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Abstract—Effective grounding is critical for protection of A previous paper [3] addressed the requirements for ef-
electrical equipment from transients. Grounding for personnel fective grounds and provided design procedures for industrial
safety requires very distinct considerations. The application of systems. This paper uses ten case studies that identify problems

the grounds may be similar in some instances. However, the tered with tion t di ¢ The f t
installation will be radically different in isolated areas. Further- encountered with connection to grounding systems. Theforma

more, the grounding of controls and computers present even includes environment, analysis, and summary for each of the
more unusual requirements than the grounding of power devices. situations. The environment influences the effectiveness of
Additional concerns are circulating currents and injection of the grounding protection system. An analysis of each case

spurious noise. This paper addresses grounding for transients, investigates alternatives and unique problems. The summary
power, and personnel. Designs include installations in plants . - . .

and for isolated and remote equipment. The methods have been is a brief re_sl‘?onse to the_ situation. L L
effectively used for pipelines, production facilities, gas plants, and ~ The overriding observation for grounding implementation is

power plants. Ten case studies of diverse applications illustrate “little things mean a lot.” The key for successful grounding
the pertinence of the techniques and procedures. is not recognition of the big concepts, but application of the

Index Terms—Case studies, grounding, grounding electrodes, detalils.
instrumentation, lightning protection, safety, transientimpedance.

Il. CASE 1. REMOTE PUMP SENSORSERRATIC READINGS
I. INTRODUCTION Situation: Operators observed very low readings from

ROUNDING is a common feature of virtually everyplpelm.e transmitters Wheq clo_uds passed over the area
- immediately before a lightning discharge.

electrical installation. However, effective grounding is . ) .
g 9 Environment: The petrochemical plant is located on the

not always available. Grounding technology is well defined. o o
Nevertheless, the application continues to be an art tr%éll bama gulf coast. A pipeline station is located one-half

depends on both the engineer and the craftsman. mile from the control center. _The _30|I resistivity typlcally
. . . . exceeds 50 00@-cm. The area is subject to numerous intense
The primary reference is the National Electrical Céde

. . . thunderstorms. The isoceraunic reporting is 80 thunderstorm-
It contains over 35 pages specifically dedicated to groung- N - .
. - ; . . ays per year. The combination of conditions is among the
ing. This is not a design document. It simply provides thé

requirements for protection of personnel and equipment. moAerSIfgic; l-JIEr;::at:r?aﬁogtlir;engilerﬁgltiinsmt:;sihe sianal com-
The IEEE Green Book [1] is an excellent reference of ysIS: 9 P 9
mon (negative) at the control center and the remote ground

recommended practices for grounding of industrial power g . )
b 9 9 P causes signal current fluctuation. A major problem at most

ms. It n r the problem iat ith. = =, . . !
systems does not address the problems associated Vlv cilities is the difference in surge potential between the

electronics and instrumentation that are remote from the pla\r)arious rounds. The variation between the main plant and
The IEEE Emerald Book [2] provides recommendations fi g ' P

. . ) . : he remote end devices engenders many failures.
rounding sensitive equipment. Its primary thrust is power . :
g g quip P Y P When clouds cross an area, a potential builds between the

quality rather than lightning-induced transients. The NFP’ﬁoud and the earth. The potential will vary under different

Lightning Protection Codeprimaril r hielding an ! X
ghtning Frotectio C(.) arily add eSS€es shie d ga Olf)arts of the storm. At the time of a strike, the ground system
shunting of lightning discharges. End device classification s . )
limited. will saturate and have an elevated potential relative to the

surrounding area. The elevated potential will persist until the
. transient propagates through the system into the earth.
Paper PID 96-23, approved by the Petroleum and Chemical Industry_[.h . ithin th | d ial i fi d
Committee of the IEEE Industry Applications Society for presentation at the e equipment within t e _e evate _pOtent'a IS con 'gl{re
1995 IEEE Petroleum and Chemical Industry Technical Conference, Denvi®, compensate for the rise in potential. If all the electrical

CO, September 11-13. Manuscript released for publication August 1, 199@quipmem is tied together to the same effective ground plane,
M. O. Durham is with THEWAY Corp. and the University of Tulsa, Tulsa,

OK 74153 USA. there will not be a difference in potential between points in
R. A. Durham is with Central and Southwest Services/West Texas Utilitiethe system. The main plant has an extensive ground grid under
Abilene, TX 79604 USA. its electrical equipment. This creates a uniform reference for
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dump excessive transient energy on the lines. A time delay on Digital Digital Analog Analog

the control response will mitigate the effect of these short-term In Out In Out
changes. A first-order filter on the control input or software

compensation are the preferred methods. |- GND

+ | =+ |=1]+]|—
Regardless, the more desirable technique is complete isola- NG [ | O [ |
tion for the remote transmitter/instrumentation grounds from LOAD 2500

the plant grid. Because of common metallic bonding, this is

not feasible at the pipeline. Fig. 1. Unused data terminations.
In an attempt to resolve the difficulties caused by grounding

differentials, a 2/0-AWG ground wire had been used to connect ;|

the plant ground to the pipeline pump grounds. Nevertheless, = | _ i o

problems persisted. Remote locations cannot be brought to>ituation: Unused analog input points to a distributed con-

the same potential as the main plant by a common groufig! System were damaged when lightning discharged in the

wire. A large-size wire can reduce the resistance between fH&2- o o
two points. Nevertheless, the impedance will be too large ENvironment: The pipeline pump station is located on the

because of the wire inductance and the lightning transigrtProck hills of south Texas. The average soil resistivity
signal frequency. exceeds 1500d2-cm. Because of the rock outcrops, local

The inductance of copper wires used for grounding _[gsistivity can exceed 100 0@®cm. The isoceraunic reporting

nonlinear, but it is approximately 0.5H/ft. The rapid rise 'S 38 thu_m.:ierstorm-days per year.
time of a lightning pulse creates a frequency greater than 1Analysis: Control system input cards generally have more

MHz. At these nominal values, the impedance of the wif@Put points than are required for the original operation.
exceeds /ft Multiconductor cables are commonly used from the control

center to the field termination points.
Surges are induced on every wire in a cable. Even unused

CASE 2: UNUSED DATA POINTS INDUCE ERRORS

Z=R+jXy conductors will pick up and carry the transients. The sensitivity
Xy =2rfL of the analog input circuit makes it particularly susceptible to
Xp =2r %1 MHz % 0.5 pH/ft = 3 Q/ft. these spurious signals. Each manufacturer has unique speci-

fications and design goals. Some of these designs are more
sensitive, while others use a filter circuit so they are not as
Inerable. However, one installation practice will apply to

y system: ground the terminals for unused analog inputs.
Unused analog input circuits are shorted at the control center

The nominal resistance of ground wires is ®@3per 1000 ft
or less. The inductance is four orders of magnitude (100
times) greater. Resistance of any size wire is insignificant in

thEijgiilcui?e“ronibnservative estimates. a surge contains err]1d of the cable. Intermediate junction box wires are termi-
excessgof 3ykA ], [5], Thus, the voliage drgp along ea Créated together, but the field-end wires are maintained open.
foot of wire is 900(’) V' ' e careful to |solatg the.shleld terminations from any other
grounded surface. Fig. 1 illustrates an appropriate connection.
Typically, digital input and output points are less prone to
Varop = Lsurge Zwire damage from transients. However, large surges can be coupled
Varop = 3,000 % 3 /ft = 9,000 VI/ft. onto the input boards. An excellent practice is to never leave
digital signals floating. For these reasons, unused digital inputs

are shorted. Use the same procedures as delineated for analog

Just a few feet of interconnecting wiring will create a Ve hputs. Never short digital outputs, since excessive current

gggit%c:sntlal difference between the ends during tr"’mSI%\r}ll flow if the point is activated. These must be terminated

. . .according to manufacturer instructions.
The above calculations demonstrate there is no such thing'a )
enerally, there are comparatively few analog outputs. A

a common earth potential point. Nevertheless, plant groundipegmination is desirable for the 4-20-mA outputs. Apply a 250-
systems are connected to the earth as a point of refererﬁe. ‘

The effectiveness of the earth connection depends on the :?hortmg resistor across each unused pair of output terminals.

i o . . X .
: - ; Sﬁus reduces the likelihood of interaction from spurious noise.

resistance, the amount of energy to dissipate, and the availabl ) : .

structures ummary: Connect an appropriate load to all terminals.

. . . : .. Circuit board inputs are shorted to ground. Outputs are ter-

Where multiple devices permit use of remote terminal units,. .

. . S . o minated through a load resistor. Unused conductors of cables

fiber-optic communication is preferred. This eliminates an
. . . %re grounded at the control center.

connection or relationship between plant grounds and remote

devices.

Summary: Because of the separation, common transient
grounds are not obtainable. It is often better to isolate the
protection ground at the remote site from the control center
ground system. Notice the equipment grounds must still beSituation: When clouds discharged from lightning, sensors

bonded together. commonly failed, even though they did not sustain a direct hit.

IV. CASE 3: REMOTE SENSOR AND INPUT
CARD FAILURE DURING THUNDERSTORM
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Environment: The power generation station is located in xmitter
southwest Oklahoma. A gas yard is located approximately 200 T
yd from the plant structures. The plant is in a river bottom with a
very moist soil having a high mineral content. The average soil
resistivity is among the best in the country at 3@@@m. The
isoceraunic reporting is 55 thunderstorm-days per year.
Analysis: The gas yard contains several analog transmitters

. . . xmitter
for monitoring gas pressure and flow. Existing unshielded =]
cables were used to connect the transmitters to the plant M t
control center. This provided an entry point for lightning

energy. £

Both the plant area and the remote gas yard have an effective ~ Isolated Signal
ground system providing a low-impedance dissipation path for Ground
lightning energy. Although direct strikes to the gas yard afég. 2. Protector connections.
infrequent, strikes to tanks and towers in the direct vicinity of

the gas yard are common. This elevates the ground plane Oﬁ'ransmitters and electronics remote from the plant grid

the_:rgast yard afnlc_i ﬁtSS.OC'ated egl:wzjmfenlt. | trequire a very different protection scheme. The network
wo types of Ightning associaled fallures are prevalent |y o provide high-energy differential protection. The voltage
the transmitter loops. The first involves an electric storm i ange is shunted by a pair of MOV's connected between

the area, but no ewdencg of strikes in the direct V'C'n'ty_q e signal lines. The current change is restricted by inductors
the plant. Under these circumstances, the customary fa|I§r

. | f the distributed | DCS) | Shnected between the MOV’s.
is a loss of the distributed control system ( ) input car SFor isolated transmitters, neither line has common mode

located at the control center. The transmitters usually do rtﬂjotection to ground. Since the local ground probably is not

fail in this situation. an equal potential with the power supply signal ground, a

. . . . . . a
The cause of the failure is a high-differential voltage mducerg{J e potential can be coupled through the protection devices
in the connection cables. The potential overstresses the inﬂﬁghe signal wires

: .

cards. The impedance path to the transmitter is greater than F/Iany commercial protection modules have the differential

!mp(_edgnce to the DCS. Therefore, the majority of the ener9¥otection and the inductor to limit current changes. Unfortu-
is dissipated at the DCS.' i _nhately, most of these have a common mode connection to the
The §econd type Of. f;u!ure occurs when there are lightning, .y “\while this is acceptable in the plant ground grid area,
strikes in the direct vicinity of the plant. Tanks, towers, anﬁ often contributes to failures on transmitters remote from the

elevated structures are susceptible to lightning strikes. Tré'i@nal power source

failure is usually catastrophic, resulting in charring inside the“s .4 silicon avalanche suppressers alone. These special

case of the transmitter and a loss of the DCS input Card'ﬁjrpose zener diodes are very fast, but they can handle very

severe differential mode voltage is induced into the cablggye energy. They must be applied in conjunction with other
due to the proximity of the lightning strike. In addition, thqﬁic‘?-energy protective devices.

ground potential of the gas yard is elevated above the plan ummary: Connect MOV's in common mode when the

cont_rol_ center. ) . i ) transmitter ground is an equal potential with the signal com-
Within the main facility, the grounding grid holds a MOr&on (power supply negative). Connect pairs of MOV's in

or less equal potential. Regardiess of the effectiveness ke ential mode when the transmitter ground is remote from

the ground and lightning array, install protectors on procegss signal power supply. Current changes are limited by in-line
transmitters. Protectors shunt the stray transient potential tB?tBtectors.

will invariably exist between two points in a network.
The primary requirement is to isolate the unshielded cable
from both the transmitter and the DCS input card. Place in-line

protectors on both the transmitter and DCS ends of the cables. V. CASE 4: DATA COMMUNICATION
Apply common mode protection to the DCS and differential FAILURE BETWEEN BUILDINGS
mode to the transmitters. Situation: Numerous problems exist on the communica-

Transmitters that use a 24-V dc supply can be protected tigns lines around the perimeter of the plant. Security card
metallic oxide varistors (MOV'’s) rated at 36 V and 160 Jeaders at the plant gates are subject to copious data errors
Other voltage levels demand alternate peak ratings. Systeansl to failure. Similarly, the interface to the data terminals in
with less effective ground grids may require higher enerdie office have failed five times in one year.
ratings. Environment: The location of the petrochemical plant is

The MOV'’s are initially installed at the transmitter. Thedescribed in Section II.
minimum connection is common mode, between each signalAnalysis: The difference in ground potential between loca-
wire and the ground grid. A differential connection is alstions in a plant produces diverse failures. The preferred way
used between the signal wires. The basic connection is shawrisolate grounds is by the use of optical fiber cable. Optical
in Fig. 2. communications are practical in some areas, such as the line
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to data terminals. A fiber link can usually be coupled directly +24V  fuse limiting protector
to the communication circuit.

There is a mix of other type communications lines. Most
are twisted-pair cables. Often these are shielded. Those with
shields must have only one end of the shield connected. All ) )
these circuits need two common-mode and one differential- Egﬁ:i/) wire  xmitter
mode MOV at each tap.

In addition, in-line protectors may be required. Selectiorig- 3. Current limiting circuit.
of the inductor is critical. It depends on the communication

type (RS 485, RS 232, etc), the frequency (baud rat@herates with a maximum loop resistance of 600 The
voltage/current rating of each circuit, and the length of thg,, resistance shown in Fig. 3 consists of the indicator load,
communication cable. In-line protectors on these type Cifie wire resistance, and any current-limiting resistors in the
cuits are tedious and require very specific design for eagh. ;.
circuit. ) L . The typical indicator load is 25@. An 18-AWG wire has

The remote devices connected to the communications li9&esistance of 8.5 per 1000-ft length or 172 per 1000-ft
must have ac power supphed th_rough an in-line protectpi, rpe remaining resistance can be used for current limiting.
circuit. As a minimum, the circuit contains a gas tube, goyever, any added resistance will reduce the responsiveness

semiconductor protector (MOV or avalanche diode), and af e circuit. When the protector fires, the load is shunted and

inductor. . o .. the series resistor provides current limiting for the input.
Summary: Data terminal power supply circuits require in- 5.+ anufacturer requires a 50-mA fuse to protect the

line and shunt protection. The signal and protection groungﬁabg input board. A 24-V supply would need at least 880-
between buildings are isolated. However, the safety grounl%p resistance

are interconnected.

[]
indicator

Rlimit = ‘/source/-[fault

VI. CASE 5: PROTECTION DEVICES CAUSE Riimi = 24/0.050 = 480 2.

BLOWN FUSES AND DATA ERRORS After subtracting the indicator resistance of ZB0at least 230

Situation: Transient protectors operated to safeguard trang-is required to limit the current. This is a nonstandard rating,

mitters, but the fuses were blown on the analog input circuitse a different value is needed. A value of 22@vould permit
Environment: The location of the petrochemical plant isexcessive current, which will blow the fuse. A standard size

described in Section Il of 330 2 creates a loop resistance of 580 This does not
Analysis: Follow-through current is a side effect of pro-include the total wire resistance

tection schemes. When a protector fires, it will continue

conducting for an extended time. Gas tubes are particularly Riotal = Rseries + Rindicator + Rwire

susceptible to this problem. In some conditions, the tube may Riotal = 330 + 250 + 17 /kft = 580 + Q/kit.

never shut off. Specific arc extinguishing circuits are required.

By comparison, zener diodes clear very quickly, while MOV'This creates a real problem. If a smaller current-limiting resis-

may take up to 15 s to clear. tor is selected, the fuse will blow each time the protector fires.
The follow-through disturbs the monitoring system. Thé a larger current-limiting resistor is selected, the maximum

protector shorts the transmitter during the triggered timsignal will be less than the 20-mA range.

As a result, the control system experiences false alarms and

shutdowns. If possible, a time delay is programmed to bypass Jioop = (Ricop/Riotal) * Imax

the susceptible transmitters. If the circuit timing is critical, Loop = (600/Rioray) * 20 MA = less thar20 mA.

an alternative protection scheme is needed to avoid the time-

delayed response. The power rating of the current-limiting resistor is based on
The excessive current that flows during the protector firintge continuous current of the analog loop

causes board failures. One storm caused over 90 fuses to

blow on analog input cards. The fuses protect the precision Prating = I]%OI)Rseries

components on the analog input boards. The most appropriate Prating = (0.020)% 330 = 0.13 W

fix is a current-limiting resistor in series with the positive lead

of the loop. The resistor makes the circuit nonincendive. Another manufacturer allows 250-mA fuses on a similar
The resistor must be small enough to cause minimal impautalog board. If nuisance fuse blowing occurs, a standard

on loop compliance. Conversely, it must be large enoudiB0{? resistor rated greater than 0.07 W is acceptable. The

to limit the current. Its power rating must be adequate foesistor restricts the maximum follow-through current to 56

continuous operation. mA. Obviously, the 250-mA system is more flexible.
Each analog circuit is designed to have a maximum loop Silicon semiconductors, metallic oxide varistors, and gas

resistance. This varies with the applied voltage and the mauobes will fail in a shorted mode when at the end of their life

ufacturer. A 4-20-mA loop operating at 24 Vdc typicallyor when overpowered. Conversely, at very excessive power
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levels, the device may melt and become an open circuit. The
short becomes very obvious if it occurs on the positive lead.
The short will cause a large current to flow, which should
blow the fuse. However, a short in the negative lead causes
serious problems. A short of the negative lead to ground will
provide a ground loop resulting in stray currents. This ground
loop is not easily detected. For these reasons, the devices must
be checked or replaced periodically.

There are various inexpensive instruments that detect the
trigger level for protection networks. However, determination
of the current capacity and wave response requires a very so-

phisticated laboratory instrument. If these tests are performed, ~ A
they are done off site. N
Summary: Install current limiting resistors in the positive 1 G

lead of the analog input circuit. The size is selected to
restrict the current to the fuse rating, while not exceeding tlr®. 4. Different grounded systems.
loop resistance. The power rating is based on the maximum

continuous loop current. . . . .
P different pairs to come in contact. Only one end of the shield

is connected to a grounded terminal.

VII. CASE 6: CONTINUOUS CURRENT FLOW VIll. CASE 7: FAILURE OF FAN MOTOR
INTO THE GROUNDING ELECTRODES LOCATED ON TOP OF STRUCTURE

Situation: A large continuous current was measured flow- Situation: A fan motor located on top of a boiler structure
ing into the grounding electrodes. Although the current variadias damaged on several occasions over the past 30 years. The
at different times, the total current was approximately 14 Aasualty occurs when lightning discharges in the area, even

at both ground beds. without direct hits.
Environment: The location of the petrochemical plant is Environment: The power generating facility is located in
described in Section 1. west Texas. The station sits on a peninsula into a cooling lake.

Analysis: The marshaling panel for the digital inputs ha3he soil conditions are very rocky, with a shallow 5-ft layer of
positive, negative, and ground terminals. The chassis grouogsoil. Although the water layer is fairly shallow at the site,
terminal was connected to the plant shield wiring. When thettee top layer of soil is very dry and sandy. These conditions do
connections were measured, a small circulating current wagt provide a low-resistance ground. The isoceraunic reporting
found at each terminal. Although the current was small at eaish43 thunderstorm-days per year.
point, the plant contained 1400 digital inputs. The product of Analysis: The 4160-V motor is mounted 70 ft above the
a low quantity with a large number of points resulted in aarth on a steel structure. Unshielded 5000-V triplex rises in
significant portion of the 14-A current. a cable tray. A transition is made to conduit just below the

The shield wires on the multiple pair cables were anothtap of the structure. An exposed, suspended conduit is run for
source of leakage current. Numerous shields were shorl ft along the structure.
together and to ground. In a properly installed system, theThere was no evidence of a direct lightning strike on the
shields are not cropped back to the jacket. This would allow thgotor or casing. The end turns of the winding arced to the
shields to short together. Each shield is individually insulatethse. The damage was caused by excessive induced voltage
at the cable terminations. In the field, the ends may newven the windings.
touch any metal. In the plant, the ends are terminated on avarious conditions provide a point of entry for surge energy
shield grounding strip which is connected to the single-poioh the wiring. On occasion, lightning strikes the structural
ground. steel. This upsets the grounding of the motor and causes

Fig. 4 illustrates the appropriate ground connections. Sepcessive voltages. Lightning often strikes in the vicinity of
rate grounded systems are maintained for the power (neutréllp plant. This creates a difference in potential between earth
signal common (negative), and shield. Each of these ayeints in the plant.
connected to the grounding network (grid or electrodes) atin either case, the power cables act as an antenna to
only one point. The equipment (chassis) are bonded togethgick up the electrical disturbance. Once the induced volt-
Multiple connections are made to the grounding networkge has entered the electrical system, the transient travels
Protection component grounds are bonded directly to thEough the cables and motor windings to the point of least
chassis. Always maintain a single-point ground system whampedance, causing a failure. The end turns of the windings
the different type grounds are bonded together at one locatiane a high-impedance point in the conductor, due to the

Summary: A single-point grounding system eliminates cirinductive coupling. Similarly, at this point, the path through
culating currents or ground loops. Isolate the cable shieltte insulation to the motor case is a lower impedance path to
from all other grounded elements. Do not allow shields fromround.
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The first step to resolution is improvement to the groundirthe system. Equipotential grounding networks are essential to
of the motor casing itself. This involves running individuaprevent transient migration from one structure to another.
grounding leads from the motor casing, down the structure
to the existing plant earth system. The quicker dissipation
of the lightning energy reduces the possibilities of surgelX. CASE 8: STRUCTURAL TOWER ATTRACTS LIGHTNING
energy entering cables and winding. The suspended conduiSituation: An elevated structure in the plant area is fre-
and termination box are also bonded to the ground leads. quently observed to be struck by lightning. When this occurs,

At least two grounding conductors are run from the motaransmitters and circuit boards are damaged.
casing to ground. Lightning is a high-frequency signal, due to Environment: The research facility is located in northeast
the rapid rise time. The impedance of the ground path is mapklahoma. The average soil resistivity is 6500cm. The
affected by induction than resistance. A long copper cablgoceraunic reporting is 55 thunderstorm-days per year.
even without bends, has a large amount of inductance. Bendgnalysis: This situation is different. In the previous case,
and turns substantially increase the inductance. If two cablée electrical equipment was located on the structure and
are run, the total impedance of the ground path is halved. is exposed to the atmosphere. In this case, the electrical

The inductance of a single grounding conductor with nequipment is located away from the structure, but is exposed
bends is shown below [6]. The equation is modified for fe@lecause of radiated signals.
and inches. The terms afdefor inductance in microhenry$, Although it is not the tallest building in the area, the
for length in feet, and: for radius in inches. structure acts as a lightning rod. The steel structure is more

Using a 4-AWG wire with a diameter of 0.232 in and a&onductive than the surrounding buildings. However, it was
length of 1 ft, the inductance is 0.27¢H. For 100 ft, the not adequately grounded to dissipate the energy.
inductance is 56.00@:H To provide a direct route to earth, create a continuous

L = 0.06096 b{ln(24b/a) — 0.75] electrical path_down the tower. Place bonding jumper; across

the support pins at the base. Also, place bonding jumpers
L =0.06096 + 1[In(24 % 1/0.232/2) — 0.75] = 0.279 uH. o any supporting framework. These jumpers are straps or

The inductance is very nonlinear, but for quick groundinaire that has an equivalent cross section of at least 1/0-AWG

calculations an average of 0/8H/ft is acceptable. This is

appropriate, since the frequency of the transient and the curr X . o
in the pulse are highly variable. the structure are grounded with noncorrosive terminations.

For the ground lead from the motor, the total impedance iSProtectlon systems are ineffective without an adequate

the resistance and reactance. Resistance in the copper Cg[ﬂgndlng network to dissipate lightning energy into the

is negligible, but the reactance is substantial at Iightnir?g?rth' Th(_arefore, a rework of.the plant ground_ing s_,yste_m,
frequencies with additions designed specifically to combat lightning, is

often necessary.

Z =R+ jXy To dissipate surge energy, the first component of an effective
X =2nfL grounding network is a rat-race ring. The ring encompasses the
X; = 27 %1 MHz % 0.5 jH/ft % 70 ft = 220 Q. entire area to k_)e protected. Thg ring yvould _also be bonded to

any existing grid systems. For rings with a diameter of greater
With two cables running to earth, the impedance is cut tban 50 ft, install a criss-cross grid within the ring.
110 . This is still quite high. However, compared to the If alow enough impedance cannot be obtained to diffuse the
impedance of the winding path to ground, it is low. energy, connect radials extending outward from the rat-race

The next response to the situation is to replace the motg. Short ground rods bonded to the conductors lower the
leads with shielded cables. This would prevent excessiapedance even further. The preferred network is 1/0-AWG
energy from being coupled into the power cables. wire connected to ground rods spaced at least 20 ft apart.

In addition, lightning arrestors added at the motor terminals Any large surges on the tower will induce voltages on
will shunt the high-frequency energy. As illustrated in Sectioglectrical cables. All cables must be relocated to prevent direct
Il, a large transient potential will be developed across Gontact with the tower. Transient protectors are required on
short lead length. Arrestors located several feet away megbles transitioning from the tower to the control center.
not provide adequate protection, due to the line inductance Summary: Effectively ground all elevated structures. This
Metal oxide varistors provide appropriate surge protectioificludes jumpers around connections, as well as a good earth
while being small enough that they can be mounted in magtound. Separate electrical cables from direct contact with the
termination boxes. structure.

It is critical that all metal equipment in the plant be bonded
to the same equipotential grounding network. Configuration of
the network is detailed in the next case. X. CASE 9: HIGH RESISTIVITY SoIL CAUSES POOR GROUND

Summary: Provide low-impedance grounding paths from Situation: A single large motor is supplied power directly
all equipment to the earth. Bond conduit and terminatidnom an overhead power distribution system. High-grounding
boxes to the grounding conductors. Shield susceptible higlesistance could not be lowered with multiple grounding
voltage power cable to prevent coupling of high energy intslectrodes.

ire. Noncorrosive terminals avoid cathodic cells between the
fpper wire and the steel structure. Supporting guy wires for
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Environment: The petroleum production facility is locatedrod in concrete will lower the circuit resistance to 1026
in eastern New Mexico. The average soil resistivity is 6500
2-cm. Because of a shallow layer of rock encountered at 4 ftR = [p/191.5L]|[In(48L/a) — 1]
below the surface, the local resistivity is as much as 50000g — [50,000/191.5 * 8][In(48 + 8/0.625) — 1] = 10.6 €.
2-cm. The isoceraunic reporting is 47 thunderstorm-days per

year. Three electrodes vyield a resistance of 2.6Although this is

Analysis: The contact resistance of various grounding cofiot an unusually low value, it is considerably better than the
figurations was proposed by Dwight [7] in 1936. These pr@esistance in the native soil.
cedures continue to be recognized as recommended practiceFhere are extensive calculations for determining the most
[1]. The equation is modified for units of feet and inchesffective distance between ground rods [1]. For most condi-
The terms areR for resistance in ohmsy for resistivity in  tions, the electrodes should be separated by a distance of 2.2
ohms/centimeters) for length in feet, andz for radius in times the length of the electrode. Closer installation reduces
inches. the effectiveness.

Using this procedure, an 8-ft ground rod with 5/8-in diam- Summary: To reduce ground resistance, add multiple elec-
eter, when placed in this earth, has a contact resistance of trddes in parallel. The resistance can be reduced further by
Q using chemical electrodes. The preferred chemical electrode

consists of the rod placed in concrete.

R = [p/191.5 b][ln(48b/a) — 1]

R =1[50,000/191.5 « 8][In(48 x 8/0.625) — 1] = 177 €. XI. CASE 10: ELECTRICAL SHOCK WHEN

. L . TOUCHING A GROUNDED METAL ENCLOSURE
Multiple ground rods can be used to reduce the circuit resis-

tance. ThelEEE Recommended Practice for Groundifig Situation: A workman was shocked when he came in
provides factors for derating the effectiveness of multip/gontact with a metal enclosure. An equipment ground was
grounds. properly installed to the electrical enclosure.

We proposed an alternate calculation in a previous paper [3 Environment: The facility is located in northeast Oklahoma.

The terms ard? for resistance of one electrode for number e average soil resistivity is 6500-cm. The isoceraunic

of electrodes, andz,, for resistance of number of electrodesfeportmg_IS 55 thunde_rstorm-days per year.
éAnaIy5|s: The electrical power panel was located out-of-

The net resistance is calculated by this relationship. For thr
oors and was mounted on a wooden pole. The power was

electrodes, the contact resistance would be reduced o 76 ) : I
supplied from an overhead four-wire secondary power distri-

_ —0.17(n—1) bution system. The system was energized from a 277/480-V
Rnet - [Rone/n] * [2 —-c ] .

B —0.47(3—1)] _ grounded wye transformer. Secondary power in the panel
Rpee = [177/3] % [2 — € ] =76.11 9. was delivered from a 1-kVA 277/120-V potential transformer.

) ) _ The secondary of the transformer was grounded to the metal
The technique of multiple ground rods will not reduce thgnclosure. The enclosure was grounded by a 5/8-i8-ft

circuit resistance to the 2% referenced in the National ground rod.
Electric Code. The best way to reduce the circuit resistance ispne operator reported being shocked on several occasions
by lowering the soil resistivity. when he operated the electrical equipment. Other relief opera-

The National Electrical Code identifies the preferred groungys did not report any shocks. The panel was inspected by the
electrodes for power systems. Article 250-81 lists the grourfeectrician and found to be properly installed and grounded.
techniques. The first choice is existing piping. The seconthe panel was returned to service.
choice is existing structural steel in concrete. Next is an after several reported occurrences and inspections, a small
artificial ground using concrete. control wire was eventually found pinched by an inner door.

If none of these is feasible, made electrodes must be thge pinch was not a direct short, so the secondary transformer
alternative. These include other existing underground metal not overload and the fuse did not blow. From the calculated
surfaces. The last choice is the common ground rod. Thetimates, the pinch made a &0connection to the metal
driven rod is a very poor connection to the earth. enclosure. The circuit is shown in Fig. 5.

In an attempt to improve the soil resistivity, various chem- Since the 277-V primary was grounded, and the 120-V
icals have been added by designers. Chemical electrodegondary was grounded, it appears there was no potential.
are often proposed to accomplish this reduced resistangwever, consider the unbalance current as a current source.
However, the maintenance requirements and expense mwen the pinch, there is an alternate path of unbalance for
this a less-than-preferred option. circulating current. One is through the ground rod resistance.

Concrete is an effective medium for fill around groundhe other is through the person and his circuit resistance.
conductors for several reasons [8], [9]. Concrete is quiteln effect, touching the enclosure provides an alternate
conductive because of the retained moisture and the alkalingisound path. The contact would be in parallel with the metallic
which provides free ions. Furthermore, buried concrete hagieund. The resistance of the alternate contact would depend
resistivity of about 30002-cm, which is considerably less thanon physical condition, earth contact resistance, perspiration or
the average earth resistivity. The same 5/8«irB-ft ground other moisture, and skin resistance. Typically, body resistance
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Fig. 5. Conductive ground.

Summary: Install
grounded conductor must be connected to the same equipo-
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Current (Amps) Physiology Effect

0.001 Sensation to mild shock

0.008 Painful shock to most people

0.015 Paralysis of muscles—cannot let go;
breathing restarts if circuit broken

0.020 Possible damage to nerve tissue and
blood vessels

0.050 Onset of ventricular fibrillation

0.10 Death probable

Fig. 6. Effects of current on the body.

low-resistance earth grounds. The

tential ground network.

may be as high as 4000Q. Because of changes in fluids
near the surface of the skin, this may drop to 1@D@uring
an electrical shock [10].

XII. CONCLUSION

An example illustrates the range of current that could there have been a large number of problems encountered
flow through someone touching the panel. Assume a groufifl, grounding systems in various environments. The different

resistance of 25 and an unbalance current flow of only 1 A
Use the typical body resistance in parallel with the groung

Compare this with a lowered body resistance.
Higher body condition:

1.
Ibody = Icircuit * (Rground/Rbody + Rground)
Iyoay = 1% (25/40,000 + 25) = 0.6 MA.
Lowered resistance:
2.

Ibody = Icircuit * (Rground/Rbody + Rground)
Thody = 1%(25/1,000 + 25) = 24.4 mA.

Others did not feel the shock for two crucial reasons. Their
body resistance may have been higher or the soil conditions
may have been different. Regardless, it is apparent from this
problem that the ground resistance is critical to the safety of
personnel. If the ground contact resistance were substantially,
less than the 2%, the current would have been considerably
lower.

Similarly, under another set of conditions, the current flow
could have been fatal. Consider the dramatic impact if the
unbalance current were at the level in case 6, and the person’
had a good contact with the earth, such as standing in a wet
spot. With the lower body resistance, the shunt current through

6
the body would be tremendous.

Lowered resistance:

Ibody = Icircuit * (Rground/Rbody + Rground)
Tyoay = 14A % (25/1,000 + 25) = 341 mA. 7.

Numerous references have been made to studies that identify
the effect of small quantities of current on the human body
[10]. Commonly accepted values are shown in Fig. 6. Ground-
fault circuit interrupters (GFCI's) are designed to recognize
these levels. Personnel-protection GFCI's must respond to &8.
6-mA trip level. Equipment protection devices are typically 30
mA or higher. Although it it not required by codes and is not

a standard practice, a GFCI on the low-voltage control circuit
could have sensed the problem.

‘cases not only represent the diversity of the problem, but

el - so the commonality of the solutions. The overriding design
circuit. Then, the current through the body is calculated,nsideration is “

little things mean a lot.” The key installation

concept is “details matter.”

Consider the environment. There are very few direct
lightning hits, nevertheless, there are many side effects.
The number and severity of thunderstorms have a direct
bearing on the necessity of a good or exceptional earth
ground.

Analyze the earth resistivity. The soil conditions dramat-

ically influence the ground resistance. Multiple ground

rods installed in concrete lower the local resistance.

3. Maintain an equal potential ground network. The fun-

damental component is a ring constructed around the
protected facility. Criss-cross grids and radials reduce
the impedance for surges. The network is bonded to the
ground rods.

4. Use a single-point network for interconnections. Main-

tain separate, isolated grounded systems for the power
(neutral), signal common (negative), and shield. Connect
each of these to the grounding network at only one point.

Bond the equipment (chassis) together. Multiple con-

nections are made to the grounding network to maintain

equipotential for personnel safety.

. Use protection devices to mitigate the effect of surges

on electrical components. The choice of grounding tech-
nigues dramatically influences the effectiveness of these
devices.

Bond protection component grounds directly to the chas-
sis when located within an effectively grounded plant.
Isolate protection devices from the equipment ground at
remote sites. The potential difference between the plant
and the remote site will invalidate any protective system.
Fiber optics provide the ultimate isolation.

Terminate all unused connections to electronics and
instrumentaion. Otherwise, potential differences will de-
velop during transient conditions. Short inputs to ground,
connect load resistors to outputs, and bond unused cable
conductors to ground.
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