining 80°F for
four hours more. Test data was taken at the end of each prolonged l6~hour
150°F segment. The results are tabulated in Table D-4.

4.0 Humidity Test Post Inspection

The test items were inspected at the conclusion of the humidity test
and the following corrosion noted:

(1) SR Instruments

(a) Corrosion on the on-off switchlever (external).
(b) Corrosion on mounting nuts (external).

(c) Corrosion on terminal bleck screws (external).

(d) Corrosion on cover fasteners (external).

(e) Minor corrosion on electrical terminal (internal).

{2) Electro-Alarm

(a) Corrosion on high/low switch handle (external).

(b) Corrosion on light bezel (external).

(¢) Corrosion on surface of main enclosure and sensor box (external).
(d) Corrosion on interconnect cable plugs (external).

(e) No corrosion found on internal inspection.

(3) Sigalarm

(a) Corrosion on the on—-off switch lever (external).
(b) Corrosion test switch mounting nut (external).
(¢) Corrosion on terminal block screws (external).
(d) No corrosion found on internal inspection.

All corrosion observed did not adversely alter the performance of
any system or subsystem thereof.

5.0 Vibration Test

The vibration test consisted of dynamically vibrating all systems in
the X, ¥, and Z axis. The test was controlled at a constant displace-
ment from 7 to 200 Hz. A constant acceleration of 1.5 g was maintained.

There were no failures noted during the vibration test and all systems
responded when placed in an operational mode.
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TABLE D-4
HUMIDITY
Unit On/Time Total Cycle Time
Unit (Seconds) (Seconds)
SR Instruments
Pretest cal 4 9
Cycle 1 No response -
Cycle 2% No response -
Cycle 3 No response -
Cycle 4 No response -
Cycle 5 No response -
80°F Ambient 3 10

‘Electro-Alarm

Pretest Cal
Cycle
Cycle
Cycle
Cycle
Cycle
80°F Ambient

0, Y IR Oy
v
O WO YO W W

Sigalarm

Pretest Cal
Cycle 1

Cycle
Cycle
Cycle
Cycle
80°F Ambient

() I S VS oV
0w W
O LW WO Lo Ww

Strip chart recorder set at 2 mm/second.
*Special test conducted on SR Instruments:

80°F On Time 3 Sec Cycle Time 9 Sec
85°F 2 Sec 9 Sec
90°F 1 Sec 9 Sec
93°F No response
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6.0 Dripproof Test

Dripproof test was conducted on all systems using spray nozzle device
and garden hose. The water pressure at the nozzle device was approxi-
mately 35 psig. Each system was subjected to a water spray for a five
minute duration simulating a moderate rain storm.

The dripproof test results are as follows:

(1)

(2)

(3)

SR Instruments

{(a) Water collected in Sonalert device (horn).
(b) Moisture present internally on the printed wiring assembly.
(c¢) Interconmmnect cable plugs showed evidence of slight wetting.

Electro—-Alarm

(a) Sensor device enclosure showed evidence of water leakage.
Gaskets were in place at the time of test.

Sigalarm

(a) No evidence of moisture internally.

All systems responded when placed in operational mode.

7.0 Shock Test

Each system was subjected to a drop from a height of 48" onto a
two-inch thick plywood pallet backed by a concrete flocor. All major sur-
faces were tested and the damage listed below:

(1)

@

SR Instruments

(a) TFour sheet metal screws came out of the back panel.
(b) Mount bracket warping upon impact.

Electro-Alarm

(a) Standoff sleeves on back panel assembly (internal) deformed
on impact.

(b) Two sealed relays came loose from the receptacle causing
pins to bend and center guide to break.

(c) Vacuum tube 12V6 broken.

(d) Dynamotor came loose from shock mounts. Probable cause for
major damage internally,

(e) Two unidentified relays sheared from their receptacles.

(£) Sensitivity knob and pot broken.

(g) Lamps and lenses broke on impact.

(h) Enclosure bent and warped.



(3)

All

dropped.

(1)

(2)

(3
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Sigalarm

(a) Terminal strip broken.
(b) Damage to enclosure (corner dent).
(c) Printed wiring cable torn with an open in wiring.

systems were subjected to an operational check after being
Results are as follows:

SR Instruments

(a) System was energized and the units responded with the
appropriate audio and visual functions.

Electro-Alarm

(a) Damage was so extensive that this unit was deemed inoperable.
(b) After major repairs, the unit was energized but some
electronic components still failed to respond properly.

Sigalarm

(a) System was energized and the units responded with the

appropriate audio and visual functions. Test circuitry
was inoperable.



